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Introduction

Abstract

Introduction: Scutellarin (SCU) is a bioactive flavonoid whose therapeutic applications are
limited by its poor aqueous solubility and low bioavailability. This study aimed to develop
amorphous SCU nanoparticles stabilized with polyvinyl pyrrolidone K30 (PVP) via an anti-
solvent precipitation method to enhance solubility, dissolution, and oral bioavailability.
Methods: Amorphous SCU-PVP nanoparticles were prepared by ultrasonically dispersing SCU
solution in dimethyl sulfoxide into dichloromethane containing PVP (solvent: anti-solvent
ratio 1:40; SCU: PVP 1:1 w/w). The nanoparticles were characterized in terms of morphology
(SEM), particle size (DLS), crystallinity (DSC, PXRD), drug-polymer interactions (FTIR), drug
loading, solubility, and in vitro dissolution. Pharmacokinetics were evaluated in male Sprague-
Dawley rats orally administered 100 mg/kg SCU as nanoparticles or bulk SCU. Plasma drug
concentrations were quantified via HPLC, and parameters were analyzed using DAS 3.2.1.
Results: The optimized nanoparticles exhibited an average size of 150 nm (pre-drying) and
800 nm (post-drying), with high drug loading (40%) and encapsulation efficiency (85%). FTIR
and Hansen parameter calculations (A8 =8.18, R =17.64) confirmed hydrogen bonding and
miscibility between SCU and PVP. Amorphization (via DSC/PXRD) enhanced SCU solubility
5.8-fold in water. in vitro dissolution studies showed>80% SCU release within 5 min across
all pH media (vs.<3% for bulk drug). Pharmacokinetic studies revealed 130% relative oral
bioavailability and prolonged T, , for nanoparticles versus bulk SCU.

Conclusion: PVP-stabilized amorphous nanoparticles significantly improve SCU’s solubility,
dissolution rate, and oral bioavailability via hydrogen bonding and amorphization. This simple,
scalable anti-solvent precipitation method offers a promising strategy for enhancing the delivery
of poorly soluble flavonoids.

possesses a wide range of pharmacological effects, including

Flavonoids, a class of hydroxylated phenolic compounds,
have attracted considerable research interest due to
their diverse health benefits.! However, most flavonoids
exhibit poor water solubility, low bioavailability, and rapid
metabolism in vivo, which limit their clinical application.?
Nanotechnology offers a promising approach to overcoming
these limitations, enhancing drug solubility and delivery
efficiency.’ Nanoparticles, in particular, provide significant
advantages for pharmaceutical formulations, such as
improved stability and targeting capabilities.**

Various synthetic polymers, natural polysaccharides,
and proteins have been utilized as carriers for drug
incorporation, facilitating the creation of drug-loaded
nanoparticles through self-assembly or crosslinking.®”
Scutellarin (SCU), a flavone glycoside (Figure 1) derived
from the Chinese medicinal herb Erigeron breviscapus,

anti-inflammatory, antioxidant, and neuroprotective
properties.®'® SCU has been widely used for the treatment
of cardiovascular and cerebrovascular diseases. However,
improving its therapeutic delivery through nanotechnology
remains challenging, as methods such as nanosuspensions
and nanoparticle formulations need to balance high drug
loading with scalable production.''¢

Polyvinyl pyrrolidone (PVP) is widely used in
pharmaceutical applications due to its biocompatibility and
solubility in both water and various organic solvents.'”!®
PVP is available in different grades according to its K
value, with K30 being particularly suitable for drug delivery
systems.' PVP has been successfully employed to enhance
the solubility and bioavailability of poorly soluble drugs,
due to its ability to prevent recrystallization and stabilize
amorphous dispersions.? Previous research has used PVP
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K30 to enhance dissolution of SCU and bioavailability in
solid dispersion tablets.*!

In this study, we developed amorphous SCU nanoparticles
stabilized with PVP K30 using an anti-solvent precipitation
method. We further analyzed drug-polymer interactions
through miscibility calculations, compared the solubility,
dissolution, and pharmacokinetic profiles of SCU-PVP
nanoparticles with those of unencapsulated SCU to explore
the potential advantages of this formulation.

