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ARTICLE INFO ABSTRACT

Keywords: Poor stability and low bioavailability often hinder the application of flavonoids, despite their benefits. Inte-
Lipid particles gration of nanotechnology and flavonoid research has emerged as a cutting-edge approach to ensure the effective
Soy phospholipids delivery and stabilization of these natural antioxidants. Lipid-based colloidal carriers are widely investigated for
Efc‘glzﬁsﬁon capacity improving the solubility and bioavailability of bioactive compounds. In this work, quercetin (Que) and rutin
Microfluidics (Rut), two structurally related flavonoids with distinct physicochemical properties, were encapsulated into

asolectin (Aso)-based colloids using thin-film hydration, ethanol injection, and microfluidic preparation
methods. The influence of formulation routes and drug-to-lipid mass ratios on particle size, {-potential, encap-
sulation efficiency (EE%), and drug loading (DL%) was systematically investigated. Formulations with hydro-
dynamic diameters below 150 nm and highly negative (-potentials were obtained for both flavonoid
formulations, however, significant differences were observed in EE% and attainable DL%. Thin-film hydration
was proved to be optimal for Que, yielding EE% > 90% and 10-fold increase in water solubility, while micro-
fluidic preparation enabled dominantly higher DL% (~12%) for Rut without precipitation. In vitro release studies
demonstrated enhanced dissolution of Que upon formulation, whereas Rut release remained largely diffusion
controlled. The results highlight the critical role of unique molecular features and independent preparation
methods in determining the performance of lipid-based flavonoid-containing delivery systems.

Drug release

1. Introduction

Flavonoids are natural compounds found in various plants, including
seeds, flowers, and barks, where they serve essential functions. These
bioactive compounds belong to the category of secondary metabolites.
They possess a characteristic structure composed of three rings, con-
sisting of two phenyl groups and one pyran, also known as the benzo-
y-pyrone skeleton [1]. Flavonoids are a broad class of polyphenolic
compounds that exhibit a wide range of biological activities, including
antioxidant [2], anti-inflammatory [3], and anticancer effects. Among
them, quercetin (Que) and rutin (Rut) have attracted considerable
attention due to their potential therapeutic and nutraceutical applica-
tions [4-6]. Despite their promising bioactivity, the practical utilization

of these compounds is strongly limited by their poor water solubility
(logPque = 1.48-2.15 [7] logPgyt = —1.30-0.15 [8]) low bioavailability,
and unfavorable dissolution characteristics under physiological condi-
tions [9]. Consequently, the development of efficient formulation stra-
tegies capable of improving their solubility and release behavior
remains a major challenge [10,11]. One potential preformulation
strategy for the above-mentioned limitations is the use of
nanotechnology-based delivery systems [12], such as polymeric nano-
particles [13] or liposomes [14]. Additionally, the incorporation of these
flavonoids into cyclodextrin complexes can also improve their water
solubility and protect them from degradation [15,16]. Another
approach involves using solid dispersion techniques, which can increase
the dissolution rate and bioavailability of poorly water-soluble
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compounds [17].

Lipid-based carrier systems, such as liposomes and lipid nano-
particles, have emerged as versatile platforms for the encapsulation of
hydrophobic and amphiphilic molecules [18]. These systems can
enhance apparent solubility, protect labile compounds, and modulate
release kinetics through molecular-level interactions between the
encapsulated compound and the lipid matrix [19]. Asolectin (Aso), a
naturally derived mixture of phospholipids, is particularly attractive as a
cost-effective carrier material due to its biocompatibility, amphiphilic
character, and ability to self-assemble into spherical colloidal structures
in aqueous media [20,21]. The main components of asolectin — derived
from soy bean — are phosphatidylcholine (PC) (35-45%), phosphati-
dylethanolamine (PE) (25-35%) also known as cephalin, phosphatidy-
linositol (PI) (10-20%), and smaller amounts of other lipids like
phosphatidic acid (PA) (2-5%), where the first two components are
zwitterionic, while the last two contains only negative charge [22]. The
quality and quantity of the components may vary naturally depending
on their origin and from the manufacturer who distributes it. Physico-
chemical properties of the encapsulated compound, including molecular
size, polarity, and hydrogen-bonding capability, strongly influence the
formation, stability, and loading capacity of lipid-based particles
[23,24]. In addition to the composition, the preparation method plays a
decisive role in determining the particle characteristics. Conventional
lipid-based formulation approaches such as thin-film hydration [25] and
ethanol or other solvent injection [26] differ significantly in solvent
environment and self-assembly pathways [27], while microfluidic
techniques [28] offer improved control over mixing conditions and
particle formation [29]. Namely, the most decisive parameters of the
thin-film hydration method are the lipid composition and concentration,
but the evaporation rate and the hydration time and agitation also affect
the characteristics of the formed liposomes. Moreover, the downsizing
parameters like extrusion or sonication (time, pulse frequency, and
power) are critical to reach the desired size [25]. For ethanol injection
method, the injection velocity and the stirring speed plays a key role in
size regulation, but the lipid and the organic solvent concentrations are
also determinative parameters to avoid destabilizing the newly formed
bilayers [26]. In case of the microfluidic preparation method, probably
the most important parameter is the flow rate ratio (FRR, the ratio of
water to organic solvent), the total flow rate (TFR), but the geometry of
the mixer is crucial. In this case very high lipid concentrations can lead
to channel clogging or increased polydispersity index (PDI) [28].

