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Abstract

Background: Osteoporosis, a metabolic disorder with reduced bone density and high fracture risk, can be alleviated by ginsenoside
Rg3 (GRg3), which promotes human bone marrow-derived mesenchymal stem cell (hBMSC) osteogenic differentiation via multiple
pathways. However, GRg3’s clinical use is limited by hydrophobicity, short half-life, and degradation susceptibility. Methods: This
study developed a novel nanocarrier using biodegradable poly (3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) (PB-
VHx) (the latest terpolymer in polyhydroxyalkanoates) doped with a small amount of poly (lactic-co-glycolic acid)-polyethylenimine
conjugate (PLGA-PEI) to encapsulate GRg3 (GRg3-PBVHx-based nanoparticles (PNPs)). GRg3-PNPs (1 %, 5 %, 10 % loadings) were
spherical, with sizes 105–160 nm (increasing with GRg3) and stable dispersibility. Results: Encapsulation efficiency was ∼ 89 %
for 1 % and 5 % groups, but 38.21 % for 10 % due to leakage. In vitro, GRg3 released sustainably over 20 days, synchronized with
degradation. Cellular experiments showed efficient uptake by hBMSCs. 5 % and 10 % GRg3-PNPs enhanced cell viability; the 5 %
group exhibited the strongest osteogenic efficacy, with increased alkaline phosphatase (ALP) activity, calcium deposition, upregulated
pro-osteogenic markers (collagen type I (COL-1), osteocalcin (OCN), osteopontin (OPN), runt-related transcription factor 2 (RUNX2)),
and downregulated inhibitory markers (matrix Gla protein (MGP), osteoprotegerin (OPG)). Conclusions: This nanosystem, with 5 %
GRg3-PNPs as the optimal formulation, efficiently delivers poorly soluble GRg3 and shows promise for traditional Chinese medicine
(TCM)-based osteoporosis treatment and bone regeneration.
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Introduction

Osteoporosis is a metabolic condition marked by
diminished bone mineral density and breakdown of the
bone’s microstructural framework, which results in height-
ened bone brittleness and a greater likelihood of fractures.
Metabolomic studies and clinical practice have identified
certain traditional Chinese medicine (TCM) components
that can prevent or treat osteoporosis by promoting prolifer-
ative growth, enhancing specialized cell development, and
regulating bone metabolism [1]. Ginsenoside Rg3 (GRg3),
an active compound extracted from Panax ginseng, exhibits
multifaceted regulatory effects on osteoinduction. By mod-

ulating key signaling pathways, GRg3 regulates the balance
between bone formation and resorption, offering a novel
therapeutic perspective for bone metabolic diseases like os-
teoporosis.

GRg3 triggers the transforming growth factor-beta 1
(TGF-β1)/Smad signaling pathway, stimulating the prolif-
eration and differentiation of osteoblasts and consequently
boosting bone formation [2]. GRg3 can also significantly
enhance the activity of the Adenosine 5’-monophosphate-
activated protein kinase (AMPK) signaling pathway, pro-
mote autophagy, osteogenic differentiation and mineraliza-
tion, and inhibit the mTOR signaling pathway [3]. Re-
garding the suppression of bone resorption, GRg3 in-

https://doi.org/10.22203/eCM.v056a02
https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://www.ecmjournal.org/


www.ecmjournal.org 23

European Cells and Materials Vol.56 2026 (pages 22–33) DOI: 10.22203/eCM.v056a02

hibits osteoclast differentiation and reduces bone destruc-
tion through the receptor activator of nuclear factor-kappa
b ligand (RANKL), c-Jun N-terminal kinase (JNK) and p38
mitogen-activated protein kinase (MAPK) pathways [4].
GRg3 modulates the karyopherin alpha 2 (KPNA2) and
nuclear factor-kappa b (NF-κB) signaling pathways to in-
fluence bone homeostasis, thereby alleviating osteoporosis
[5]. Additionally, Rg3 inhibited cytokines and increased
the content of antioxidant enzymes to reduce pulmonary in-
flammation and neutrophil infiltration [6,7]. It can also pro-
mote mitochondrial biogenesis and respiration, all of which
are indirectly associated with the osteogenic differentiation
of stem cells [8].

