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ABSTRACT
Aim:  To develop and evaluate Astragalus tomentosus (AST)-loaded hyaluoleosomes delivered via 
hollow microneedles as a novel approach for rheumatoid arthritis (RA) management.
Methods:  AST-loaded hyaluoleosomes were prepared and characterized for particle size, 
polydispersity index, zeta potential, and in vitro drug release. The optimized formulation was 
intradermally administered using hollow microneedles in antigen-induced arthritis rats. Therapeutic 
efficacy was assessed by measuring inflammatory markers (TNF-α, IL-1, MMP-9), antioxidant 
markers (HO-1, NRF2, SOD), and histopathological changes.
Results:  The optimized formulation showed nanosized particles (~217 nm), low PDI, and stable 
zeta potential, with sustained drug release over 96 h. In vivo, it significantly reduced joint swelling, 
suppressed inflammatory mediators, restored antioxidant markers, and improved histopathological 
features with reduced synovial inflammation and cartilage damage.
Conclusion:  AST-loaded hyaluoleosomes delivered via microneedles offer a minimally invasive 
and effective RA treatment, demonstrating synergistic therapeutic effects.

1.  Introduction

Rheumatoid arthritis (RA) is an inflammatory autoim-
mune disease whose aetiology begins with synovitis, 
which refers to the inflammation and swelling of the 
joint capsule. This causes pannus development, which 
worsens joint deterioration and leads to fibrous anky-
losis, then bony ankylosis (Zewail 2021). Increased 
knowledge of the aetiology of RA has significantly 
aided in the creation of efficient RA treatment regi-
mens. Current RA therapeutic therapies, such as non-
steroidal anti-inflammatory medications (NSAIDs), 
disease-modifying anti-rheumatic medicines (DMARDs), 
glucocorticoids (GCs), and biological agents, primarily 
aim to alleviate RA symptoms by immunosuppression 
or inhibition of specific inflammatory mediators. 
Biological treatments such as cytokine antagonists, B 
cell depleting drugs, T cell co-stimulation modulators, 
and kinase inhibitors perform significantly better in 

regulating RA activity because of their specificity and 
selectivity (Wang et  al. 2021). However, a large propor-
tion of individuals exhibit decreased response after 
multiple administrations (Smolen and Aletaha 2015).

Nonetheless, a portion of patients do not respond 
well to current medications, systemic toxicity from 
long-term administration or distribution in non-targeted 
locations, and bioavailability difficulties hinder full RA 
remission (Wang et  al. 2021).

Traditional medicines have long served as a first-line 
medication for numerous individuals worldwide. 
Medicinal extracts are an excellent source of therapeu-
tic leads for the pharmaceutical sector. The use of 
medicinal plant treatments to treat chronic illnesses, 
such as RA, RA is therefore prevalent and increasing 
(Recio et  al. 2012). Plants belonging to the genus 
Astragalus have been used as complementary medi-
cine for hundreds of years. For example, A. membrana-
ceus and A. mongholicus known as Radix Astragali are 
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well-known Chinese traditional herbal medicines that 
are used to treat immunological disorders, enhance 
the circulatory system, and as hepatoprotectives and 
heart tonics. Astragalus’s (AST) phytochemical content 
uniformly contains major secondary metabolites, 
including saponins, flavonoids (glycosidic and free 
forms), and polysaccharides (Dekinash et  al. 2022). 
Jiang et  al. investigated the effect of AST polysaccha-
rides on the progression and pathogenesis of RA in 
rats with adjuvant-induced arthritis models and their 
results revealed that AST polysaccharides decreased 
cell accumulation, oedema, joint arthritic index, and 
serum TNF-α and IL1-β levels in a dose-dependent 
manner. Also, synovial cell apoptosis increased, accom-
panied by elevated staining for pro-apoptotic Bax pro-
tein and reduced staining for anti-apoptotic Bcl-2 
(Jiang et  al. 2010). This is along with the findings of 
Maresca et  al. that suggested that AST hydroalcoholic 
extract is a good candidate for RA management 
(Maresca et  al. 2017).

Flavonoids are active components found in AST that 
have a variety of therapeutic benefits, including 
anti-inflammatory, immunological modulation, 
anti-tumour, and cardiovascular protection. However, 
these flavonoids have disadvantages, such as limited 
solubility, low permeability, limited gastrointestinal 
absorption, and low bioavailability (Yang et  al. 2023).

Nanoscale medication delivery methods provide a 
viable solution to present therapy limitations. 
Nanocarriers have been proven to improve drug solu-
bility, lengthen drug circulation time, minimise drug 
clearance, and deliver medications to disease locations 
in a regulated manner (Wang et  al. 2020). Recently, 
innovative multifunctional nanocarriers with sophisti-
cated targeted delivery or transformable features have 
been developed to accomplish intelligent drug deliv-
ery and improve therapeutic effectiveness (Wang 
et  al. 2021).

A characteristic feature of RA is impaired angiogen-
esis, leading to heightened capillary permeability and 
the development of openings within capillary walls 
measuring up to 700 nm in diameter. Systemically uti-
lised nanoparticles can passively target inflamed joints 
through a mechanism similar to the enhanced perme-
ation and retention effect (EPR) observed at tumour 
sites. This process, referred to as ‘(ELVIS),’ that is the 
abbreviation for extravasation through leaky vascula-
ture and subsequent sequestration mediated by 
inflammatory cells, resulting from increased pannus 
vascular permeability and inflammatory cell activation 
(Zewail 2021, 2024, Abd-El-Azim et  al. 2024).

Nanocarriers in RA management have been explored 
in various routes of administration (Abbas et  al. 2021, 

Anita et  al. 2021, Zewail et  al. 2021a, 2021b, 2022a, 
Abbas et  al. 2022, Negi et  al. 2024). Among the most 
often employed tactics in transdermal drug delivery 
are using liposomes and liposome-like structures, like 
transferosomes, ethosomes, and oleosomes, as nanove-
sicular carriers. For example, oleosomes have been 
observed to boost the skin permeability of sildenafil 
citrate, making it a viable topical therapy for 
palmar-plantar erythrodysesthesia (Abdelalim et  al. 
2020). Oleic acid has well-known antioxidant and 
anti-inflammatory as well as penetration-enhancing 
properties (Santa-María et  al. 2023). Also, among 
liposome-derived systems are hyalurosomes, which are 
a modified type of nanovesicles that combine the 
intrinsic properties of phospholipid nanovesicles aug-
mented with hyaluronic acid (HA) penetration- 
enhancing and gelling properties. Hyalurosomes pro-
vide a synergistic effect in joints thanks to the key role 
of HA in joint repair and its capacity to seek out 
CD44receptors, which are overrepresented on macro-
phages in inflamed rheumatic joints. Moreover, HA is 
considered a crucial part of the vesicle structure that 
allows hyalurosomes to combine the advantages of 
elastic liposomes as well as the stability of gel-core 
vesicles (Elhalmoushy et  al. 2022).

Combining the aforementioned liposome-derived 
systems to form hyaluoleosomes will result in an effec-
tive nanosystem that combines the merits of nanoen-
capsulation in improving RA treatment outcomes, in 
addition to the joint healing effects of HA and 
oleic acid.

In RA therapy, the joint capsule adds another bar-
rier to transdermal medication delivery. Interestingly, 
microneedling devices are regarded as a simple and 
low-cost method for increasing cutaneous medication 
penetration (Abd-El-Azim et al. 2023). Combining nano-
encapsulation with microneedles (MNs) can ensure 
effective drug delivery to the joint via the transdermal 
route. MNs are a novel skin delivery technology made 
up of micron-sized sharp projections arrayed in an 
array. They are meant to go through the stratum cor-
neum without reaching the nerve ends, resulting in 
painless medication delivery (Zewail et al. 2024, 2025a).