To the best of our knowledge, comparative studies evaluating these
mentioned preparation methods for flavonoid encapsulation under
consistent conditions are still limited, which is the main motivation of
our research. Some liposomal formulations are already commercially
available, but due to the liposomal technology, these products fall into
the premium category, making their prices noticeably higher than
traditional formulations. Accordingly, we used an inexpensive and
easily accessible soy lecithin derivative (also called asolectin, Aso) to
fabricate Que- and Rut-loaded liposomal particles by using thin-film
hydration, ethanol injection, and microfluidic techniques. The effects
of formulation method and drug-to-lipid mass ratio on particle size,
surface charge, EE%, and DL% were systematically investigated.
Furthermore, molecular interactions were analyzed using thermal and
spectroscopic techniques, and the in vitro release behavior of the flavo-
noids from the carriers was also evaluated. Although Que and Rut are
structurally related flavonoids, the presence of a disaccharide moiety in
Rut leads to substantial differences in water solubility, molecular in-
teractions, and formulation behavior. A systematic comparison of the
formulation of these compounds into lipid-based carrier systems can
provide valuable insights into a deeper understanding of structure-
property relationships and the cost-effective design of more advanced
formulations, as these compounds are potential ingredients in modern
pharmaceutical and nutritional supplement products due to their anti-
oxidant and anti-inflammatory properties [30-33].
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2. Materials and methods
2.1. Materials

Soy phospholipids (phospholipid mixture (asolectin) Aso, > 20%
phosphatidylcholine (PC) content), chloroform (CHCl3 > 99.8%),
quercetin hydrate (Que, C;5H1007 x x H20 > 95%;), rutin hydrate (Rut,
Co7H30016 x x H0, > 94% (HPLC)), dipalmitoylphosphatidylcholine
(DPPC, > 99%) and cellulose dialysis membrane (My, cyt-off = 14,000)
were obtained from Sigma Aldrich Hungary. Methanol (CH40, 99.99%),
ethanol (CyHgO, 99.99%), sodium chloride (NaCl, > 99%), sodium
phosphate dibasic dodecahydrate (NaHPO4 x 12 H20; > 99%), sodium
phosphate monobasic dihydrate (NaH2PO4 x 2 Ho0; > 99%) were ob-
tained from Molar Chemicals Kft. Tween-80 (Polyoxyethylene (20)
sorbitan monooleate, 99%) was obtained from Reanal Kft. Highly pu-
rified water (MQ water) was obtained by deionization and filtration with
a Millipore purification apparatus (18.2 MQ-cm at 25 °C). All solvents
and reagents (except Aso for the ethanol injection and microfluidic
method) were of analytical grade and no further purifications were
made. The purification of Aso was carried out as written in Section 2.2.2.

2.2. Methods

2.2.1. Preparation of Que-containing particles with the thin-film hydration
method

25 mg of unpurified Aso was weighed into a round-bottom flask,
which was dissolved in 2.5 mL of a 9:1 (V/V) mixture of chloroform
(CHCl3) and methanol (MeOH). To obtain 1:20, 1:40, and 1:200 Que:Aso
mass ratios, Que was dissolved in MeOH beforehand (5 mg/mL) and was
added to the CHCl; solution in different portions (250, 125, and 25 pL,
respectively). Pure MeOH was added to this mixture to obtain the final
9:1 CHCl3:MeOH ratio. In the case of higher mass ratios (1:10 and 1:2),
Aso and Que were measured directly into the round-bottom flask and
dissolved in the solvent mixture. Then the solvent was evaporated with a
rotary evaporator (IKA RV 116 05-ST, 100 rpm, 50 °C, 10 min), which
resulted in the formation of a Que-Aso film on the wall of the round-
bottom flask. This film was then hydrated with 25 mL of MQ water,
stirred for 10 min, and sonicated for 10 min. The sonication time was
determined by Fig. S1A, according to which the PDI value of the
dispersion does not change significantly after 10 min. Although the size
of the particles continues to decrease after this time interval (further
sonication would have risked “shaking out” the encapsulated drug from
the particles). Moreover, a narrower size distribution of the particles,
with a likely liposomal structure, (Fig. S1B) also achieved this way.