Unlike the hydrophilic ginsenosides Rg1 and Rg2,
GRg3 is a hydrophobic small molecule, which restricts its
effectiveness in promoting stem cell proliferation and os-
teogenic differentiation in both in vitro and in vivo mod-
els. Nanotechnology and biomaterials can enhance the
dispersibility of drugs and precisely control their in vitro
and in vivo delivery [9]. To overcome these limitations
of GRg3, various nanoparticles and drug carriers have
been employed for its loading and release, drawing on ad-
vanced drug delivery systems and nanoscale carriers [10–
12]. Zhang et al. [13] utilized methoxy poly(ethylene
glycol) succinic acid (mPEG-SA) with bovine serum albu-
min (BSA) as a nanocarrierto improve the hydrophobicity
of GRg3, demonstrating superior anticancer efficacy com-
pared to free Rg3. However, the encapsulation efficiency
(EE) of GRg3 was only 76.56 %, still resulting in signifi-
cant drug wastage. Therefore, a novel drug loading (DL)
and release system is needed to further advance the clinical
application of the TCM component GRg3 in osteoporosis
treatment.

In previous studies, we utilized the hydrophobic ma-
terial poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-
hydroxyhexanoate) (PBVHx) to encapsulate hydrophobic
small-molecule drugs within nano-sized particles or mi-
crospheres, enabling sustained release [14,15]. PBVHx
nanoparticles effectively reduce drug toxicity while en-
suring slow release [14]. Furthermore, we found that
adding a small amount of poly(lactic-co-glycolic acid)-
polyethylenimine conjugate (PLGA-PEI) during PBVHx
nanoparticle preparation significantly enhances cellular up-
take [16,17]. PBVHx is a novel terpolymer member of
the microbially synthesized polyhydroxyalkanoate (PHA)
family. Owing to its more complex monomer composition
(including 3-hydroxybutyrate (3HB), 3-hydroxyvalerate
(3HV), and 3-hydroxyhexanoate (3HHx)), the material ex-
hibits degradation kinetics that are more manageable. This
advantage also makes it more suitable to act as a long-term
delivery system for components extracted from TCM. In
comparison to polylactic acid (PLA) and PLGA, PBVHx is
a type of biopolyester that degrades at a slower pace and
has more excellent biocompatibility [18–21].

We propose applying a PBVHx-based composite

nanosystem doped with a small amount of PLGA-PEI for
GRg3 delivery. This approach aims to enrich the research
on delivery carriers for TCM active ingredients, explore the
regulatory mechanisms of biocompatible polymers on the
dispersibility of hydrophobic drugs, and provide a refer-
ence for optimizing the formulation of other small-molecule
TCM components.

Materials and Methods
Materials

Medical grade poly(3-hydroxybutyrate-co-3-
hydroxyvalerate-co-3-hydroxyhexanoate) (PBVHx,
molecular weight = 46 kDa, composition: 90 mol %
3-hydroxybutyrate (3HB), 3 mol % 3HV, 7 mol %
3HHx) was obtained from BluePHA (Beijing Bluepha
Microbiology Technology Co., Ltd., Beijing, China).
Poly(lactic-co-glycolic acid)-polyethylenimine conju-
gate (PLGA-PEI) was synthesized from Daigang (Jinan
Daigang Biotechnology, 2810, Jinan, China). Polyvinyl
alcohol (PVA, 94.5 % hydrolyzed) was obtained from
Sigma-Aldrich (Sigma-Aldrich, 341584, St. Louis, MO,
USA). Ginsenoside Rg3 (GRg3) was purchased from
Aladdin (Aladdin, G107681, Shanghai, China).

Preparation of PBVHx-Based Nanoparticles (PNPs)
GRg3-loaded PNPs (GRg3-PNPs) were prepared us-

ing amodified emulsion-solvent evaporationmethod, as de-
tailed in Table 1 and previously described [14,19]. Briefly,
1 mg, 5 mg, or 10 mg of GRg3, 1 g PBVHx, and 1 mg
PLGA-PEI were dissolved in 20 mL of a mixed organic
solvent consisting of dichloromethane (Aladdin, D116144,
Shanghai, China) and dimethyl sulfoxide (DMSO; 99.5:0.5,
v/v, Aladdin, D670381, Shanghai, China). To form the
aqueous phase, 1 g of PVA was dissolved in 100 mL of dis-
tilled water, and this dissolution was done at a temperature
of 80 °C. The two phases were effectively separated through
ultrasonic treatment lasting 1 minute in an ice-water bath.
The removal of dichloromethanewas achieved by evaporat-
ing it at 30 °C, a process that took 30minutes. Next, to elim-
inate any remaining PVA, centrifugation was conducted at
12,000 rpm over a 10-minute period. Control groups in-
cluded pure PNPs (pPNPs) without GRg3. To track cellu-
lar uptake, coumarin 6 (C6, 0.01 mg, Aladdin, C100929,
Shanghai, China), a green fluorescent dye, was dissolved
in 5 mL dichloromethane and incorporated into some PNPs
during preparation.