Materials and Methods

Materials

Scutellarin (purity>97%) was purchased from Jingzhu
Biotech Co., Ltd. (Nanjing, China). Polyvinyl pyrrolidone
K30 (PVP) was sourced from Aladdin Biotech Co., Ltd.
(Shanghai, China). Dimethyl sulfoxide (DMSO) and
dichloromethane (DCM), both of analytical grade, were
obtained from Tianjin Zhiyuan Chemical Reagent Co., Ltd.
and Tianjin Fengchuan Chemical Reagent Technology Co.,
Ltd., respectively. Methanol (HPLC-grade) was supplied by
Sigma-Aldrich. Ultra-purified water was prepared using an
Arium® Comfort system (Sartorius, Germany) and used
throughout the study.

Male Sprague-Dawley (SD) rats weighing 230 + 30 g were
obtained from SPF (Beijing) Biotechnology Co., Ltd. The
animal study protocol was approved by the Experimental
Animal Ethics Committee of Yunnan University of
Chinese Medicine(YNUTCM-XMSS-G-2025001), with

Figure 1. Chemical structures of scutellarin (left) and PVP (right)
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all procedures adhered to the Guidelines for the Care and
Use of Laboratory Animals. The rats were fasted overnight
with access to water before the experiments.

Preparation of Drug Nanoparticles

The preparation process of SCU nanoparticles is illustrated
in Figure 2. SCU nanosuspensions were prepared via a
simple anti-solvent precipitation technique.* Initially, SCU
was completely dissolved in dimethyl sulfoxide (DMSO)
to form the solvent phase (S-phase) at a concentration of
400 mg/mL (w/v). Concurrently, PVP was dissolved in
dichloromethane (DCM) to form the anti-solvent phase
(AS-phase). The S-phase was dispersed into the AS-phase at
a volumetric ratio of 1:40 under ice bath conditions, using
a probe sonicator set to 240 W for 1 minute, with 5-second
bursts and 5-second pauses.

SCU nanoparticles were obtained by removing the
solvent from the nanosuspension.”” Approximately 80% of
the organic solvent was recovered using rotary evaporation
at 40°C under vacuum. The remaining suspension was
transferred to a glass dish, left in a fume hood for 48 hours,
and then dried at 70°C for 4 hours in an air oven. The
resulting powder was ground and passed through a 100-
mesh sieve before being stored in airtight containers for
analysis. For comparison, additional SCU suspensions were
prepared using the same method, with and without PVP.

Morphology Observation

The morphology of the raw SCU material, nanosuspensions,
and nanoparticles was initially evaluated visually. The
samples were suspended in water and ultrasonicated for 5
minutes to ensure uniform dispersion. Freshly prepared or
redispersed suspensions were placed on microscope slides
and examined under an XDS 200-PH microscope (Phenix,
China). For scanning electron microscopy (SEM) analysis,
the samples were sputter-coated with gold and examined
using a Phenom Pro SEM (Phenom World, Netherlands)
for detailed microstructural examination.

Particle Size Analysis
Particle size and polydispersity index (PDI) were

-

air d;ying
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Figure 2. Flow chart illustrating the scutellarin nanosuspension and nanoparticle fabrication process
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determined using a NanoBrook 90 Plus dynamic light
scattering (DLS) analyzer (Brookhaven Instruments, NY,
USA). SCU nanosuspensions were diluted to 3 mg/mL
with DCM, while nanoparticle powders were redispersed
in water and ultrasonicated before analysis. Measurements
were conducted in triplicate at 25°C with a detecion angle
of 90° and a wavelength of 633 nm.

Solid State Characterization

The thermal properties of SCU, PVP, their physical
mixtures, and nanoparticle powders were examined using
differential scanning calorimetry (DSC) (X’pert PRO,
Spectris, Holland). Samples were sealed in aluminum
pans with perforated lids and heated from -80°C to 500°C
at a rate of 10°C/min under a nitrogen atmosphere, with
aluminum oxide (Al,Os) as the reference.