2.2.2. Preparation of Rut-containing particles with the thin-film hydration
method

Rut-containing dispersions were prepared similarly to the Que-
containing ones (see Section 2.2.1.). In this case, the MeOH contained
Rut in 25 mg/mL concentration to obtain 1:40, 1:20, 1:10, 1:5, and 1:4
Rut-to-Aso mass ratios. For the 1:2 mass ratio, solid Rut and unpurified
Aso were directly measured into the round-bottom flask and dissolved in
a CHCl3:MeOH 9:1 mixture. The evaporation of the solvent and the
hydration of the lipid film were carried out exactly like in the case of Que
to form liposomal formulation of Rut.

2.2.3. Purification of Aso

Since the unpurified Aso did not dissolve completely in ethanol, the
removal of the ethanol-insoluble lipids (like phosphatidylinositol and
other lipids present in small proportions) was necessary to investigate
the applicability of the ethanol injection and microfluidic preparation
methods [34,35]. The extraction of ethanol-soluble components is well-
known and widely applied technique, and as a result, the phosphati-
dylcholine (PC) content of asolectin isolated from the soybeans used can
be significantly increased [34,35]. To carry out this experiment, roughly
9.5 g of unpurified Aso was taken into a Duran bottle and 85 mL of
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absolute ethanol was poured on it, which was followed by 1 h of soni-
cation (37 kHz). After the sedimentation of the ethanol-insoluble phase,
the supernatant was removed and filtered through a 0.45 pm Teflon
filter to get rid of any insoluble Aso residues. Then the pure brownish
solution was evaporated by a rotary evaporator similarly to the lipid
films in the former section. As a result, we obtained a brownish, soft
material with a yield of ~23%, in which the PC content, as expected
[36], increased to ~60% from the initial ~20% (20% is based on
manufacturer data) determined by differential scanning calorimetry
(DSC) measurements [37,38]. For the solvent injection and microfluidic
particle formation methods, this purified Aso (pAso), which was stored
at —20 °C, was used.

2.2.4. Preparation of Que-containing particles with the ethanol injection
method

25 mg of pAso was dissolved in 5 mL of ethanol, and this solution was
added dropwise to 5 mL of MQ water. In the case of the Que-containing
samples, the ethanolic solution contained the Que to obtain 1:20, 1:40,
and 1:200 Que:Aso mass ratios (0.25, 0.125, and 0.025 mg/mlL,
respectively). In the case of the optimal 1:20 mass ratio, 1.65 mL of
ethanolic solution was added dropwise to 5 mL of MQ water under
magnetic stirring (500 rpm).

2.2.5. Preparation of Rut-containing particles with the ethanol injection
method

Ethanolic stock solutions of pAso (20 mg/mL) and Rut (20 mg/mL)
were prepared first. Secondly, titrating solutions were made by
measuring 0.5 mL of pAso stock solution and given amounts (12.5, 25,
50, 100 and 125 pL) of Rut stock solution complemented to 1 mL of final
volume with pure ethanol to obtain 1:40, 1:20, 1:10, 1:5 and 1:4 Rut:
lipid mass ratios. We added these solutions with a volume of 0.5 mL to 5
mL of MQ water (1:10 ethanol:water ratio (Vgion/Vmg = 0.1)) under
500 rpm of stirring rate to obtain Rut-containing formulations.

2.2.6. Preparation of Rut-containing particles with the microfluidic method

For the preparation of Rut-containing particles, a Syrris Asia Flow
Syringe Pump System (Syrris Ltd.) was also used. Based on solubility
problems the fabrication possibility of only the Rut-based formulations
was tested by flow conditions. During these studies the same stock and
sample solutions were prepared as for the ethanol injection method in 2
mL of final volume. During the studies 3 different flow channels were
used: 2 of them (ch1, ch2, vmo1, Vmo2) were used to flow the MQ water at
a defined rate (250 pL/min for each pump, Zvyater = 500 pL/min) and
the 3rd (ch3, vgon) was used for the ethanolic Rut-Aso solution. The
flow rate of this ethanolic solution was changed (16.6 pL/min — 250 pL/
min) during the preparation, as Table 1 shows. These 3 channels were
directed into a T-shaped junction in which the solutions were mixed. In
channel 4 (ch4) the particle formulation was directed into a container.