Characterization of PNPs
A Zetasizer Nano-ZS90 (Malvern Panalytical,

Malvern, Worcestershire, UK) was used to determine the
size distribution of all nanoparticles, with measurements
taken at 25 °C. Scanning electron microscopy (SEM,
Hitachi S-4800, Tokyo, Japan) and transmission electron
microscopy (TEM, JEOL JEM-1200EX, Tokyo, Japan)
were employed to examine the morphological features of
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Table 1. Composition comparison of various PNPs in this study.
PNPs PBVHx/mg PLGA-PEI/mg GRg3/mg DCM/mL DMSO/mL

pPNPs 1000.0 1.0 0 19.9 0.1
1 % GRg3-PNPs 1000.0 1.0 1.0 19.9 0.1
5 % GRg3-PNPs 1000.0 1.0 5.0 19.9 0.1
10 % GRg3-PNPs 1000.0 1.0 10.0 19.9 0.1

Fig. 1. Schematic of the GRg3-loaded PBVHx-based hybrid nanoparticles (GRg3-PNPs) in this study, including the composition,
preparation, and osteogenic induction tests of GRg3-PNPs. This figure was created using PowerPoint.

all nanoparticles (PNPs).

Encapsulation Efficiency and Drug Loading of GRg3

The encapsulation efficiency (EE) and drug loading
(DL) of GRg3 within GRg3-PNPs were assessed using a
previously reportedmethod [17]. The total amount of GRg3
used (W0) and the amount of unencapsulated free GRg3
dissolved in the supernatant (W1) were determined using
high-performance liquid chromatography (HPLC).

EEwas calculated using Equation (1): EE (%) = ((W0

– W1) / W0) × 100 %

DL was calculated using Equation (2): DL (%) = ((
W0 – W1) / W2) × 100 %

Where W0 is the total amount of GRg3 used in prepa-
ration. W1 is the amount of free GRg3 that was not encap-
sulated into the PNPs and remained dissolved in the super-
natant. W2 is the mass of the PNPs.
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Fig. 2. Characterization of various PNPs. (a–d) Size distribution (a), SEM images (b), TEM images (c), and zeta potential (d) of
pPNPs, 1 % GRg3-PNPs, 5 % GRg3-PNPs, and 10 % GRg3-PNPs, respectively. The scale bars are 1 µm in (b) and 100 nm in (c). Three
parallel measurements for (d). N.S. = no significant difference.

In Vitro Release of GRg3 from PNPs and Degradation
Behaviors

A dialysis approach was used to analyze how GRg3 is
released from PNPs in vitro. One milliliter of GRg3-PNPs
suspension was put into a dialysis bag (SIGMA, D9652,
St. Louis, MO, USA) and then incubated with shaking (50
rpm) at 37 °C. This incubation took place in 8 milliliters
of release medium (phosphate-buffered saline (PBS), pH
7.2, Thermo Scientific, J62899, Waltham, MA, USA) for
set time periods. At each time point, the release medium
that contained GRg3which had permeated through was col-
lected. It was then replaced with a new medium. The
amount of ginsenoside Rg3 released was determined by
high-performance liquid chromatography (HPLC), follow-
ing the method described in the previous report [22].

The residual weight of dried PNPs was calculated us-
ing Equation (3): Weight loss (%) = (W3 / W4) × 100 %

Where W3 is the weight of residual PNPs and W4 is
the initial weight of total PNPs. Each sample was measured
in triplicate (n = 3).

The cumulative release of GRg3 from PBVHx PNPs

was calculated using Equation (4): Cumulative release (%)
= (B1 / B0) × 100 %

Where B1 is the cumulative amount of GRg3 released
at time t and B0 is the total amount of GRg3 loaded. Each
sample was measured in triplicate (n = 3).

Cell Culture and Viability Assessment

Cultivation of human bone marrow-derived mes-
enchymal stem cells (hBMSCs, Cyagen Biosciences,
HUXMA-01001, Suzhou, China) occurred in Basal
Medium (BM, Cyagen Biosciences, BLDM-03011,
Suzhou, China). The medium included 10 % fetal bovine
serum (FBS, Cyagen Biosciences, FBSSR-01021-500,
Suzhou, China) and 1 % penicillin-streptomycin solution
(Beyotime, C0222, Shanghai, China). These cells were
kept in a moist 5 % Carbon Dioxide (CO2) atmosphere at
37 °C. For the evaluation of cell viability, 105 hBMSCs
were seeded into 24-well tissue culture plates (TCP,
i-Quip, C7065, Shanghai, China) and incubated for 24
hours. Next, the cells were exposed to 100 µL of pPNPs or
GRg3-PNPs, both at 10 µg/mL concentration, for 1, 7, 14,
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Fig. 3. Loading and release of GRg3 in various PNPs. (a) Entrapment efficiency (EE) and (b) drug loading (DL) of GRg3 and GRg3
in PNPs for 1% GRg3-PNPs, 5% GRg3-PNPs, and 10% GRg3-PNPs, respectively. (c) Residual weight (%) of pPNPs, 1 % GRg3-PNPs,
5 % GRg3-PNPs, and 10 % GRg3-PNPs, respectively, immersed in PBS with 1 mg/mL lipase under constant shaking at 50 rpm and 37
°C (n = 3). (d) Cumulative release of GRg3 (%) from 1 % GRg3-PNPs, 5 % GRg3-PNPs, and 10 % GRg3-PNPs, respectively, immersed
in PBS with 1 mg/mL lipase under constant shaking at 50 rpm and 37 °C. Three parallel measurements for (a–d). N.S. = no significant
difference. ****p < 0.0001.