Powder X-ray diffraction (PXRD) was performed to
evaluate the crystallinity of SCU in the samples using a
D8 Advance diffractometer (Bruker, UK) with Cu-Ka
radiation. Scans were conducted over a 26 range of 5° to
60° at a scan rate of 8°/min.

Fourier-transform infrared (FTIR) spectra were recorded
using a TENSOR37 FTIR spectrophotometer (Bruker,
Germany) over a range of 400-4000 cm™. Samples were
prepared by mixing with potassium bromide (KBr) and
pressing the mixture into disks with a diameter of 10 mm
at 10 MPa.

Compatibility Calculation

The compatibility of SCU with PVP was assessed by
calculating the partial and total Hansen solubility
parameters (HSP) using SMILES data entered into HSPiP
software (Version 5.1.03). The differences in total HSPs
(ASt, AS), the volume-dependent solubility parameter (§v),
and the distance in Hansen space (Ra) were calculated
following previously established methods.*

Drug Content Determination
Accurately weighed samples were dissolved in 10 mL of
methanol, filtered through a 0.22 ym syringe filter, and
analyzed using HPLC. The HPLC system (Chrome UHPLC
$6000, China) was equipped with an Agilent Eclipse
XDB-C18 column (5 um, 4.6 x 250 mm, Agilent, Santa
Clara, CA, USA). The mobile phase consisted of methanol
and 0.05% formic acid solution (65:35, v/v) at a flow rate
of 0.5 mL/min, with detection at 335 nm and the column
temperature maintained at 25°C. Drug loading (DL) and
encapsulation efficiency (EE) were calculated as follows:
DL (%) =amount of SCU loaded / total mass x 100%
EE (%) =amount of SCU loaded / amount of SCU
added x 100%

Saturated Solubility of SCU

The equilibrium solubility of SCU was measured in water
and PVP solutions. Samples were equilibrated at 37°C for
72 hours in an oscillating gas bath. The supernatant was
diluted with methanol, filtered, and analyzed via HPLC.

Drug Dissolution Test

Powder samples were tested for dissolution in 250 mL of
water or phosphate-buffered solutions (PBS) at various pH
levels. Dissolution testing was performed using a DF-101S
magnetic stirrer (Gongyi Maihua Instrument Co., Ltd.,
China). The medium was stirred at 50 rpm and maintained
at 37°C+0.5°C. Aliquots were taken at specific intervals,
and drug concentration was determined via HPLC.

The similarity factor (f,) was calculated using the following
equation: £,=50x1og{[1 + (1/n)Z(R; - Ty)?]7°°x 100},
where R, and T\ represent the mean percentage dissolved
of the reference (bulk SCU or physical mixture) and test
(nanoparticle) products at each time point, respectively.”
An f, value between 50 and100 indicates similar dissolution
profiles.

In vivo Oral Pharmacokinetic Study

An in vivo pharmacokinetic study was conducted to
compare the oral absorption of SCU-PVP nanoparticles
with that of bulk SCU in rats. Twelve Sprague-Dawley
(SD) rats were randomly divided into two groups (n=6
per group). Each group was administered a single oral
dose of either SCU-PVP nanoparticles or bulk SCU at 100
mg/kg through oral gavage. Blood samples (0.3 mL) were
collected at predetermined time intervals (0.25, 0.5, 1, 2, 4,
6, 8, and 12 hours) after dosing. The plasma was separated
by centrifugation at 4°C and 5000 rpm for 10 minutes, and
then stored at -80°C until analysis.

For drug quantification, 100 puL of plasma was mixed
with 100 pL of an internal standard solution (rutin, 8
pg/mL in methanol) and 100 pL of methanol, followed
by centrifugation at 12,000 rpm for 10 minutes. The
supernatant was filtered through a 0.1 pm syringe filter,
and a 20 pL aliquot was injected into the HPLC system
for drug concentration analysis, following the same
chromatographic conditions as described earlier.

The pharmacokinetic parameters, including the
maximum plasma concentration (C__), time to reach
maximum concentration (T_ ), area under the plasma
concentration-time curve (AUC), half-life (T, ,), and
mean residence time (MRT ), were calculated using DAS
3.2.1 software. The results were statistically analyzed using
SPSS 17.0 software, and a P-value of less than 0.05 was
considered statistically significant.