Upon insertion, hollow MNs (Ho-MNs) can generate 
microchannels in epidermal layers, allowing vertical 
drug transport and promoting local drug accumula-
tion, hence improving medication pharmacological 
activity. Ho-MNs offer various benefits, including the 
capacity to provide an exact modifiable amount of 
medicine and a regulated drug delivery rate (Wang 
et  al. 2022, Zewail et  al. 2024).

The main goal of the current study is the develop-
ment of a novel nanosystem that can be used for 
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non-invasive RA management with minimum side 
effects using herbal medications. This was attained by 
encapsulating the herbal active ingredient (AST) in 
hyaluoleosomes that can combine the synergistic 
effects of HA in alleviating RA symptoms besides 
incorporating oleic acid that would further enhance 
the transdermal delivery of the hyaluoleosomes and 
impart extra anti-inflammatory effects. Then, AST 
hyaluoleosomes are intradermally injected using hol-
low microneedles in rats with antigen-induced arthritis 
model (AIA) and their pharmacological effects are 
assessed by measuring joint diameter, inflammatory 
mediator levels, and histopathological examination of 
dissected joints. AST-loaded phospholipid-based nano-
carriers have not been prepared or explored before for 
RA management.

To our knowledge, this is the first study reporting 
the preparation of hyaluoleosomes. Also, it is the first 
report of AST extract loaded phospholipid vesicles that 
could provide a synergistic effect by combining oleic 
acid and HA for RA management and their intradermal 
administration through Ho-MNs.

2.  Materials

Lipoid S 100 was a kind gift from Lipoid (Ludwigshafen, 
Germany). Oleic acid was purchased from Nice 
Chemicals (Kerala, India). High molecular weight hyal-
uronic acid (2MDa) was obtained from THDCHEM 
(Qingdao, China). AdminPen™ metallic hollow 
microneedles were purchased from NanoBioSciences 
LLC, USA. ELISA kits for haem oxygenase and nuclear 
respiratory factor 2 were bought from Enzo Life 
Sciences, New York, NY, USA and Cusabio Technology 
LLC, Houston, TX, USA, respectively. Tumour necrosis 
factor-alpha, superoxide dismutase, interleukin 1, and 
matrix metalloproteinases 9 were obtained from My 
BioSource, San Diego, CA, USA. All other chemicals are 
of an analytical grade.

3.  Methodology

3.1.  Astragalus source

Astragalus tomentosus (AST) aerial parts were collected 
during the fruiting stage from Rashid, about 40 km 
east of Alexandria, Egypt, in May 2023. Plant materials 
were authenticated graciously by Professor Sherif 
Shaarawy, Professor of Botany, Ain Shams University 
Faculty of Science. A voucher specimen (a.t0.1) was 
deposited at the herbarium of the Pharmacognosy 
Department, Faculty of Pharmacy, Damanhour 
University. The aerial parts (500 g) were air dried, 

pulverised, and extracted by maceration in absolute 
ethanol. The ethanolic extract was evaporated to dry-
ness using a rotary evaporator at 50 °C as previously 
published (Dekinash et  al. 2022).

3.2.  UPLC-QqQ-MS/MS chemical profiling of AST

Analysis was conducted using UHPLC-QqQ-MS/MS 
(ultra-high performance liquid chromatography incor-
porated with triple quadrupole mass spectrometry) 
employing electrospray ionisation (ESI) mass spectrom-
etry in both positive and negative modes (ESI-MS±) on 
a triple quadrupole instrument XEVO TQD (Waters 
Corporation, Milford, MA, USA). The UPLC system com-
prised a Waters Acquity QSM pump, an LC-2040 
autosampler (Waters Corporation), a degasser, and a 
Waters Acquity MS detector. Chromatographic separa-
tion was performed utilising a Waters Acquity UPLC 
BEH C18 column (50 mm × 2.1 mm inner diameter × 
1.7 μm particle size) at a temperature of 30 °C, with a 
sample injection volume of 5 µL and a flow rate of 
0.2 mL/min. The analytical technique employed a 
binary mobile phase consisting of water with 0.1% v/v 
formic acid (phase I) and acetonitrile with 0.1% v/v for-
mic acid (phase II). The configuration was set for gra-
dient elution over a duration of 35 min and performed 
in the following sequence: 0.0–3.0 min, 10% Phase II; 
3.0–6.0 min, 30% Phase II; 6.0–10.0 min, 50% Phase II; 
10.0–20.0 min, 70% Phase II; 20.0–25.0 min, 80% Phase 
II; 26.0 min, 90% Phase II; 26.0–30.0 min, 95% Phase II; 
30.0–35.0 min, 100% Phase II.

This method used UHPLC-QqQ-MS/MS in positive 
and negative modes to collect data from 100–1200 m/z. 
Standard working settings included 3 kV capillary volt-
age, 30 V cone voltage, 150 °C ion source temperature, 
35 psi nebuliser pressure, and 350 and 440 °C drying 
and sheath gas (nitrogen gas) temperatures. Sheath gas 
flowed 50 L/h, while drying gas flowed nine hundred 
L/h. Analytical runtime was 35 min. Molecular fragmen-
tation was performed in the 2nd quadrupole Q2 utilis-
ing nitrogen to increase collision-induced dissociation 
energy (CID) from 30 up to 70 eV for the automatic MS/
MS fragmentation of molecular ions filtered by the first 
quadrupole (Q1). The daughter ions were filtrated by Q3 
to match the source ions’ molecular structures.

To ensure data quality, the precision and repeatabil-
ity were assessed using quality control samples and a 
standard mixture solution. During a five-day period, 
the standard mixture solution was continuously 
injected, totalling 10 injections (5 in each of the nega-
tive and positive ion modes). The data were analysed 
by Mzmine® 3.0.11-beta software to pre-process the 
raw data obtained from the UPLC-MS (peak 
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deconvolution, alignment, and annotation). The tan-
dem mass spectra, including the precursor ions and 
the diagnostic mass fragmentation data, alongside an 
in-house comprehensive database encompassing all 
compounds documented in various Astragalus species 
globally, were employed for compound annotation. 
This utilised resources such as the CHEMnetBASE 
Dictionary of Natural Products, PubChem, and 
Massbank. A comprehensive presentation of the struc-
tural details of numerous compounds was provided, 
accompanied by a high level of annotation certainty.

3.3.  Preparation of AST-loaded hyaluoleosomes

Hyaluoleosomes were prepared by the thin film hydra-
tion technique as follows: first, 160 mg of lipoid S 100 
along with 30 or 50 mg of AST were dissolved in 2 mL 
of ethanol on the magnetic stirrer. Then, 40 mg of oleic 
acid was added to the mixture and stirred for an extra 
10 min. Second, ethanol was evaporated at 40 °C on the 
magnetic stirrer. Then, the thin film was rehydrated with 
a 0.5% w/v HA solution containing 0.2% v/v Tween 80. 
Finally, the former dispersion was subjected to ultrason-
ication at 60% amplitude for 2 min. To prepare blank 
hyaluoleosomes, the same procedure was followed with 
the exception that we did not add AST to the lipid phase.

3.4.  Characterisation of ASR-loaded hyaluoleosomes

3.4.1.  Particle size, polydispersity index (PDI), and 
zeta potential
Measurements of particle size, PDI, and zeta potential 
were conducted using the Nanotrac/Wave II/Q/Zeta 
from Microtrac MRB (VERDER SCIENTIFIC GmbH & Co. 
KG, Haan, Germany) following sample dilution, with all 
measurements performed at room temperature.

3.4.2.  Morphological examination
The morphological examination of the selected formu-
lation was performed using a transmission electron 
microscope (TEM) (JEM-1400; JEOL, Japan) following 
staining with 1% uranyl acetate.

3.4.3.  Entrapment efficiency (% EE) and drug 
loading %
AST-loaded hyaluoleosomes formulations were separated 
from the supernatant containing excess unentrapped 
AST through centrifugal ultrafiltration utilising a 
Centrisart®-I tube (MWCO 300 kDa, Sartorius AG, 
Goettingen, Germany). The concentration of unentrapped 
AST in the supernatant was quantified using UV spectros-
copy at 265 nm (Chaturvedula and Prakash 2013) using 

the equation previously reported by Zewail et  al. (2025b). 
The drug loading % was also determined by quantifying 
the amount of AST in a given weight of freeze dried 
hyaluoleosomes (Zewail et  al. 2019).