and 21 days. After the treatment phase, cell viability was
determined with the cell counting kit-8 (CCK-8, Aladdin,
C266180, Shanghai, China). Every experimental condition
was tested six times (n = 6).

Cellular Uptake of PNPs

A quantity of 105 hBMSCs was seeded into 6-well
TCPs and allowed to culture for 24 hours. The cells were
then treated with 100 µL of C6-labeled pPNPs or GRg3-
PNPs for a period of 1 day. Following this, the cells were
washed with PBS and fixed using 4 % formaldehyde (Al-
addin, C104188, Shanghai, China). Next, actin filaments
were stained with Alexa FluorTM 555 phalloidin (Thermo
Fisher Scientific, A34055, USA), while nuclei were stained
with 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher
Scientific, D21490, USA). The cellular uptake and sur-
face binding of the PNPs were observed with the use of
a confocal laser scanning microscope (CLSM; Nikon, A1
HD25/A1R HD25, Tokyo, Japan).

Osteogenic Differentiation Staining

The low-concentration osteogenic differentiation
medium includes 50 % standard osteogenic differentiation
medium (OM, Cyagen Biosciences, HUXMX-90021,
Suzhou, China) and 50 % BM, which is used to stimulate
the osteogenic differentiation of hBMSCs for 20 days.
It contains 5 mM β-glycerophosphate sodium, 0.5 mM
ascorbic acid-2-phosphate, and 50 nM dexamethasone.
The stained cells were visualized under a microscope
(Nikon, Tokyo, Japan). The calcium deposition of cells

was stained using the Osteogenesis Assay Kit (Beyotime,
C0148S, Shanghai, China) and mean red intensities of each
well were measured using Fiji/ImageJ 1.54m software
(https://imagej.net/software/fiji/). Additionally, alkaline
phosphatase (ALP) activity and calcium deposition were
respectively detected using commercial ALP staining
(Beyotime, P0321S, Shanghai, China).

Alkaline Phosphatase (ALP) Activity Assay

ALP activity was quantified using a commercial ALP
assay kit (Beyotime, P0321M, Shanghai, China). A total of
105 hBMSCs were plated in 6-well TCPs and incubated for
24 hours. The cells were then exposed to pPNPs, GRg3-
PNPs, or control medium for 21 days, with ALP expression
assessed at 1, 7, 14, and 21 days, respectively.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) Analysis

To assess the messenger RNA (mRNA) expression
levels of six bone repair-related markers, qRT-PCR was
applied. The markers in question include collagen type
I (COL-1), osteocalcin (OCN), osteopontin (OPN), runt-
related transcription factor 2 (RUNX2), matrix Gla protein
(MGP), and osteoprotegerin (OPG). The QuantiTect SYBR
Green PCR Kit (Qiagen, 204143, Hilden, Germany) was
employed, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as the internal reference gene. Triplicate
analyses were conducted for each sample.
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Fig. 4. Uptake and intracellular distribution of various PNPs in hBMSCs. (a) Schematic of the uptake of coumarin 6 (C6)-loaded
GRg3-PNPs by hBMSCs. (b) Confocal laser-scanning microscopy images of hBMSCs treated with pPNPs, 1 %GRg3-PNPs, 5 %GRg3-
PNPs, and 10 % GRg3-PNPs, respectively, labeled with green fluorescent C6 for 2 hours. The scale bar is 50 µm. (c) Relative green
fluorescence intensity of pPNPs, 1 % GRg3-PNPs, 5 % GRg3-PNPs, and 10 % GRg3-PNPs in hBMSCs. n = 3. N.S. = no significant
difference.

Statistical Analysis

All experimental data are expressed in the form of
mean ± standard deviation (SD). The evaluation of sta-
tistical significance was carried out using one-way analy-
sis of variance (ANOVA), and a p-value < 0.05 was de-
fined as statistically significant. All statistical tests were
conducted with Prism 5 software (GraphPad Software, San
Diego, California, USA).