Results and Discussion

Optimization and Preparation of SCU Nanoparticles
The preparation of SCU-PVP nanoparticles involved an
anti-solvent precipitation method optimized to produce
a nanosuspension before drying. This approach was
selected due to its efficiency in generating nanoparticles
with desirable morphological characteristics.

DMSO was chosen as the solvent for SCU, in which the
drug exhibited a solubility greater than 0.4 g/mL.** DCM
was selected as the anti-solvent, as SCU’s solubility in DCM
is low, which facilitated the formation of well-dispersed
and stable nanoparticles (see Figures S1 and S2). The
compatibility of polymeric stabilizers with both DMSO
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and DCM was also a critical consideration.

Several polymers were tested for their ability to stabilize
the drug suspension, and PVP produced the finest particles
and minimal aggregation after 24 hours (Figure S3). In
contrast, Poloxamer and PEG resulted in larger and less
stable particles prone to rapid sedimentation. Scanning
electron microscopy (SEM) confirmed that PVP alone
provided effective stabilization, preventing aggregation
and ensuring a more uniform particle size distribution
(Figure S4).

Various dispersion techniques were evaluated, and
ultrasonication yielding the smallest particle sizes
and ensuring a stable suspension without significant
sedimentation (Figures S5 and S6). The optimal S-phase
to AS-phase volumetric ratio and SCU to PVP weight
ratio were determined to be 1:40 and 1:1, respectively,
based on particle morphology and drug loading efficiency
(Figure S7 and Figure 3).

In summary, this optimized protocol was straightforward
and avoiding costly excipients and complex equipment. The
use of DCM rather than aqueous anti-solvents improved
particle dispersion and reduced processing time. The SCU-
PVP nanoparticles were further evaluated in subsequent
analyses.

Morphology Observation and Particle Size Analysis
Figure 4. (A, B) shows that both freshly prepared and
redispersed SCU-PVP nanosuspensions were translucent
and exhibited a Tyndall effect, indicating the presence
of colloidal systems. The average particle size was
approximately 150 nm for the nanosuspensions and 700
nm for the dried nanoparticles, both with a relatively
narrow size distributions (Table S1).

SEM images (Figure 4. C- F) revealed that bulk SCU
appeared as large, irregularly aggregated, short fibrous
crystals, whereas PVP exhibited hollow microspheres with
diameters of of 20-100 pm. The SCU-PVP nanoparticles

Oh

24 h

displayed a more uniform submicron structure, although
larger aggregates formed during the drying process,
consistent with the particle size data.

PVP acted as a stabilizer, adsorbing onto the surface
of SCU colloidal particles and preventing aggregation.
Its hydrophilic nature and high viscosity slowed the
sedimentation process, while also acting as a solid
dispersion carrier to prevent excessive aggregation during
drying.”” This stabilization enabled the rapid redispersion
of drug particles in aqueous media, enhancing the
solubilization of SCU.

Differential Scanning Calorimetry (DSC) Analysis

The DSC thermograms (Figure 5) indicated that pure
SCU exhibited an endothermic peak at 181.1°C and an
exothermic peak at 210.3°C, consistent with its crystalline
nature. In contrast, PVP K30, an amorphous polymer,
showed no distinct peaks.?* The physical mixture of SCU
and PVP exhibited a slightly shifted endothermic peak
attributed to SCU. However, the nanoparticle formulation
did not display any sharp peaks, suggesting that the drug
had transitioned into an amorphous state, which is
beneficial for enhancing solubility and dissolution.

Powder X-Ray Diffraction (PXRD) Analysis

PXRD patterns (Figure 6) further confirmed the
crystallinity of bulk SCU, as indicated by sharp peaks at
specific 20 angles. These peaks were also present in the
physical mixture of SCU and PVP, indicating that SCU
remained crystalline. However, the nanoparticle samples
exhibited a broad peak with reduced intensity, confirming
the successful transition of SCU to an amorphous form
within the PVP matrix, which likely contributed to
improved solubility and dissolution.