3.4.4.  In vitro drug release and release kinetics
The release of AST from specific formulations was 
assessed utilising the dialysis method. The volume of 
AST hyaluoleosomes corresponding to 0.5 mg AST was 
placed in a dialysis bag (Spectra/Por® membrane 
MWCO 100 000 Spectrum). Bags were sealed at both 
ends and immersed in PBS pH 7.4 to maintain sink 
conditions, followed by incubation in a shaking water 
bath at 37 ± 0.5 °C at 100 rpm (Lu et  al. 2019). Aliquots 
of 1 mL were extracted from the release medium at 
specified time intervals and substituted with fresh 
phosphate buffer. AST concentration was measured 
using spectrophotometry at a wavelength of 265 nm 
(Chaturvedula and Prakash 2013). The experiment was 
conducted in triplicate. Release results were analysed 
using various kinetic models, including zero-order, 
first-order, Higuchi, and Korsmeyer Peppas models 
with the aid of DDsolver software.

3.4.5.  Evaluation of stability
Optimised AST hyaluoleosomes formulation was stored 
in airtight amber glass bottles at 4 °C, and stability was 
monitored for three months. Formulations were ini-
tially examined visually for signs of physical instability, 
including precipitation, aggregation, or separation. 
Subsequently, samples were analysed for particle size, 
polydispersity index (PDI), zeta potential, and encapsu-
lation efficiency (EE%).

3.5.  Intradermal injection utilising the AdminPen™ 
hollow microneedle array (Ho-MNs)

Full-thickness intact human skin was donated by a 
male volunteer following abdominal plastic surgery. 
Subcutaneous fats were initially detached using suture 
scissors. The skin surface was cleansed with normal 
saline, dried, wrapped in aluminium foil, and stored at 
−20 °C. Reports indicate that, under these conditions, 
human skin may be preserved for up to six months 
(Dragicevic-Curic et  al. 2010).

The AdminPen™, which consists of 43 stainless steel 
metallic Ho-MNs of 1200 m length located within 1 cm2 
of a circular MN array, was used to inject HYP solution 
and HYP-NLCs into the upper surface of washed 
full-thickness human skin. The AdminPen™ Ho-MNs 
were inserted into the skin using the thumb and index 
finger technique.
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3.5.1.  Assessment of hollow microneedle-assisted 
delivery of AST-loaded hyaluoleosomes
3.5.1.1. Ex vivo puncture-ability of microneedles.  The 
ex vivo puncture-ability of AdminPen™ Ho-MNs was 
evaluated as previously reported with some 
modifications (Abd-El-Azim et  al. 2022, Zewail et  al. 
2025b). The Ho-MNs were inserted into the skin 
according to the protocol stated in Section 3.3, kept 
for 30 s then removed. Following that, photographs of 
the skin were taken with a Samsung Galaxy S23 Ultra, 
dual pixel, PDAF camera. The percentage of 
percutaneous penetration was measured by counting 
the number of visible holes created by Ho-MNs and 
using the previously reported equation (Abd-El-Azim 
et  al. 2024, Zewail et  al. 2025b).

3.6.  In vivo

3.6.1.  RA induction and experimental design
Adult male Sprague Dawley rats (180 ± 20 g) were 
housed in a climate-controlled environment (25 ± 0.5 °C) 
with unrestricted access to a standard pellet diet and 
water, following a 12-h light/dark cycle. All animal 
experiments follow the ARRIVE guidelines and adhere 
to the U.K. Animals (Scientific Procedures) Act, 1986, 
and the National Research Council’s Guide for the Care 
and Use of Laboratory Animals. The Faculty of 
Pharmacy at Cairo University approved this experimen-
tal protocol with ethical approval number PT (3462). 
Twenty-five male rats were allocated into five groups 
(n = 5). RA induction was conducted following the 
methodology established by our research group in 
prior publications (Abbas et  al. 2021, 2022, Zewail et  al. 
2022a, 2025c, Abd-El-Azim et  al. 2023). RA was induced 
through a single injection of 0.2 mL of complete 
Freund’s adjuvant (CFA) into the right knee joints of 
rats, with the left knee joints acting as controls. 
Different experimental groups are illustrated in Table 1. 
Groups 3, 4, and 5 were treated by intradermal injec-
tion using AdminPen™ Ho-MNs on days 4 and 9 of the 
experiment with an AST dose of 25 mg/kg (Liu 
et  al. 2017).

After 14 days, rats were anaesthetised and eutha-
nized via cervical dislocation under thiopental anaesthe-
sia (50 mg/kg) (Boskabady et  al. 2011). Subsequently, 
joints were dissected and preserved in a 10% formalin 

solution. Blood samples were collected and centrifuged 
at 5000 rpm at room temperature for 15 min. The serum 
was subsequently frozen at −80 °C for later analysis.

3.6.2.  Measurements of joint diameter
The impact of different therapies on rat knee joint 
edoema was assessed by measuring the anteroposte-
rior diameters of the rat knees with a digital microm-
eter at designated time intervals (days 0, 4, 7, and 14).

3.6.3.  Enzyme-linked immunosorbent assay (ELISA)
The serum levels of haem oxygenase (HO-1) (Enzo Life 
Sciences, New York, NY, USA), nuclear respiratory factor 
2 (NRF2) (Cusabio Technology LLC, Houston, TX, USA), 
tumour necrosis factor-alpha (TNFα), superoxide dis-
mutase (SOD), interleukin 1 (IL1), and matrix metallo-
proteinases 9 (MMP 9) (My BioSource, San Diego, CA, 
USA) were assessed using an ELISA kit according to 
the manufacturer’s instructions.

3.6.4.  Histopathological study
Specimens were fixed in 10% neutral buffered forma-
lin, decalcified in 10% formic acid, trimmed, washed in 
water, dehydrated in ascending grades of ethyl alco-
hol, cleared in xylene, and embedded in paraffin. Thin 
sections (4–6 µm) were processed and stained using 
haematoxylin and eosin stain and safranin O stain 
(Bancroft and Gamble 2008).

3.7.  Statistical analysis

Results are represented as the mean ± SD. Statistical anal-
ysis were carried out using Prism 10.4.1 software. Analysis 
of hyalurosomes particle size and zeta potential was con-
ducted using a Student t-test (p < 0.05), while the results 
of ELISA were analysed using one-way ANOVA followed 
by Tukey test for multiple comparison (p < 0.0001). 
Moreover, two-way ANOVA followed by the Tukey test 
(p < 0.0001) was used to analyse joint diameter results.

4.  Results and discussion

4.1.  Phytochemical profiling of the AST extract

4.1.1.  Saponin glycosides
It is well-known that plants in the genus AST are rich 
in saponin glycosides. There have been reports of both 
cycloartane and oleanane saponins, with the latter 
being more prevalent (Ionkova et  al. 2014). Using 
ESI-MS/MS, 7 compounds were identified as saponin 
glycosides from the AST extract under study, demon-
strating a significant abundance of these compounds. 
Prominent [M-1]− peaks in compounds 15, 18, 20, 21, 

Table 1.  In vivo experimental groups.
Group RA induction/treatment

Group 1 No RA induction/No treatment (Negative control).
Group 2 RA induction/Saline (Positive control).
Group 3 RA induction/AST suspension
Group 4 RA induction/AST hyaluoleosomes (F3)
Group 5 RA induction/Blank hyaluoleosomes (F1)
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22, 23, and 24 were inferred to be saponin glycosides 
(Table 2).