Results
Properties of GRg3-Loaded PNPs

The primary objective of this study was to develop a
nanoparticle-mediated approach to enhance the dispersibil-
ity of poorly soluble ginsenoside Rg3 to induce hBMSC
transformation. To this end, we designed a nanoscale
controlled-release system based on the biopolyester PB-
VHx, as illustrated in Fig. 1.

As shown in Fig. 2a, the peak particle size distribution
of blank control pPNPs (without GRg3) was approximately
105 nm. The sizes of GRg3-loaded PNPs increased with
GRg3 content: 1 % GRg3-PNPs (∼ 120 nm), 5 % GRg3-
PNPs (∼ 135 nm), and 10%GRg3-PNPs (∼ 160 nm). SEM
and TEM analyses (Fig. 2b,c) revealed similar spherical
morphology and uniform distribution for both pPNPs and
GRg3-PNPs, although differences in particle size were ev-

ident.
The surface charge (zeta potential) of all nanoparticles

ranged between –4 mV and –8 mV (Fig. 2d). These results
indicate that incorporating GRg3 into PBVHx/PLGA-PEI
nanoparticles did not significantly affect their dispersibility,
uniformity, or surface characteristics. However, the parti-
cle size of GRg3-PNPs increased progressively with higher
GRg3 concentrations.

As shown in Fig. 3a, at low GRg3 concentrations, the
EE of GRg3 in 1 % GRg3-PNPs (89.22 %) and 5 % GRg3-
PNPs (89.08 %) was similar and notably higher than the
previously reported 76.56 % for other GRg3 nanocarriers
[13]. However, when the theoretical GRg3 concentration
reached 10 %, the EE for 10 % GRg3-PNPs dropped sig-
nificantly to only 38.21 %. Conversely, the DL per gram of
nanoparticles was 0.80 mg for 1 % GRg3-PNPs, 3.40 mg/g
for 5 % GRg3-PNPs, and 3.82 mg/g for 10 % GRg3-PNPs
(Fig. 3b). These findings suggest that excess GRg3 cannot
be fully encapsulated, leading to leakage of free drug and
reduced EE, while insufficient GRg3 concentration fails to
saturate the loading capacity of the PNPs.

Release of GRg3 from GRg3-PNPs and Degradation
The in vitro release profile of GRg3 from pPNPs and

GRg3-PNPs over 20 days in degradation medium was stud-
ied using dynamic dialysis. Throughout the 20-day degra-
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Fig. 5. Cytotoxicity evaluation of various PNPs. (a,b) CLSM images of hBMSCs treated with various PNPs for 5 days (a) and 10 days
(b). The scale bar is 50 µm in (a) and (b). (c,d) Cell viability of hBMSCs treated with various PNPs using the CCK-8 assay for 5 days
(c) and 10 days (d). n = 6. N.S. = no significant difference; *p < 0.05; ***p < 0.001.

dation period, all threeGRg3-PNPs exhibited similar degra-
dation behavior. The residual weight percentages of PNPs
were 86.74 %–93.51 % on day 4, 65.80 %–70.05 % on
day 10, and 13.22 %–19.63 % on day 20 (Fig. 3c). This
indicates that the presence of GRg3 did not significantly
interfere with PNPs degradation. As shown in Fig. 3d,
GRg3-PNPs exhibited a burst release of 15.08 %–19.02 %
GRg3 within the initial 0.5 days, which was subsequently
followed by a prolonged sustained-release phase. By day
20, GRg3 was almost completely released from all GRg3-
PNPs (82.42 %–97.26 %), with no significant differences
observed between groups (p > 0.05). The trend of GRg3
release closely paralleled the degradation behavior of the
PNPs, further confirming that GRg3 does not significantly
interfere with nanoparticle degradation or drug release ki-
netics. The size distribution of the four types of nanoparti-
cles before and after degradation was characterized using a
particle size analyzer. It is evident that the size distribution
of all nanoparticles shifted to the left on Day 20 of degrada-
tion (Supplementary Fig. 1), which further confirms the
degradation behavior of PBVHx.

Intracellular and Surface Distribution of PNPs in hBMSCs

To directly visualize nanoparticle distribution, hBM-
SCs were incubated with green fluorescent coumarin
6 (C6)-labeled pPNPs and GRg3-PNPs for 2 hours
(schematic in Fig. 4a). As expected, green fluorescent C6-
PNPs were predominantly internalized by hBMSCs under
all conditions (Fig. 4b). Fluorescence intensity analysis
showed no significant differences between the four types of
PNPs (p > 0.05) (Fig. 4c). These results demonstrate that
the amount of PNPs taken up by cells or bound to the cell
surface was equivalent, implying that GRg3 did not affect
the cellular uptake capability of the PNPs.