Fourier-Transform Infrared (FTIR) Analysis
FTIR spectroscopy (Figure 7) was used to investigate the

Figure 3. Appearance and micromorphology of SCU suspensions at various weight ratios of scutellarin and PVP K30 (bar size 50 ym)
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Figure 4. Particle size distribution and visual appearance of (A) freshly prepared SCU-PVP nanosuspension and (B) the corresponding nanoparticles; SEM images

of (C) bulk SCU, (D) PVP, (E) nanosuspension, and (F) nanoparticles
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Figure 5. DSC thermograms of pure SCU, PVP K30, physical mixture (PM),
and SCU nanoparticles (NPs)

interactions between SCU and PVP. The characteristic
peaks of SCU at 3509.6, 3373.8, and 3275.5 cm™
(corresponding to —~OH stretching) and 1720.9 cm™
(C=0 stretching) remained unchanged in the physical
mixture, indicating no significant interaction between the
components.**® However, the FTIR spectrum of the SCU-
PVP nanoparticles revealed shifts in these peaks, suggesting
hydrogen bonding between the hydroxyl groups of SCU
and the carbonyl groups of PVP. This bonding played a
crucial role in the stabilization and amorphization of the
nanoparticles.
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Figure 6. PXRD patterns of pure SCU, PVP K30, physical mixture, and SCU
nanoparticles

Molecular Miscibility Calculation

Table 1 presents the calculated Hansen solubility parameters
(HSP) for SCU and PVP. The data indicated that SCU and
PVP were miscible, as the differences in Adt, AS, and Ra
were below the critical thresholds of 8.18, 16.87, and 17.64,
MP®® respectively.?” These findings further support the
formation of stable SCU-PVP nanoparticles.

Drug Content Determination

The DL and EE of SCU in the nanoparticles (Figure 8A)
were favorable, exceeding 40% and 85%, respectively. This
high efficiency can be attributed to the low solubility of
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Table 1. Calculated HSP parameters for SCU and PVP

Parameters SCU PVP
S8, MPY 20.4 17.9
6, MP" 8.3 8.4
S, MP” 153 6.3
0, Mp- 26.8 20.8
0, MP" 22.0 19.8
AS, MP* - 6.0
AS MP;” - 93
R, MP*» - 103

SCU in DCM, which facilitated efficient drug precipitation,
and to the protective colloidal action of PVP, which helped
stabilize the nanoparticles and prevent drug loss during the
preparation process.

Saturated Solubility of SCU

In water, the SCU-PVP nanoparticles exhibited significantly
higher solubility than pure SCU (Figure 8B), consistent
with previous reports that PVP enhances the aqueous
solubility of poorly soluble drugs by promoting hydrogen
bonding and forming amorphous structures.

In vitro Dissolution Test

The in vitro dissolution profiles of SCU nanoparticles,
physical mixtures, and pure SCU in various media are
shown in Figure 9. All SCU-PVP nanoparticle samples
exhibited rapid drug release, with over 60% of SCU released
within the first minute. In contrast, the physical mixtures
released just over 20% within the first 5 minutes, while pure
SCU released less than 3% over the same period, eventually
reaching only about 17% after 60 minutes. The presence
of PVP in the formulations significantly enhanced SCU
dissolution, likely due to the increased solubility of SCU
in PVP-containing aqueous solutions.

When pH 5.0 PBS was used as the dissolution medium,
the SCU nanoparticles released approximately 70% of their
drug content within the first 5 minutes and eventually
reaching a plateau of nearly 90%. In comparison, the
physical mixture and pure SCU powder released around
31% and 8% within the same timeframe, respectively, with
gradual increases to 60% and 30% after 60 minutes. At pH
values of 6.8 and 7.4, all samples showed over 80% SCU
release within 5 minutes, indicating that SCU solubility is
lower under acidic conditions than under neutral or basic
conditions.