Astraolesaponin E2 has been designated for com-
pound 15. The quasi-molecular ion peak [M-1]− was 
observed at 809 m/z. Dissociation of the terminal 
xylose moiety and the glucuronic acid component was 
evidenced by the daughter peaks observed at 677 m/z 
[M-1-Xylose]− and 501 m/z [M-1-Xylose-Glucuronic 
acid]−, respectively (Zhang et  al. 2016).

Compound 22 exhibited a major signal at 941 m/z, 
indicative of the quasi-molecular ion [M-1]−, which was 
succeeded by sequential losses of the rhamnose com-
ponent, resulting in a daughter peak at 795 m/z [M-1-
Rhamnose]−. This was followed by the loss of the 
galactose moiety, yielding a peak at 633 m/z 
[M-1-Rhamnose-Galactose]−, and subsequently, 
Dissociation of the glucuronic acid produced the genin 
peak observed at 439 m/z. The signal at 439 m/z indi-
cated the presence of a genin characterised by a trit-
erpene nucleus comprising thirty carbon atoms 
(Shawky et  al. 2022). Thus, compound 22 has been 
recognised as soyasaponin I.

Compound 24 was assigned to Sieberoside I. A 
noticeable base peak at 651 m/z was generated that 
corresponded to [M-1]−. Compound 24’s designation 
as a sieberoside was validated by a daughter signal at 
489 m/z, which corresponds to the breakdown of the 
glycosidic bond and the loss of the sugar moiety [M-1-
Glu]−I (Verotta et  al. 1998).

4.1.2.  Fatty acids
Fatty acids were identified as basic cellular constitu-
ents that functioned as structural and energy-storing 
components. They are now regarded as essential sig-
nalling molecules involved in a wide range of meta-
bolic processes (Verotta et al. 1998). The UPLC-QqQ-MS/
MS chemical profiling of Astragalus extract identified 
significant mass values of key ions along with a series 
of 7 fatty acids. Compounds 36, 34, 31, and 30 were 
identified as the saturated fatty acids: stearic acid, pal-
mitic acid, myristic acid, and margaric acid, respec-
tively. Compounds 35, 33, and 32 were identified as 
the unsaturated fatty acids: oleic acid, palmitoleic acid, 
and linoleic acid, respectively.

The comprehensive MS profile of compound 32 
exhibited a significant peak at 279 m/z, indicative of 
the quasi-molecular ion [M-1]−. A signal at 261 m/z 
suggests the elimination of a water molecule [M-1-
H2O]− (Della Corte et  al. 2015), while another daughter 
peak at 235 m/z corresponds to the loss of CO2 [M-1–
44] (Kerwin et  al. 1996, Koch et  al. 2021). As a result, 
compound 32 has been identified as linoleic acid.

Compound 34 has been identified as palmitic acid, 
exhibiting its parent peak at 255 m/z, which corre-
sponds to [M-1]− (Farag et  al. 2014). The daughter 
peaks observed at 237 and 211 m/z are indicative of 
loss of water [M-1-H2O]− and palmitic acid decarboxyl-
ation [M-1–44]− (Kerwin et  al. 1996), respectively.

In all the mass spectra of the fatty acids identified 
in the Astragalus extract under study, the deproton-
ated molecular ion peaks [M-1]− were the dominating 
ions. The negative ion mode (ESI) readily ionises the 
carboxylic groups in the fatty acids, resulting in the 
formation of the quasi-molecular ion peaks [M-1]− 
(Koch et  al. 2021). One water molecule was likely lost 
in the observed ion series [M-1–18]−, water loss and 
carbon chain rearrangement [H2O + 3H + C2H3] was 
likely represented by the ion series [M-1–50]−, and the 
ion series 87 was explained by McCafferty (Murad 
et  al. 2014, Selim et  al. 2023). In keeping with prior 
research, the linear hydrocarbon chain fragments were 
notably lacking. Nonetheless, the entire mass spectra 
of the identified fatty acids showed daughter peaks 
corresponding to [M-1–44]− because of fatty acids’ 
decarboxylation (Koch et  al. 2021).

4.1.3.  Caffeic acid derivatives
Caffeic acid derivatives are among the prevalent phe-
nolic acid derivatives found in plants. They have a 
wide range of biological functions and medicinal uses 
(Jiang et  al. 2005, Silva et  al. 2014). Only Compound 16 
was identified in the studied AST species as a caffeic 
acid derivative. Compound 16 generated the 
quasi-molecular ion peak [M-1]− at 353 m/z and a 
noticeable signal at 752 m/z that represented 
[2M  +  HCOO]−. The deprotonated caffeic acid ion was 
represented by the signal at 179 m/z, while quinic acid 
and its dehydrated form were represented by the 
daughter peaks at 191 and 173 m/z in the entire mass 
spectrum. Compound 16 was thus identified as chloro-
genic acid (Willems et  al. 2016).

4.1.4.  Selenium containing amino acids
The optimum selenium forms for supplementation are 
believed to be organic forms called seleno-amino 
acids. Because organic forms of selenium have been 
shown to be less hazardous than inorganic forms, they 
are considered to be beneficial dietary supplements. 
Selenomethionine has the highest bioavailability of all 
the seleno-amino acids at over 90%, which is signifi-
cantly higher than selenite (Hu et  al. 2022).

UPLC-MS/MS analysis of AST identified two 
seleno-amino acids using ESI in positive ion mode. The 
complete MS profile of compound 2 exhibited a signal 
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Table 2. T he identified phytochemicals in the AST extract using UPLC-MS/MS in positive and negative ionisation modes.

No. Rt (min) Identified compounds Chemical class
Molecular 

weight
Elemental 
composition

Precursor 
ion MSn ions m/z

1 0.72 Swainsonine N-oxide Indolizidine alkaloid 189 C8H15NO4 [M-1]−

188
96, 114, 120, 

143
2 0.73 3-(Methylseleno)alanine Seleno-amino acid 182.08 C4H9NO2Se [M + 1]+

183
166, 148, 122

3 0.74 Selenomethionine Seleno-amino acid 196.10 C5H11NO2Se [M + 1]+

197
179, 133, 103

4 0.98 Fertaric acid Cinnamate ester 326.25 C14H14O9 [M-1]−

325
193, 149, 134

5 3.72 Isorhamnetin 3-glycosides 
3-O-[β-D-Apiofuranosyl-(1→2)-[α-L-
rhamnopyranosyl-(1→6)]-β-D-
galactopyranoside]

Flavonoidal 
glycoside

756.66 C33H40O20 [M-1]−

755
593, 447, 315

6 4.28 Ascaside Flavonoidal 
glycoside

740.66 C33H40O19 [M-1]−

739
575, 395, 231

7 6.45 Apiin Flavonoidal 
glycoside

564.49 C26H28O14 [M-1]−

563
563, 401, 269

8 6.74 Flagaloside D Flavonoidal 
glycoside

580.49 C26H28O15 [M-1]−

579
447, 315

9 7.03 Kaempferol 3-diglucoside Flavonoidal 
glycoside

610.52 C27H30O16 [M-1]−

609
285, 151, 133

10 7.05 Quercetin-3,7-di-O-β-glucoside Flavonoidal 
glycoside

625.51 C27H29O17 [M-1]−

624
462, 300, 299, 

121, 151, 
178

11 7.09 Isorhamnetin 3-O-diglycoside Flavonoidal 
glycoside

624.54 C28H32O16 [M-1]−

623
443, 279, 264, 

151
12 7.52 Salviolinic acid Phenolic acid 716.9 C36H29O16 [M-1]−

715
671, 687, 607

13 7.58 Rhoifolin Flavonoidal 
glycoside

′578.52 C27H30O14 [M-1]−

577
269, 151, 116

14 7.96 Odoratin 7-glucoside Flavonoidal 
glycoside

476.43 C23H24O11 [M-1]−

475
313, 282

15 8.29 Astraolesaponin E2 Saponin glycoside 810.92 C41H62O16 [M-1]−

809
677, 501

16 8.59 Chlorogenic acid Caffeic acid 354.31 C16H18O9 [M-1]−

353
191, 173, 179

17 8.89 Astragalin Flavonoidal 
glycoside

448.38 C21H20O11 [M-1]−

447
285, 257, 151

18 9.69 16,23-Epoxy-24,25,26,27-tetracycloartane-
3,6,23-triol (3β,6α,16β,23 R)-form, 6-Ac, 
3-O-[2E-butenoyl-(1→4)-β-D-xyloside]