Biocompatibility of Cells Incubated with PNPs

As shown in Fig. 5a,b, hBMSCs treated with pP-
NPs, 1 % GRg3-PNPs, 5 % GRg3-PNPs, and 10 % GRg3-
PNPs exhibited normal proliferation over 20 days, as con-
firmed by CLSM observation after phalloidin (red) and
DAPI (blue) staining. The results of the CCK-8 assay (Fig.
5c) showed that on day 10, the cell viability in the pPNPs
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Fig. 6. Osteogenic effect of various PNPs and GRg3 alone. (a) ALP staining of hBMSCs treated with various PNPs and GRg3 alone
for 20 days. (b) Alizarin red S (ARS) staining of hBMSCs treated with various PNPs and GRg3 alone for 20 days. (c) ALP activity of
hBMSCs treated with various PNPs and GRg3 alone for 1, 5, 10, and 20 days (n = 3). (d) ARS intensity of hBMSCs treated with various
PNPs and GRg3 alone for 1, 5, 10, and 20 days (n = 3). N.S. = no significant difference; *p < 0.05; **p < 0.01; ****p < 0.0001. The
scale bar is 50 µm in (a) and (b).

and 1 % GRg3-PNPs treatment groups was significantly
lower compared to the 5 % GRg3-PNPs and 10 % GRg3-
PNPs groups (*p < 0.05), while there was no statistically
significant difference between the 5 % GRg3-PNPs and 10
% GRg3-PNPs groups (p > 0.05). By day 20, the cell via-
bility in the 5 % GRg3-PNPs and 10 % GRg3-PNPs groups
remained significantly higher than that in the 1 % GRg3-
PNPs and pPNPs groups (***p < 0.001) (Fig. 5d). This
suggests that the proliferation phase of hBMSCs was not
adversely affected by the nanoparticles and further confirms
that GRg3 likely promotes stem cell growth, consistent with
previous reports.

Osteogenic Differentiation of hBMSCs by Sustained
Intracellular Release of GRg3

After 24 hours of incubation with PNPs to allow up-
take, hBMSCs were cultured for an additional 20 days
under osteogenic differentiation conditions. Following
sustained treatment with GRg3-PNPs containing different
amounts of GRg3, assessment of ALP activity and calcium
nodule formation revealed that 5 % GRg3-PNPs exhibited
the most potent osteogenic effect.

As shown in Fig. 6a,c, ALP activity showed no sig-
nificant differences among the four PNPs groups on day 1.
From day 5 onwards, ALP levels in the 5 % GRg3-PNPs
and 10%GRg3-PNPs groups were consistently higher than
those in the 1 % GRg3-PNPs and pPNPs groups (*p< 0.05
or ***p < 0.001). By day 20, ALP activity in the 5 % and
10 % GRg3-PNPs groups was more than double that of the
other two groups. On day 20, the level of calcium nod-

ule formation (mineralization) was significantly higher in
the 5 % GRg3-PNPs group compared to the 10 % GRg3-
PNPs group (*p < 0.05), and markedly higher than both
the 1 % GRg3-PNPs and pPNPs groups (****p < 0.0001)
(Fig. 6b,d). Due to the poor solubility of GRg3 in water
or PBS buffer, directly administered GRg3 failed to effec-
tively stimulate the osteogenic differentiation of BMSCs,
resulting in low expression levels of ALP and reduced min-
eralization (Fig. 6).

Further evaluation using quantitative PCR (qPCR)
assessed the mRNA expression of six osteogenic differ-
entiation markers: collagen type I (COL-1), osteocalcin
(OCN), osteopontin (OPN), runt-related transcription fac-
tor 2 (RUNX2), matrix Gla protein (MGP), and osteoprote-
gerin (OPG). As shown in Fig. 7a–d, themRNA expression
levels of pro-osteogenic markers COL-1, OCN, OPN, and
RUNX2 were significantly upregulated in the 5 % GRg3-
PNPs and 10 % GRg3-PNPs groups compared to the 1 %
GRg3-PNPs and pPNPs groups (***p < 0.001 or ****p
< 0.0001). Notably, OPN expression was highest in the 5
% GRg3-PNPs group (Fig. 7c). Conversely, the mRNA
expression levels of MGP and OPG, markers associated
with osteogenesis inhibition or osteoclastogenesis promo-
tion, showed a downregulation trend in the 5 % and 10 %
GRg3-PNPs groups (Fig. 7e,f). Collectively, these results
confirm the potent in vitro osteogenic efficacy of both 5 %
and 10 % GRg3-PNPs, with 5 % GRg3-PNPs demonstrat-
ing optimal performance.
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Fig. 7. Quantitative PCR analysis of the mRNA expression of osteogenic biomarkers. (a) COL-1, (b) OCN, (c) OPN, (d) RUNX2,
(e) MGP, and (f) OPG, respectively. The y-axis represents the relative expression calculated using the∆∆Ctmethod and normalized to
GAPDH as the housekeeping gene. n = 3; N.S. = no significant difference; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Discussion
The poor dispersibility of ginsenosides due to their