2.2.7. Purification of the formulations
The purification of the particles was carried out as follows: 5 mL of

Table 1
The applied flow rate values on the individual channels (ch1-ch3) for the prep-
aration of particles with the microfluidic method.

chl ch2 ch3
vmo1 (pl/min) Vmo2 (pl/min) Veton (pl/min)

Vwater/ VEtOH

250 250 250 2
250 250 166 3
250 250 100 5
250 250 83.3 6
250 250 62.5 8
250 250 50 10
250 250 33.3 15
250 250 25 20
250 250 16.6 30
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the prepared dispersions was taken into a dialysis bag (My cutoff =
14,000), which was inserted into 500 mL of MQ water. The dialysis time
was determined by following the hydrodynamic radius, {-potential, EE
%, and DL% values of the particles as presented in Fig. S2. In the case of
the thin-film hydration and ethanol injection methods for Que, the
samples were purified with gel filtration: 2 x 500 pL Sephadex G-50 gel
was taken into an Eppendorf tube and centrifuged at 13000 rpm for 5
min. Onto these, 500 pL of sample was taken to be centrifuged for 6 min
at 6000 rpm. When solid samples were needed, the purified samples
were frozen, lyophilized overnight (Christ Alpha 1-2 LD) and stored at
—20 °C.

2.2.8. Characterization of the particles

Dynamic light scattering (DLS) and {-potential (electrophoretic light
scattering) measurements were carried out with a HORIBA SZ-100
NanoParticle Analyzer (HORIBA Jobin Yvon, Longjumeau, France),
equipped with semiconductor laser (A = 532 nm, 10 mW) as light source
and a photomultiplier detector for the quantification of scattered in-
tensity at 90° scattering angle. In every case, stable laser signal (5 s of
stabilization) and at least 1000 kCPS count rate was achieved during 30
s of accumulation time to obtain stable correlation functions. For the
conversion of electrophoretic mobility to {-potential, the Smoluchowski-
model was used. As a result, hydrodynamic diameter, the size distribu-
tion, and the {-potential of the particles could be measured. The results
are the averages of 5 measurements.

Differential scanning calorimetry (DSC) was used to characterize the
purified and unpurified Aso; Que, Rut and the solid formulations. DSC
curves of the samples were recorded with a Mettler-Toledo 822e calo-
rimeter between 25 and 500 °C using a 5 °C/min heating speed and 50
mL/min N flow. The results were evaluated with a STARe 12.10 soft-
ware. DSC studies were used to determine the PC lipid-content of the
purified Aso. Namely, DSC curves of dipalmitoylphosphatidylcholine
(DPPC), as a standard PC source, were registered using different DPPC
contents (0-6.0 mg), and in the range of 250-350 °C we calculated the
decomposition enthalpies (AH) (derived from the integrated heat flow
values; AH = K X Fpeak, where K is the corresponding adjustment factor,
Fpeax is the peak area). These enthalpies were plotted as a function of the
DPPC amount to create a calibration curve.

Fourier-transform infrared (FT-IR) spectra were registered with a
Thermo Scientific Nicolet™ Summit™ FTIR Spectrometer, equipped
with an ATR measurement head (ZnSe). Besides the pure Aso and drugs,
the formulations were recorded, as well. The samples were freeze-dried
before the measurement, which was carried out at the 500-4000 em™!
range with 1 cm™! resolution with the average of 16 interferograms.

2.2.9. Determination of encapsulation efficiency (EE%), drug loading (DL
%) and in vitro release studies

In the case of the drug containing particles, the determination of EE%
and DL% was performed with the help of a JASCO V-770 UV-VIS
spectrophotometer. In short, the lyophilized drug-containing particles
were redispersed in methanol (for Que) or in ethanol (for Rut) using 10
min of sonication. After this, the samples were stirred for 2 h and
centrifuged for 10 min at 10,000 rpm to get rid of the undissolved ma-
terials. The UV-VIS spectra of the solutions were registered in the
200-500 nm range, and the absorbance of the drugs was determined at
Amax Que = 371 nm and Amax rut = 363 nm with the use of pre-made
calibration curves (Fig. S3) The EE% and DL% values were calculated
with the following equations.

encapsulated mass of drug 100

EE% =
° total mass of drug

€9)

encapsulated mass of drug .

DL% = -
total mass of nanoparticles

100 (2)

Before the in vitro release measurements, 5 mL of the dispersions was
taken into a dialysis membrane, which was inserted into 35 mL of
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physiological PBS solution (pH = 7.4, 0.9% NaCl), which also contained
2.5 mg/mL Tween80 surfactant to enhance the dissolution of the poorly
water-soluble drugs. During the dissolution studies, the UV-VIS spectra
of the released drugs were recorded in the 200-500 nm wavelength
range, and the absorbance at the absorption maximum (Amax Que = 376
nm and Apax rut = 364 nm) was converted into concentration with the
help of calibration curves (Fig. S4) to calculate the percentage of the
dissolved drug. The measurements were carried out at 37 °C. The
dissolution profiles were fitted with different kinetic curves (first order,
Korsmeyer-Peppas, Higuchi, and Weibull models) [39].