Saponin glycosides 660.83 C37H56O10 [M-1]−

659
527, 509

19 10.27 Cirsiliol Dimethoxy flavone 330.29 C17H14O7 [M-1]−

329
314

20 10.61 Dasyanthoside A Saponin glycosides 712.86 C37H60O13 [M-1]−

711
683, 579, 447

21 10.62 Laceioside Saponin glycosides 969.91 C38H64O11 [M-1]−

968
806, 761

22 11.40 Soyasaponin I Saponin glycosides 942.98 C48H78O18 [M-1]−

941
795, 633, 439

23 11.64 Prusianoside A Saponin glycosides 664.82 C36H56O11 [M-1]−

663
501, 483

24 12.24 Sieberoside I Saponin glycosides 652.85 C36H60O10 [M-1]−

651
651, 489

25 14.80 Rhamnetin Flavonol 316.26 C16H12O7 [M-1]−

315
165, 121

26 15.22 Daidzein Isoflavone 254.24 C15H10O4 [M-1]−

253
135, 117

27 15.56 Calycosin Isoflavone 284.26 C16H12O5 [M-1]−

283
269, 136, 148

28 15.89 Afromosin Isoflavone 297.81 C17H14O5 [M-1]−

296
281

29 17.37 11-p-Coumaroylnepeticin Triterpenoid 588.86 C39H56O4 [M-1]−

587
441, 427, 399, 

223, 205
30 18.91 Margaric acid Fatty acid 270.45 C17H34O2 [M-1]−

269
251, 207

31 20.38 Myristic acid Fatty acid 228.37 C14H28O2 [M-1]−

227
209, 183

32 21.80 Linoleic acid Fatty acid 280.40 C18H32O2 [M-1]−

279
261, 235

33 22.69 Palmitoleic acid Fatty acid 254.41 C16H30O2 [M-1]−

253
235, 191

34 24.20 Palmitic acid Fatty acid 256.42 C16H32O2 [M-1]−

255
237, 211

(Continued)
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at 183 m/z, indicative of the quasi-molecular ion parent 
peak. The signal at 166 m/z corresponds to the loss of 
ammonia [M + 1-NH3]+, while the signals at 148 and 
122 m/z correspond to the loss of water besides the 
ammonia [M + 1-NH3-H2O]+, and the loss of carbon 
dioxide besides the ammonia [M + 1-NH3-CO2]+, respec-
tively. The identified pieces aligned with the mass frag-
mentation profile of 3-(Methylseleno)alanine, also 
referred to as methylselenocysteine (Zou et  al. 2022). 
Compound 3 exhibited the quasi-molecular ion peak 
[M + 1]+ at 197 m/z. Signals at 179 and 133 m/z indi-
cated the elimination of ammonia [M + 1-NH3]+, and 
the loss of water, ammonia, and carbonyl group 
[M + 1-NH3-CO-H2O]+, while the signal at 103 m/z indi-
cated the formation of a non-selenium-containing 
fragment resulting from the cleavage of selenium and 
its corresponding methyl group [M + 1-CH3Se]+. 
Consequently, component 2 was identified as sele-
nomethionine (Kurek et  al. 2020, Zou et  al. 2022).

4.1.5.  Flavonoids
The genus AST encompasses a variety of subclasses of 
flavonoids, including flavonols, flavanonols, flavones, 
flavanones, chalcones, isoflavones, isoflavanes, aurones, 
and pterocarpans, all of which have been thoroughly 
documented (Fu et  al. 2014). The analysed AST extracts 
demonstrated a significant presence of flavonoidal gly-
cosides encompassing various aglycon subclasses, 
including flavones, isoflavones, and flavonols. In the 
current investigation, ten flavonoidal glycosides and 
five free aglycones were tentatively identified.

Commencing with flavonoidal glycosides, compound 
8 was provisionally annotated as flagaloside D, exhibit-
ing the quasi-molecular ion peak [M-1]− at 579 m/z. In 
the MS/MS spectrum, two successive daughter peaks 
were observed at m/z 447 and 315, signifying the elim-
ination of the two xylose molecules [M-1-2Xyl]− (Sheng 
et  al. 2021). Kaempferol-3-diglucoside, denoted as 
compound 9, displayed a pronounced quasi-molecular 
ion signal [M-1]− at 609 m/z. The breakdown of the two 
glucose molecules accounts for the genin signal at 
285 m/z [M-1-2Glu]−, arising from the inherent instabil-
ity of the residual aglycone’s ring C, which is predis-
posed to cleavage, subsequently yielding additional 
fragments at 133 and 151 m/z (Bratkov et  al. 2016) due 
to retro-Diels Alder (Elhalmoushy et  al. 2022).

Compounds 10 and 11 produced parent peaks at 
623 and 624 m/z, respectively, corresponding to the 
pertinent peak [M-1]− of the quasi-molecular ions. The 
compounds were identified as quercetin-3,7-di-O-β-
glucoside and isorhamnetin-3-O-diglucoside, respec-
tively, and subjected to fragmentation following the 
same pattern as compound 13, given that they are all 
classified as flavonol glycosides (Bratkov et  al. 2016, 
Sheng et  al. 2021). Conversely, certain compounds 
were recognised as flavonoidal aglycones. Compounds 
26 and 27 have been recognised as daidzein and caly-
cosin isoflavones, respectively. The molecular ion peak 
for diadzein genin was characterised by the loss of 
two protons and the formation of a potassium ion 
adduct, denoted as [M-2H  +  K]−. Additional signals 
were observed at 117 and 135 m/z, which correspond 
to retro Diels-Alder dissociation (Simons et  al. 2009). 
Calycosin was discerned at 329 m/z, characterised as a 
formic acid adduct ion [M  +  HCOOH]−. According to 
the literature, the distinctive MS/MS fragments were 
observed at 269 m/z as a result of demethylation, 
besides signals at 148 and 136 m/z as a result of C-ring 
cleavage (Frański et  al. 2019).

It has been tentatively established that compound 
25 is identified as the flavonol rhamnetin. The depro-
tonated molecular ion peak [M-1]− was observed at 
315 m/z. A diagnostic daughter peak is observed at 
m/z 193 in the MS2 spectrum of rhamnetin 
quasi-molecular ion. The ion at m/z 193 was observ-
able solely at low collision energy and disappeared at 
elevated collision energy, unlike the other diagnostic 
daughter peaks (m/z 165 and 121), which can be 
attributed to retro Diels-Alder fragmentation. In con-
trast to other methoxylated flavonoids, rhamnetin 
exhibited a distinct fragmentation pattern; at low col-
lision energy, the cleavage of the C ring leading to the 
formation of [O,4B-H]− daughter peak at 193 m/z was 
favoured than the loss of the methyl group (Frański 
et  al. 2019).

4.1.6.  Heterogenous compounds
Miscellaneous phytochemicals have been tentatively 
identified in the HPLC-MS/MS analysis of AST extract 
as 11-p-coumaroylnepeticin, fertaric acid, swainsonine 
N oxide, salviolinic acid, and spinocoumarin I. 
Compound 4, identified as fertaric acid, showed the 

No. Rt (min) Identified compounds Chemical class
Molecular 

weight
Elemental 
composition

Precursor 
ion MSn ions m/z

35 24.68 Oleic acid Fatty acid 282.46 C18H34O2 [M-1]−

281
263, 219

36 27.92 Stearic acid Fatty acid 284.48 C18H36O2 [M-1]−

283
265, 221

Table 2.  Continued.
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deprotonated molecular ion peak at m/z 325 [M-1]−. 
This compound breakdown at a higher impact energy, 
resulting in two daughter peaks at 193 and 149 m/z 
representing ferulic acid and tartaric acid, respectively. 
Also, a signal at 134 m/z was discovered indicating 
decarboxylation of ferulic acid (Buiarelli et  al. 2010).