unique chemical structures leads to low bioavailability,
which has consistently limited their clinical application.
This issue can be effectively addressed by intelligent drug
delivery systems based on various nanocarriers [23,24].
The objective of this study was to develop a nanoparticle-
mediated approach based on the novel biodegradable natu-
ral polyester PBVHx [20,25] to enhance the dispersibility of
poorly soluble ginsenoside Rg3 (GRg3), thereby promoting
hBMSC transformation (Fig. 1).

A newer addition to the microbially produced poly-
hydroxyalkanoate (PHA) family is PBVHx, also referred
to as PHBVHHx. The PHA family itself is composed of
3-hydroxybutyrate (3HB), 3-hydroxyvalerate (3HV), and
3-hydroxyhexanoate (3HHx) [26]. With its biocompati-
ble and biodegradable properties, PBVHx is comparable
to other PHAs in that it can be turned into microspheres
and nanoparticles. These forms of PBVHx find practi-
cal use in tissue repair, drug delivery, and the develop-
ment of vaccines [26]. Furthermore, when PBVHx breaks
down, it releases non-toxic monomeric substances, and the

main component of these substances is 3-hydroxybutyrate
(3HB or BHB) [18,20]. Therefore, in contrast to biodegrad-
able polymers like PLA and PLGA that release lactic acid
rapidly, PBVHx stands out as a promising biopolyester for
drug delivery applications [15,16].

The incorporation of GRg3 moderately increased
nanoparticle size (Fig. 2a–c), aligning with our previous
findings that increased drug loading leads to larger nanopar-
ticle dimensions [16,17]. This size increasemay result from
GRg3 molecule aggregation within or on the surface of the
PNPs. Owing to the strong lipophilicity of GRg3, it can
be dispersed in PBVHx within organic solvents. However,
GRg3 did not cause significant aggregation or charge al-
teration of PNPs compared with pPNPs, indicating that all
nanoparticles possessed favorable dispersibility.

Similar to PLA, PNPs are a type of carrier with a
strong negative charge ranging from –42 mV to –38 mV
[17]. In contrast to other positively charged materials (e.g.,
chitosan), this strong negative charge is unfavorable for the
contact between PNPs and cells that also carry negative
surface charge, which further results in a decline in cel-
lular uptake capacity. Therefore, in our previous studies,
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poly-L-lysine and PLGA-PEI were utilized, respectively,
to neutralize the majority of charges on the surface of PNPs
[16,17]. This treatment attenuated the surface charge to a
range of –4 mV to –8 mV (Fig. 2d). Given the low con-
tent of PLGA-PEI, its inherent positive charge was suffi-
cient to neutralize most of the negative charge on the sur-
face of PNPs, thus converting the strong negative charge of
pristine PNPs into weak negative charge, which ultimately
enhanced the cellular uptake of the nanoparticles.

Therefore, cellular uptake assays demonstrated that
the green fluorescent PNPs were predominantly internal-
ized by hBMSCs, with comparable fluorescence intensities
observed across all groups. This indicates that GRg3 load-
ing did not compromise the cellular uptake capability of the
PNPs (Fig. 4b,c). However, the pure PNPs exhibit weaker
cellular uptake compared to PBVHx/PLGA-PEI composite
nanoparticles (PNPs) in previous study [17], primarily due
to PEI enhancing the overall surface charge of the nanopar-
ticles.

To explore the maximum loading capacity of GRg3,
PNPs with theoretical GRg3 loadings of 1 %, 5 %, and 10
% were evaluated for EE and DL. The results clearly show
that excess GRg3 cannot be fully encapsulated, leading to
drug leakage and wastage (low EE for 10% loading). How-
ever, within a certain range, increasing the theoretical GRg3
concentration enhances the DL capacity of the PNPs (Fig.
3a,b). Therefore, selecting an appropriate GRg3 concen-
tration is paramount to achieving an optimal balance be-
tween EE andDL. Based on this, 5%GRg3-PNPs represent
the best compromise between high EE and substantial DL,
while 10 % GRg3-PNPs also possess strong GRg3 loading
capacity; both were consequently selected for further inves-
tigation.

During the 20-day degradation period, all three GRg3-
PNPs exhibited similar degradation profiles and syn-
chronous GRg3 release kinetics. This further confirmed
that GRg3 does not significantly interfere with the degra-
dation of PBVHx PNPs or the release profile of the encap-
sulated drug (Fig. 3c). This PNPs-dependent sustained re-
lease mechanism can reduce dosing frequency, lower treat-
ment costs, minimize patient discomfort, and potentially re-
duce the risk of resistance development.