The similarity factor (f)) analysis (Table S2) revealed
a pH-dependent dissolution behavior. In purified water
and acidic medium (pH 5.0), the f, values (29 and 39,
respectively) were significantly lower than 50, confirming
the superior dissolution of NPs over PM. However, in
neutral to basic media (pH 6.8 and 7.4), the f, values
increased to 70 and 57, respectively, indicating similar

210 SCU
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180 4
X
S
5]
2 PM
g 150
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g
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g 120
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T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
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Figure 7. FTIR spectra of pure SCU, PVP K30, physical mixture, and SCU
nanoparticles
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Figure 8. (A) Drug loading and encapsulation efficiency of SCU-loaded
nanoparticles; (B) SCU solubility of pure drug and of drug nanoparticles in
water. (mean + SD, n=3)

dissolution profiles.*

These results suggest that the SCU-PVP nanoparticle
formulation has the potential to significantly improve
bioavailability following oral administration.

In vivo Oral Pharmacokinetic Study

The plasma concentration-time profiles of SCU in rats are
shown in Figure 10, and the pharmacokinetic parameters
are summarized in Table 2.

The SCU-PVP nanoparticle formulation resulted in
higher AUC, T ,and T, values compared with pure SCU,
indicating improved absorption and prolonged systemic
circulation. Although there were no significant differences
in C__and MRT_ between the groups, the nanoparticle
formulation showed reduced plasma clearance, likely due
to longer retention of SCU in circulation. Overall, the
relative oral bioavailability of SCU-PVP nanoparticles was
approximately 130% compared to pure SCU.

The SCU-PVP nanoparticles demonstrated significantly
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solutions at (B) pH 5.0; (C) pH 6.8; (D) pH 7.4

Table 2. Pharmacokinetic parameters of pure scutellarin and nanoparticles
in SD rats after oral administration (mean+S.D, n=6)

Parameters SCU nanoparticles
AUC,,, mg/L*h 2.58+0.536 3.386+0.904
AUC, , mg/L*h 2.927+0.271 4.369+1.208*
T h 4.667+1.506 6.065+2.971
., mgl 0.255+0.09 0.248+0.035
oy h 8.47+£10.279 10.048 +4.041
MRT,, h 10.508+1.039 10.351+0.487
MRT__, h 15.797+£11.757 17.131+4.636
Cl, L/h/Kg 34.423+3.314 24.573+7.624

"P<0.05 versus the pure SCU group

higher oral bioavailability compared to bulk SCU. The
AUC of the SCU-PVP nanoparticles was approximately
1.3 times that of the bulk SCU, indicating a 130% relative
bioavailability. This enhancement can be attributed to
the improved solubility and dissolution rate of SCU
in the amorphous nanoparticle form. The T__ for the
nanoparticles was longer compared to the bulk SCU,
suggesting a more sustained release profile. The elimination
half-life (T1/,) of SCU from the nanoparticles was also
extended, indicating prolonged systemic circulation and
slower clearance compared to the bulk SCU formulation.

Although the C__ values of the two groups were
similar, the slower clearance and extended T, of the
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Figure 10. Plasma concentration-time curves of pure scutellarin and
nanoparticles in SD rats following oral administration (mean + S.D, n=6)

nanoparticle formulation suggest that SCU in nanoparticle
form remained in the bloodstream for a longer duration,
potentially enhancing its therapeutic efficacy. These findings
highlight the advantages of the SCU-PVP nanoparticle
formulation in improving oral bioavailability, making it
a promising approach for enhancing the pharmacokinetic
performance of poorly soluble drugs like SCU.

Conclusion
In this study, we successfully developed amorphous SCU-
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PVP nanoparticles using a simple anti-solvent precipitation
method assisted by ultrasonication. The nanoparticles were
confirmed to be in an amorphous state, by DSC and PXRD
analyses, while FTIR spectroscopy demonstrated hydrogen
bonding between SCU and PVP. These nanoparticles
exhibited improved dissolution rates in water and
significantly enhanced oral bioavailability (130%) compared
to pure SCU. This method of nanoparticle production
offers a scalable and efficient approach to improving the
solubility and bioavailability of poorly soluble drugs. Future
studies will focus on formulation optimization, scaling up
production, long-term stability assessment, and conducting
in vivo toxicological and therapeutic evaluations to further
explore the clinical potential of SCU-PVP nanoparticles.
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