Compound 1 was annotated as swainsonine 
N-oxide. It displayed two significant signals: a 
quasi-molecular ion signal at 188 m/z associated with 
[M-1]− and a notable signal at 377 m/z representing 
[2M-1]−. The MS2 showed notable daughter peaks at 
(143, 120, 114, 96 m/z), which are characteristic of 
indolizine alkaloids (Ralphs et  al. 2008).

Compound 12 has been designated as salviolinic acid, 
yielding a parent peak at 715 m/z, which was recognised 
as the quasi-molecular ion peak [M-1]−. Fragment ions of 
salvianolic acid were discerned through the loss of water 
(18 Da), CO (28 Da), and CO2 (44 Da). Consequently, the 
daughter peaks generated were observed at 607, 687, 
and 671 m/z, sequentially (Cheng et  al. 2019).

4.2.  Preparation and characterisation of 
hyaluoleosomes

Phospholipid-based vesicles possess several merits, 
such as biocompatibility, biodegradability, and 
decreased toxicity in contrast to polymeric nanoparti-
cle drug delivery systems (Witika et  al. 2020). 
Hyaluoleosomes combine the advantages of both 
hyalurosomes and oleosomes as they contain HA, 
which is essential in treating RA because it recovers 
the viscoelasticity of inflamed joints. Moreover, HA is 
considered CD44’s primary ligand. It is capable of 
interacting with CD44v isoforms that are widely 
expressed, including macrophages, which are inflam-
matory joint cells. By binding to the cell surface CD44, 
HA prolongs the particles’ joint residence and increases 
their contact with chondrocytes. The application of HA 
in nanocarriers might help enhance joint function and 
reduce pain with no adverse effects (Makled et al. 2024).

Furthermore, oleic acid may improve epidermal per-
meability by disrupting stratum corneum lipid bilayers 
and forming lacunae consequently promoting trans-
dermal medication delivery (Jiang and Zhou 2003). 
Oleic acid is the major monounsaturated fatty acid in 

the human circulatory system, it has an anti-inflammatory 
potential and can act as an antioxidant as it can 
directly regulate both the synthesis and activities of 
antioxidant enzymes (Santa-María et  al. 2023). Tween 
80 was used in hyaluoleosomes to obtain deformable 
vesicles that ensure efficient transdermal distribution 
(Morilla and Romero 2015).

Despite that there was a previous report by El 
Halmoushy et  al. for the preparation of berberine 
loaded core gel oleosomes by the ethanol injection 
technique (Elhalmoushy et  al. 2023). The prepared ves-
icles were composed of phospholipids, sodium hyal-
uronate, and sodium oleate. This is the first report on 
the preparation of hyaluoleosomes using HA and oleic 
acid using a thin film hydration technique. Also, it is 
the first report of AST-loaded hyaluoleosomes.

As shown in Table 3, the mean diameter of different 
formulations ranged from 116 ± 0.45 to 217.5 ± 1.14 nm, 
suggesting their ability to penetrate the skin layers 
and attain great skin deposition (Elmowafy 2021). 
Blank hyaluoleosomes (F1) had the smallest mean 
diameter while AST-hyaluoleosomes loaded with 50 mg 
AST (F3) had the largest mean diameter. It can be 
noted that loading blank hyaluoleosomes (F1) with 
AST resulted in increasing their mean diameter (F2, 
F3). Also, increasing AST concentration from 30 mg (F2) 
to 50 mg (F3) increased their mean diameter signifi-
cantly [Student’s t-test (p < 0.05)] from 164.3 ± 0.89 to 
217.5 ± 1.14 nm. These findings are in agreement with 
the results previously reported by Abdelalim et  al., 
who reported that oleosomes’ mean diameter signifi-
cantly increased upon increasing sildenafil concentra-
tion from 0.5 to 0.75 mg/mL (Abdelalim et  al. 2020). 
Also, coincides with the results reported by Zewail 
et  al., that illustrated the particle size of hyalurosomes 
significantly increased upon loading with luteolin and 
dexamethasone (Zewail et  al. 2025c).

The PDI value is crucial in the optimisation of the 
hyaluoleosomes as it assures the homogeneity of hyalu-
oleosomes (Zewail et  al. 2022a, Moussa et  al. 2023). PDI 
of different hyaluoleosomes ranged from 0.221 ± 0.07 
(F2) to 0.277 ± 0.01 (F1); therefore, hyaluoleosomes are 
considered a homogenous nanodispersion.

Zeta potential is crucial for the stability of nanodis-
persions where stable formulations are those whose 

Table 3. C omposition and colloidal characteristics of hyaluoleosomes.

Formulation
AST  

(w/v %)
Oleic acid 
(w/v %)

HA (w/v 
%)

Mean diameter 
(nm) PDI

Zeta potential 
(mV) % EE

% Drug 
loading 
(w/w%)

F1 — 0.4 0.5 116 ± 0.45 0.277 ± 0.01 −14 ± 1.34 — —
F2 0.3 164.3 ± 0.89 0.221 ± 0.07 −18.2 ± 0.98 95.23 ± 1.23 12 ± 0.56
F3 0.5 217.5 ± 1.14 0.236 ± 0.05 −22 ± 1.12 98.78 ± 2.05 20 ± 0.73

Results are represented as mean ± SD where, N = 3. Data were analysed using Student t-test (p < 0.05).
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zeta potential values approach ±30 mV (Zewail et  al. 
2022b). This might be explained by the repulsive forces 
that inhibit particle coalescence and aggregation 
(Rahman et  al. 2013, Zewail et  al. 2019, Ahmed et  al. 
2020). All hyaluoleosomes possessed a negative surface 
charge that may be attributed to lipoid S 100 and oleic 
acid (Abdelalim et  al. 2020). Moreover, the negative 
charge of HA that arises from its anionic properties and 
its interaction with the choline moiety in the phospho-
lipid structure (Elsheikh et  al. 2023). This is in agreement 
with the previous reports of hyalurosomes’ (Manca et  al. 
2019, Elhalmoushy et  al. 2022, Elsheikh et  al. 2023, 
Makled et  al. 2024) and olesosomes’ negative surface 
charge (Abdelalim et  al. 2020, Elhalmoushy et  al. 2023). 
The increase in the zeta potential upon loading hyalu-
oleosomes with AST in F2 and F3 may be attributed to 
the negative surface charge of AST (Du et al. 2022). Also, 
increasing AST concentration increased the zeta poten-
tial value from −18.2 ± 0.98 mV in F2 (containing 30 mg 
AST) to −22 ± 1.12 mV in F3 (containing 50 mg AST).

4.3.  EE % and drug loading %

Both F2 and F3 demonstrated high EE %. The higher 
EE % of F3 (98.78 ± 2.05) compared to F2 (95.23 ± 1.23) 
may be ascribed to increasing AST concentration so 
more drug can be incorporated into the vesicles 
(Abdelalim et  al. 2020). The high EE % of hyaluoleo-
somes is along with previous reports of high EE % of 
hyalurosomes and oleosomes (Manca et  al. 2019, 
Abdelalim et  al. 2020, Elhalmoushy et  al. 2022, 2023, 
Elsheikh et  al. 2023, Makled et  al. 2024). Drug loading 
% was 12 ± 0.56%w/w and 20 ± 0.73%w/w for F2 and 
F3, respectively, as demonstrated in Table 2.

F3 was selected for further characterisation as it 
had a suitable mean diameter for transdermal delivery 
217.5 ± 1.14 nm. Homogenous particle size distribution 
and high EE % (98.78 ± 2.05).

4.4.  TEM

The TEM micrograph of selected hyaluoleosomes for-
mulation (F3) is illustrated in Figure 1(A). F3 had a 
spherical shape with uniform size distribution, no signs 
of aggregation, and a distinct core-shell structure 
ensuring effective coating of HA to the lipid core.