As expected, GRg3 promoted the growth of hBMSCs.
Hong et al. [27] reported that GRg3 enhanced the prolifer-
ation of hBMSCs, inhibited their senescence, and simul-
taneously promoted their osteogenic differentiation. Our
results demonstrate sustained proliferation over 20 days in
all groups. However, the viability of cells treated with pP-
NPs and 1 %GRg3-PNPs consistently remained lower than
that of cells treated with 5 % GRg3-PNPs and 10 % GRg3-
PNPs. Furthermore, no significant difference existed be-
tween the 5 % and 10 % GRg3-PNPs groups (Fig. 5c,d),
indicating that GRg3 released from PNPs effectively stim-
ulates hBMSC proliferation.

Following 24-hour incubation with PNPs for uptake,

hBMSCs underwent osteogenic differentiation assessment
for 20 days. Sustained treatment with different GRg3-PNPs
revealed that 5 % GRg3-PNPs elicited the strongest os-
teogenic response (Fig. 6). ALP activity showed no ini-
tial differences but became significantly elevated in the 5
% and 10 % GRg3-PNPs groups from day 5 onwards, cul-
minating in levels more than double those of the control
groups by day 20. Mineralization (calcium nodule forma-
tion) was also highest in the 5 % GRg3-PNPs group on day
20 (Fig. 6a–d). This aligns with previous studies indicating
that an optimal concentration of GRg3 promotes hBMSC
osteogenic differentiation. ALP and mineralization are crit-
ical markers of osteogenic commitment; their increased lev-
els signify enhanced osteogenic capacity. Prior studies re-
ported GRg3 stimulation of ALP activity and mineraliza-
tion in MC3T3-E1 cells and primary osteoblasts [2,3,28].

Furthermore, among the GRg3-loaded PNPs, 5 %
GRg3-PNPs most effectively upregulated the four pro-
osteogenic markers (COL-1, OCN, OPN, RUNX2) and
downregulated the two markers associated with osteogen-
esis inhibition (MGP, OPG) (Fig. 6). Siddiqi et al. [28]
found that Rg3 (with a content of 33 %) in red ginseng ex-
tract could increase the ALP activity, type I collagen (Col-I)
and mRNA expression levels in preosteoblastic MC3T3-E1
cells; they further found that GRg3 could inhibit osteoge-
nesis [4]. Zhang et al. [3] demonstrated that GRg3 upreg-
ulated RUNX2, ALP, COL-1, OCN, and OPN mRNA lev-
els in MC3T3-E1 cells and promoted calcium deposition.
These effects are linked to GRg3’s direct modulation of
multiple signaling pathways governing bone metabolism.
For instance, GRg3 directly activates the TGF-β1/Smad
pathway [2], regulates the AMPK/mTOR signaling path-
way [3], promotes osteogenesis, and inhibits osteoclast dif-
ferentiation via the RANKL, JNK, and p38 MAPK path-
ways [4]. Additionally, GRg3 modulates the KPNA2 and
NF-κB signaling pathways to influence bone homeostasis
and mitigate osteoporosis [5]. These multifaceted actions
collectively manifest as the observed upregulation of pro-
osteogenic markers and downregulation of markers favor-
ing osteoclastogenesis or inhibiting osteogenesis.

In summary, lower or excessive GRg3 concentrations
fail to achieve optimal osteogenic efficacy. This is likely
because insufficient GRg3 provides inadequate stimulus,
while excessive concentrations may induce cytotoxicity.
Consequently, the 5 % GRg3-PNPs, containing a moder-
ate and optimal GRg3 concentration, demonstrated themost
potent osteogenic effects.

Conclusions
In this study, we successfully developed a novel

nanoparticle system (PNPs) based on the biodegradable nat-
ural trimer of PHA (PBVHx) dopedwith PLGA-PEI, for the
efficient delivery of the poorly water-soluble TCM compo-
nent ginsenoside Rg3 (GRg3). Encapsulating GRg3 within
these nanoparticles protects it from degradation, ensures
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high local intracellular concentrations, and enables con-
trolled, sustained release. This setup enables the continuous
delivery of an appropriate dose of GRg3 to both the intracel-
lular space of stem cells and their extracellular microenvi-
ronment, which not only enhances GRg3’s regenerative ac-
tivity and therapeutic efficacy but also ultimately promotes
the progression of bone regeneration. It is expected that this
development will be vital for the future precise treatment of
osteoporosis and bone injuries, with TCM-based strategies
applied across various use cases.
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