3. Results and discussion

To achieve the encapsulation of Que and Rut into lipid-based carrier
particles, different formulation methods were tested and analyzed.
These methods have different features and experimental designs, which
can determine the main characteristics of the systems (particle size,
C-potential, encapsulated amount of the drug, etc.), and the structural
difference between the drugs can also strongly influence the results of
the preparations. To overcome these problems as well as to compare the
formulations with each other, we varied the drug-to-Aso mass ratio
(mgryg:maso) in the same way for all formulations.

3.1. Preparation and characterization of the Que-containing particles

3.1.1. Preparation of the formulations containing Que with the solvent
injection method

In the first step, we studied the effectiveness of the ethanol injection
process on the formability of the individual formulations. To evaluate

A
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the dominant effect of pAso concentration on the size and structural
features of the drug-free and drug-loaded formulations, the Aso- and
Que-Aso-containing ethanolic solutions were added dropwise to MQ
water, and the hydrodynamic diameter of the created particles at
increasing Aso concentration was measured with DLS (after 5 min stir-
ring) (Fig. 1A, B). It can be seen on Fig. 1A that the continuous addition
of the lipid solution into water results in the formation of particles with
nearly same size for drug-free formulations (d ~ 115 nm) to cpaso = 1.24
mg/mL and constantly increasing values for drug-containing systems (d
~ 150 nm at cpaso = 1.24 mg/mL). This difference in size at the same
lipid content could indicate the presence of Que in the formulations.
Fig. 1B represents the measured hydrodynamic diameter of the formu-
lations at chosen Que-to-pAso mass ratios. We can conclude that the Que
content increases the size of the particles (from 140 nm (mgue:mpaso =
1:200) to 174 nm (mgue:Mpaso = 1:200).

Our opinion is that the hydrophobic Que molecules are preferentially
incorporated into the lipid bilayer(s), instead of the inner aqueous core,
increasing the size of the formulation. Chemically, Que is a hydrophobic
polyphenol, but functionally it exhibits amphipathic properties, as it can
position itself at the lipid-water interface. In biological systems, it be-
haves as amphipathic ligand when incorporated into the cell membrane.
With its hydrophobic rings, it turns toward the interior of the membrane,
while with its -OH groups, it interacts with the aqueous medium on the
membrane's surface and positions itself at the lipid-water interfaces.
Fig. 1C shows that the {-potential values change a very small extent with
the drug-to-pAso ratio (from —43.5 mV to —57.8 mV). This ca. 14 mV
decrease could be due to the incorporation of the Que into the liposomes
— as mentioned above —, which could stabilize the particles. More stable
colloidal particles cause a greater absolute {-potential (a more negative
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200 A
150 +
100 -
50
0 4
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mQue:mpAso
40 1 - 10.0
35 4
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30
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Fig. 1. (A) Change of the hydrodynamic diameter of the formed drug-free and Que-loaded lipid-based formulations at different pAso concentrations and for several
Que-to-pAso mass ratios. Hydrodynamic diameters (B), {-potential values (C), and EE% (columns) and DL% (e) (D) of the formulations at various Que-to-pAso mass

ratios (Cpaso = 1.24 mg/mL, Vg titrated = 5 mL).
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value in our case). Moreover, the pK,; of Que (ring A/7-OH) is at around
6.6 [40], which suggests that in MQ water (pH = 6-7) Que molecules are
partly deprotonated obtaining a negative charge. Incorporation of
components with a negative charge into the lipid bilayers may
contribute to the formation of a more negative {-potential. From the
point of view of the amount of drug formulated into the particles
(Fig. 1D), relatively small EE% values could be observed (EE% = 12.4,
28.8, and 28.1% for the 1:200, 1:40, and 1:20 mass ratios, respectively),
which could be due to the presence of ethanol in the formulations.
Ethanol enhances the solubility of the drug in the medium, which pre-
vents its enrichment in the particles. Based on it, the DL% < 4%. We can
conclude that this process is not particularly effective for formulating
the active ingredient Que into pAso-based lipid formulations.

3.1.2. Preparation of the formulations containing Que with the thin-film
hydration method

During this method, lipid films with different drug contents were
formed on the wall of round-bottom flasks, which were hydrated with
MQ water to produce particle dispersions. Stirring and ultrasonic
treatment for 10-10 min were applied to promote particle formation and
control their size. The duration of the sonication was determined by
time-dependent measurements (Fig. S1), which indicated that 10 min of
ultrasonic treatment is eligible for creating particles with good PDI
values (~ 0.3) and appropriate size. Moreover, these 10 min are enough
to avoid the risk of destroying the particles or the possibility of
decreasing the amount of encapsulated drug content as well. As it can be
seen on Fig. S1 the after 60 min of sonication, the lipid-based formu-
lation is already damaged, as indicated by the large error in the
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measurement.