4.5.  In vitro drug release

In vitro drug release was conducted for AST suspen-
sion and AST hyaluoleosomes (F3) (Figure 1(B)). AST 
suspension was completely released after 24 h. On the 

other hand, F3 demonstrated a sustained release pro-
file that extended for 96 h with biphasic release pat-
terns like hyalurosomes. An initial burst effect of 15% 
w/v was noted after 0.5 h. This complies with the pre-
vious data published on oleosomes and hyalurosomes 
drug release as they can provide biphasic drug release 
with an initial burst effect (Elhalmoushy et  al. 2023, 
Makled et  al. 2024).

After fitting release data to zero, first, Higuchi and 
Korsmeyer Peppas models using DDsolver. The in vitro 
release model of F3 best fit Korsmeyer Peppas model 
as it had the highest R2 value (0.967) and since 
n = 0.317 release mechanism is governed by diffusion 
(Arora et  al. 2011). Meanwhile, the highest R2 value 
(0.983) for AST was for the first order model indicating 
that AST release was time-dependent (Soni and 
Yadav 2014).

4.6.  Storage stability

No signs of instability were observed after storing F3 
at 4 °C for 3 months as demonstrated in Table 4. The 
optimised formulations preserved their physicochemi-
cal properties, such as uniform particle size distribu-
tion and negative zeta potential. Furthermore, F3 
maintained their EE% values (98.78%), indicating 
enhanced stability without any drug leakage. This coin 
sides with the previous reports of HA functionalised 
phospholipid vesicles (Zewail et  al. 2025c, 2025d).

4.7.  Ex-vivo insertion of Ho-MNs

In this work, we evaluated the impact of nanoencap-
sulation combined with Ho-MNs in overcoming poor 
skin penetration and delivering AST locally to manage 
RA. Ho-MNs can enhance bioavailability while provid-
ing the required therapeutic effect at a lower dose. 
Nonetheless, MNs may enable long-term drug delivery, 
resulting in reduced dose frequency (Gowda et  al. 
2023, Zewail et  al. 2024).

Successful dermal piercing is critical for MNs to 
carry out their intended activity (Rahman et  al. 2013). 
Excised human skin is regarded as the ‘gold standard’ 
for assessing in vitro permeation studies (Elhalmoushy 
et  al. 2022). Although mice, rats, and humans have 
similar skin structures in the epidermis, dermis, and 
hypodermis, their stratum corneum thicknesses differ. 
In mice, it is around 5 µm, but in humans, it ranges 
from 10 to 20 µm (Wei et  al. 2017). In this investiga-
tion, human skin was used to precisely imitate clinical 
settings. The AdminPen™ Ho-MNs (Figure 2(A)) were 
employed to penetrate the excised human skin. Figure 
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2(C) shows that AdminPen™ Ho-MNs successfully pen-
etrated the stratum corneum, resulting in 43 holes and 
100% skin penetration (Figure 2(B)). Thus, the sug-
gested MN-NLCs combination delivery method proved 
to be a viable technique for efficient transdermal 
administration of AST to RA affected joints.

4.8.  In vivo study

RA was successfully induced in mice and rats by 
numerous approaches, including AIA, which has been 
demonstrated to be effective in producing 
RA-associated physiological changes (Choudhary et  al. 
2018). Prior research has demonstrated the efficacy of 
this induction model in inducing rheumatoid arthritis, 
as evidenced by histopathological analysis of the pos-
itive control dissected joints and the measurement of 
various inflammatory mediators (Kamel et  al. 2016, 
Abbas et  al. 2021, Zewail 2021, Zewail et  al. 2021a, 
2021b, 2022a, Abbas et  al. 2022, Abd-El-Azim et  al. 
2023, 2024).

The transdermal route was selected to offer a 
non-invasive option for RA management, potentially 
enhancing patient compliance. Transdermal drug deliv-
ery reduces the incidence of adverse effects associated 
with extended systemic drug administration and 

avoids first-pass metabolism (Zewail et  al. 2025c). The 
treatment groups administered two intradermal injec-
tions by Ho-MNs on days 4 and 9 of the experiment.

4.8.1.  Joint morphology and diameter
Joint diameters for different experimental groups were 
assessed on days 0, 4, 7, and 14 of the study (Figure 
2(D)). Statistical analysis using two-way ANOVA fol-
lowed by the Tukey test (p < 0.0001) revealed signifi-
cant differences among treatment groups in 
comparison to the positive control group. The group 
that received AST-hyaluoleosomes through MNs 
showed no statistically significant differences when 
compared to the negative control. Morphological 
examination of joints after the experiment (Figure 2(E)) 
revealed that the group treated with 
AST-hyaluoleosomes via MNs displayed nearly normal 
joint morphology and showed greater improvement 
compared to the group treated with AST suspension, 
blank hyaluoleosomes using MNs, and the positive 
control group.

4.8.2.  ELISA
Several factors influence RA development and inva-
siveness. TNF-α has a prominent impact on the pro-
gression of RA. The stimulation of TNF-α is associated 
with the activation of various cells, including T cells, 
dendritic cells, and B cells, which subsequently results 
in T cell activation and differentiation (Abd-El-Azim 
et  al. 2024). IL1 is another inflammatory mediator that 
is significantly elevated in the serum of rheumatoid 
arthritis patients when compared to those with osteo-
arthritis and non-inflammatory joint diseases. TNFα 
and IL-1 can trigger the release of MMPs, which are 
responsible for cartilage degradation. Additionally, 

Figure 1.  (A) TEM micrograph of selected hyaluoleosomes formulation (F3). (B) In vitro AST release from AST suspension and F3. 
Insert in vitro AST released within 5 h. Results are represented as mean ± SD where, N = 3. Data were analysed using Student t-test 
(p < 0.05).

Table 4. S tability of selected formulation (F3) after 1, 2, and 
3 months storage at 4 °C.

Formulation

Mean 
diameter 

(nm) PDI
Zeta potential 

(mV) % EE

1 month 217 ± 0.98 0.236 ± 0.12 −22 ± 1.5 98.93 ± .05
2 months 219 ± 0.54 0.245 ± 0.15 −22.5 ± 0.98 98.89 ± 2.05
3 months 220 ± 0.87 0.246 ± 0.16 −23 ± 0.59 98.76 ± 1.05

Results are represented as mean ± SD where, N = 3. Data were analysed 
using Student t-test (p < 0.05).
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they can enhance the expression of proinflammatory 
genes, resulting in the overproduction of various 
proinflammatory mediators such as nitric oxide and 
prostaglandin E2 (Kay and Calabrese 2004).

Also, in addition to TNFα and IL1, HO-1 plays a reg-
ulatory role in the progression of RA inflammation 
(Abd-El-Azim et  al. 2024). Moreover, another contribut-
ing factor to the pathogenesis of RA is the decreased 
levels of NRF2. Levels of both NRF2 and SOD are 
downregulated in patients with RA. NRF2 directly influ-
ences the synthesis of antioxidant enzymes, which 
safeguard cells by inhibiting free radical production. 
SOD is essential for the scavenging of reactive oxygen 
species (ROS), which can ultimately reduce inflamma-
tion (Abd-El-Azim et  al. 2024).

At the end of the experiment, levels of TNF-α, IL1, 
MMP 9, HO-1, NRF2, and SOD were evaluated, as 
Figure 3 demonstrates. Levels of TNF-α were increased 
by 2.8, 2.4, 1.9, and 1-fold in the positive control, the 
group treated with blank hyaluoleosomes, the AST 

suspension and the group treated AST-hyaluoleosomes, 
respectively in comparison with the negative control 
groups. TNF-α in the group treated with the 
AST-hyaluoleosomes was comparable to the negative 
control with no significant differences (p < 0.0001). On 
the other hand, levels of IL-1 were increased by 3.17, 
1.86, 1.49, and 1.2-fold for the aforementioned groups 
in the same order. Previous research has shown that 
AST can inhibit bacterial lipopolysaccharide-induced 
production of TNF-α and IL-1β from peritoneal macro-
phages (Lu et  al. 2004). Also, Jiang et  al. reported that 
levels of the aforementioned mediators were decreased 
to those comparable to non-arthritic control animals 
after AST treatment (Jiang et  al. 2010).