As Fig. 2A presents, the size of the empty carriers is around 150 nm,
which is somewhat larger than that obtained for the ethanol injection
technique. This variance could naturally stem from the difference in
techniques, but it could also originate from the fact that we used
unpurified Aso during this process, which contains significantly more
components. To decide which is preferred, experiments for the forma-
tion of drug-free liposomes were also carried out with the pAso as well
using the TFH technique, and as Fig. S5 represents, particles of ~ 120
nm could be prepared. This indicates that the difference of the particle
sizes would stem from the lipid composition rather than the preparation
method.

In presence of Que interesting results are obtained. The Que content
of the formulations varied between 1:200 and 1:20 Que:Aso mass ratios
(from 0.005 to 0.05 mg/mL) and the hydrodynamic size, {-potential, EE
% and DL% values were determined for the formulations as Fig. 2 shows.
In the case of the smaller Que contents (mgyue:Maso = 1:200 to 1:20), the
diameter of the particles varies between 142 nm and 101 nm, and it can
also be stated that due to the incorporation of the drug into the carriers,
more compact particles with smaller sizes can be created (Fig. 2B).

This observation is contrary to what is experienced when using
ethanol injection technique and can be attributed to several biophysical
phenomena. When incorporated the Que molecules into the lipid
bilayer, they tend to localize in the interfacial region (between the polar
headgroups and the hydrophobic acyl chains). The insertion of Que al-
ters the packing parameter (P) of the lipids. By occupying the voids
between phospholipid molecules, Que can induce a positive membrane
curvature, which energetically favors the formation of smaller vesicles
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Fig. 2. The (A) hydrodynamic diameter, (B) {-potential and (C) the EE% (columns) and DL% values (e) of the formulations at different Que-to-Aso mass ratios

created by thin film hydration method (caso = 1 mg/mL, Vg finat = 25 mL).
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with a higher surface-to-volume ratio during the hydration step. More-
over, Que has been shown to mimic the behavior of cholesterol in
phospholipid bilayers. At specific concentrations, Que exerts a
condensing effect, increasing the molecular packing density and
decreasing the cross-sectional area per lipid. This increased cohesion
within the bilayer can limit the uncontrolled growth of vesicles during
film detachment, resulting in a more constrained, smaller particle size.
During the transition from a dry lipid film to hydrated vesicles, the lipid
sheets must “bridge” and close to shield their hydrophobic tails from
water. Que may act as an edge-actant, reducing the line tension at the
boundaries of the opening lipid bilayers. By stabilizing these edges
during the fragmentation of the lipid film, the system can support the
formation of a larger number of smaller vesicles rather than a few large,
thermodynamically unstable ones. The presence of Que within the dry
lipid film can interfere with the long-range van der Waals forces and
hydration repulsion between adjacent bilayers. High Que concentrations
may prevent the formation of large, multi-lamellar structures (MLVs) by
promoting the budding or shedding of outer layers into smaller, oligo- or
uni-lamellar vesicles (LUVs/SUVs) as soon as water penetrates the film.

Higher Que contents (mgue:maso = 1:10 and 1:2) were also tested as
well, but in these cases even the film formations were not successful, and
after hydration no reliable particle size values could be measured.
Regarding the {-potential (Fig. 2B) of the particles, we can observe that
relatively high negative (-potential values (from —89.9 mV to —71.5
mV) can be measured for all samples, which suggests that stable parti-
cles are formed with this method; however, trend-like changes in the
values cannot be observed if we take the errors into account.

If we compare the EE% values with those determined for the ethanol
injection technique — at the same Que:Aso ratios — we can state that
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higher EE% values (Fig. 2C) can be achieved (92-96%). This observation
is based on the lack of ethanol and during this experiment the non-
cleaned Aso was used, which contains more types of lipids. Under
these conditions, the drug is located dominantly in the more hydro-
phobic carrier particles than in an aqueous medium, and the presence of
other lipids also enhances the formulation of Que. Also, the DL% values
show monotonous increase with the increase of the Que content of the
formulations (0.48%, 2.36% and 4.42% for the 1:200, 1:40 and 1:20
mass ratios). With this method, the solubility of Que increased to 4.83
pg/mL, 24.2 pg/mL and 46.3 pg/mL respectively, which means 1.84,
9.20 and 17.6 times solubility increment compared to the solubility of
Que in water at 25 °C (2.63 pg/mL [41]). Although the solubility
increment (almost 20 times) at the 1:20 sample seems very promising, it
needs to be noted that this high amount of drug cannot be held in so-
lution for a long time. The formulation is stable for some hours after
preparation, however a part of Que usually sediments by the following
day. In contrast, the sample with a mass ratio of 1:40 remained stable
even after several days, so we characterized the formulation produced at
this ratio in detail.

3.2. Preparation and characterization of the Rut-containing particles

3.2.1. Preparation of the formulations containing Rut with the solvent
injection method

The encapsulation of this less hydrophobic molecule was carried out
with the same formulation methods as for Que mentioned earlier.
Firstly, the ethanol injection method was tested. The same ethanol
addition steps (Fig. 3A) were done as for Que to observe how the change
of the drug affects the formation of the particles. For this, the same and —
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when it was possible — higher drug:pAso mass ratios were analyzed. We
can see that quite similar trends can be observed in the case of Rut as for
Que: the more lipid is present in the system, the higher the particle size is
(Fig. 1A and 3A); however, the change of Rut content does not vary the
diameter of the particles significantly. In this system, there is actually a
very slight decrease compared to the increase in size observed in the case
of Que, which is likely because the Rut molecules can also be located
within the inner aqueous core of the lipid particles. The vertical dashed
lines represent the precipitation of the drug molecules from the samples
(in the order from 1:4 to 1:40). From the point of view of the solvent
composition (Fig. 3B), the same increasing trend can be seen, and ac-
cording to this, a 1:10 ethanol:water ratio (Vgion/Vmg = 0.1) was cho-
sen to carry on with. As Fig. 3C shows, particles at around 80 nm can be
prepared and with good stability ((—45 mV)-(—60 mV)), however after
purification, Rut from the 1:5 and 1:4 mass ratio samples precipitates.
Regarding the trapped amount of Rut as presented in Fig. 3D, we can see
an increasing trend in the DL% values up to 3.95% despite the decrease
in the EE% values (53.3-36.9% for 1:40-1:10 samples). We can also say
that in the case of Rut we could reach higher drug:lipid mass ratios (for
Rut, maximum 1:10) than in the case of Que (for Que, maximum 1:20)
resulting a somewhat higher DL% (~5% instead of ~3.8%). This can be
explained by the fact that Rut is a slightly more water-soluble molecule
and can also accumulate in the inner aqueous compartment of lipid
particles, as it was mentioned above. Although the ¢-potential, EE% and
DL% values could be determined for the 1:5 and 1:4 samples, they
should not be considered reliable when discussing trends due to the
precipitation of Rut in these samples.

3.2.2. Preparation of the formulations containing Rut with the thin-film
hydration method

The encapsulation of Rut was carried out with the use of thin-film
hydration method as well, in the hope of achieving as promising result
as in the case of Que. For this — and to be parallel with the ethanol in-
jection method for Rut — samples within the 1:40-1:4 Rut:Aso mass ratio
range were prepared (according to Section 2.2.2.). As Fig. 4A shows,
particles of 98-115 nm can be prepared, which is slightly higher than the
ones produced by the ethanol injection method. With this preparation
protocol, we could reach the 1:10 drug:Aso mass ratio — just like with the
ethanol injection method —, which is higher than the ones with the
particles for Que prepared with the thin-film hydration method under
the same conditions. However, higher Rut content (1:5 and 1:4) could
not be reached due to the precipitation of the drug, similarly to the
ethanol injection method (Fig. 3A).

This way of preparation enables the production of stable particle
dispersions in the 1:40-1:10 Rut:Aso mass ratio range, which is also
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indicated by the {-potential values (~ —65 mV).

The EE% values (Fig. 4B) are very similar to those of the ethanol
injection method, showing a decreasing trend with the increase of the
Rut content; only at the 1:10 composition can we see a slight difference
(47.2% for the thin-film hydration and 36.7% for the ethanol injection
method). In contrast, the DL% increases monotonously with the drug
content, reaching 4.5% at the 1:10 mass ratio. The EE% and DL% are
unreliable for the highest mass ratio values due to the precipitation of
Rut. If we compare the EE% and DL% values with the Que-containing
samples using the same thin-film hydration process, we can state that
the EE% is measurably lower and the DL% is also less (DL% for Que at a
1:20 ratio is >4%, while for Rut at a 1:20 ratio the DL% is ~2.5%). This
is due to the fact that in an aqueous medium the Rut is more soluble
(based on logP values presented in the Introduction) than the Que. This
means its accumulation in the formulation is less significant.