Levels of HO-1 were 100.3, 95.3, 89.2, 78.5, and 
35.4 U/mL for the negative control, group treated with 
AST-hyaluoleosomes, AST suspension, blank hyaluoleo-
somes, and the positive control group, respectively. 
Furthermore, levels of NRF2 were reduced by 1.9, 1.3, 
1.69, and 1.83 for the positive control, groups treated 

Figure 2.  (A) AdminPen™ hollow MNs with 43 stainless-steel MN shafts of 1200 μm in height. (B) Image captured by a standard 
mobile camera (Samsung Galaxy S23 Ultra, 12 MP, dual pixel) showing excised full-thickness human skin after insertion of MNs. 
(C) Intradermal administration of drug formulations using AdminPen™ hollow MNs into the arthritic joint in rats with AIA. (D) Joint 
diameter measurements at days 0, 4, 4, and 14 in different experimental groups where, N = 3, Statistical analysis was conducted 
using two-way ANOVA followed by the Tukey test (p < 0.0001). (E) Morphology of different experimental group joints at the end 
of the experiment. Arrows represents knee joints with AIA.
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with AST-hyaluoleosomes, AST suspension, blank 
hyaluoleosomes, respectively.

All treatment groups, including blank hyaluoleo-
somes demonstrated statistically significant differences 
from the positive control group, which may be ascribed 
to the inherent joint healing capabilities of hyaluoleo-
somes as a result of the incorporation of HA and the 
anti-inflammatory effects of oleic acid (Zewail et  al. 
2021a, Elhalmoushy et  al. 2022, Santa-María et  al. 
2023). All treatment groups showed statistically signif-
icant differences among each other.

4.8.3.  Histopathological study
The negative control group demonstrated normal histo-
logical structure of the articular surface in both H&E and 

Safranin O staining (Figures 4(A,B)). The positive control 
group showed severe destruction in the articular surface 
(arrows) in H&E (Figure 4(C)). Meanwhile, complete loss of 
proteoglycan in the articular surface was noted in the 
Safranin O staining (Figure 4(D)). In blank hyaluoleosomes, 
partial destruction of the articular surface (arrow) in H&E 
(Figure 4(I)) and fissure formation in the articular surface 
(arrow) with mild loss of proteoglycan (star) were also 
noted in Safranin O staining (Figure 4(J)). Moreover, the 
group treated with AST suspension demonstrated mild 
roughness of the articular surface (arrow) in the H&E 
stain (Figure 4(E)) and moderate loss of proteoglycan 
(star) in the articular surface in the Safranin O stain 
(Figure 4(F)). On the other hand, the normal histological 
structure of the articular surface in both stains was evi-
dent for AST hyaluoleosomes (Figures 4(G,H)).

Figure 3. L evels of TNF-α, IL1, MMP9, HO-1, SOD, and NRF2 assessed using ELISA at the end of the experiment in different exper-
imental groups where, N = 4, data were analysed using one-way ANOVA followed by Tukey test for multiple comparison, **p < 0.01, 
***p < 0.001, and ****p < 0.0001.
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Histopathological examination results are along 
with joint diameter and ELISA results. All the results 
confirmed the superior effect of AST-hyaluoleosomes 
over AST suspension and blank hyaluoleosomes. The 
significant improvement of joints in the group treated 
with blank hyaluoleosomes in comparison with the 
positive control may be attributed to the innate 
anti-inflammatory effects of hyaluoleosomes that is 
attributed to HA (Zewail et  al. 2025c, 2025d) and oleic 
acid (Zewail et  al. 2025b). This is in agreement with 
previous findings by Zewail et  al., who reported that 
blank hyalurosomes produced significant improvement 
in joint healing compared to the positive control in 
the AIA model (Zewail et  al. 2025c). The joint healing 
effects of AST suspension may be ascribed to its high 
content of flavonoids. Natural flavonoids have the 
potential to inhibit NF-κB signalling, thereby reducing 
inflammatory responses, extracellular matrix degrada-
tion, and chondrocyte apoptosis (Ye and Zhou 2023). 
Among AST flavonoids is quercetin, which is known to 
mitigate RA inflammation as it can inhibit adenosine 
deaminase (ADA), which is an important inflammatory 
enzyme that increases joint stiffness and pain in RA. 
Also, it can reduce the levels of IL-1, IL6, TNF-α, rheu-
matoid factor, C-reactive protein, and anti-cyclic citrul-
linated peptide (El-Said et  al. 2022). Moreover, 
Kaempferol 3-diglucoside is among AST flavonoids 
which exerts anti-inflammatory effects via altering the 
NLRP3/CASP1/GSDMD axis, hence inhibiting pyroptosis 
and suppressing hyperactive immune responses 
through T-cell proliferation (He et al. 2024). Furthermore, 
AST contains chlorogenic acid that can markedly sup-
press both nitric oxide generation and the expression 
of cyclooxygenase 2 (COX-2) and nitric oxide synthase 
(iNOS). Chlorogenic acid also can reduce pro- 
inflammatory cytokines (including IL-1β and TNF-α) 
and other inflammation-related indicators such as IL-6 
in a dose-dependent manner. In addition, chlorogenic 

acid has the ability to decrease both the endotoxin- 
induced adherence of macrophages and the expres-
sion level of ninjurin1. Ultimately, chlorogenic acid 
obstructed the nuclear translocation of NF-κB (Hwang 
et  al. 2014).

Nevertheless, AST contains unsaturated fatty acids 
like linoleic acid (Dipasquale et  al. 2018), palmitic acid 
(Wu et  al. 2014), and oleic acid (Zewail et  al. 2025b), 
which are known of their anti-inflammatory potential.

Furthermore, caffeic acid and its derivatives exhibit 
significant antioxidant properties and possess notable 
anti-inflammatory effects both in vitro in RAW 264.7 
macrophages an in vivo in carrageenan-induced inflam-
mation as caffeic acid and its derivatives decreased 
paw oedema and reduced IL-1ß levels. These effects 
were ascribed to the scavenging of NO and the mod-
ulation of iNOS expression (Da Cunha et  al. 2004).

Another factor that improved AST pharmacological 
effects is the MN-assisted administration, which aided 
in potentiating its pharmacological effects as they 
enhanced its penetration through the skin (Abd-El-
Azim et  al. 2023). Meanwhile, the superior effect of 
AST-hyaluoleosomes over AST suspension may be con-
ferred to the impact of nanoencapsulation on enhanc-
ing the solubility of hydrophobic drugs like AST (Ho 
et  al. 2009, Zewail 2021, Abd-El-Azim et  al. 2022), 
besides the synergistic effect of HA and oleic acid 
incorporated in the structure of hyaluoleosomes 
(Zewail et  al. 2025c).

5.  Conclusion

This study investigates innovative applications of 
hyaluoleosomes and Ho-MNs for the use of AST in the 
treatment of RA. When compared to conventional 
methods of RA management, the benefits of MNs 
treatment far outweigh the costs. MNs improve drug 
absorption by delivering medication directly to the 

Figure 4.  Histopathological examination of dissected joints after attaining with Haematoxylin and Eosin stain and Safranin O stain 
at the end of the experiment. Arrows demonstrate destruction of articular structure meanwhile stars represent the loss of 
proteoglycans.
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affected areas; this may result in faster symptom alle-
viation and possibly less medication required. The 
approach of combing MNs and nanotechnology can 
reduce healthcare costs in the long run by reducing 
the risk of relapse and side effects. As a result of bet-
ter patient adherence and fewer treatments are 
required, MN therapy can actually end up being more 
cost-effective than the conventional approaches.
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