3.2.3. Preparation of Rut-loaded particles with the microfluidic method

In traditional methods, lipids often assemble into heterogeneous,
multi-layered structures that require the use of harsh physical force
(sonication or extrusion) to reach the desired size which limits the
applicability of traditional methods in the production of delicate lipid-
based systems such as those used in drug delivery. To overcome these
disadvantages, a microfluidic method was also tested for Rut encapsu-
lation. Comparing the experimental results obtained regarding the
formulation of Que and Rut, we found that we can achieve a higher
drug-to-Aso ratio (1:10) with Rut. Therefore, — also to avoid aggregation
in the cell — we only attempted the formulation of Rut using this flow
method.

For this, the same drug and lipid solutions were prepared as in the
case of the ethanol injection method. As Fig. 5A shows, the increase of
the pAso concentration — which also means the increase of the flow rate
of the ethanol (Fig. 5B and Table 1) - the particle size increases signif-
icantly (form 132 nm to 236 nm).

If Rut is also present in the system, the particle size also varies
significantly in the case of the Rut:pAso = 1:40 mass ratio. It can be seen
that above Vyater/Veion = 10 the size does not change dominantly,
moreover, to be parallel with the ethanol injection method, we chose the
same Vyater/Vitog = 10 (1:10 ethanol:water ratio) solvent composition
to continue our experiments with. With these experimental parameters,
the preparation of Rut-containing particles was carried out. We can see
that the drug content does not change the size of the particles signifi-
cantly even at the higher drug:lipid mass ratios after purification
(Fig. 5C). Moreover, compared to the ethanol injection method, a higher
average hydrodynamic diameter can be achieved (e.g., at the Rut:pAso
= 1:10 mass ratio, d = 75.4 + 5 nm with the ethanol injection, and d =
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Fig. 4. The (A) hydrodynamic diameter and ¢-potential and (B) the EE% and DL% values of the formulations at different Rut contents created with the thin-film

hydration method (caso = 1 mg/mL, Vg final = 25 mL).
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168 4+ 6 nm with the microfluidic method). Based on this size increase,
we initially assume that more active ingredients can be formulated,
because the lipid composition is the same; however, the preparation
ways are different. It was also confirmed that samples prepared at 1:5
and 1:4 mass ratios show higher stability (without precipitation of the
drug), which is an improvement compared to the ethanol injection
method. This increase in stability is confirmed by the {-potential values,
which varied between —49.7 mV and — 69.8 mV. Regarding the drug
content of the particles (Fig. 5D): EE% values between 36.2% and 48.0%
could be achieved, however, no well-observable trend can be stated. For
the DL% values the same increasing trend can be seen as for the other
preparation methods, however, in this case DL% = 11.1 4+ 0.4% could be
measured, which is a promising value compared to the other preparation
methods (DL% ~ 2.5-4%).

A comparative table summarizes all the production protocols with
advantages and limitations and the characteristics of the formulations

Table 2
The applied production protocols with the characteristics of the formulations.

(Table 2).

As it can be seen, for Que, the application of the TFH technique is
more preferred because high EE% and improved Que water solubility
can be achieved, and the size of the colloids is also smaller. For Rut, the
highest drug-to-lipid ratio can be achieved by using the MF method,
which results in a higher DL% (~ 11%) with a 160-nm particle size.

3.3. Characterization of the chosen formulations

Comparing the formulation results with the active ingredients, we
characterized the most promising formulations in both molecules. For
this, we chose the thin-film hydration method for Que (mgue:maso =
1:40) and the microfluidic method for Rut (mgyr:mpaso = 1:4) to fabri-
cate drug-loaded colloidal particles. As the first step of the character-
ization of these formulations — besides the determination of the average
diameters, {-potentials, EE%, and DL% values mentioned in Chapter 3.1

Preparation method Drug Optimal ratio (drug:lipid) Particle size {-potential (mV) EE (%) DL (%) Key characteristics
(nm)

Thin-film hydration Quercetin 1:40 113 -84.9 9.7 2.36 Improved Que solubility

Moderate size
. . . Lower EE

Thin-film hydration Rutin 1:10 98 —63.1 47.2 4.54 X
Lower size
Low EE

Ethanol injection Quercetin 1:20 174 —58.1 28.1 3.47 (.>w . .
Higher particle size

Ethanol injection Rutin 1:10 75 ~60.1 36.9 3.95 Smaller particle size
Lower DL
Highest DL%

Micro-fluidics Rutin 1:4 160 ~61.0 37.5 11.10 ighest DL%

Higher size
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— we carried out DSC experiments to identify the possible interactions
between the lipid-based carrier and the encapsulated drugs. The ther-
mograms were normalized between 0 and 1 due to the great endo-
thermic peak of Que (see Fig. S6A), which would have suppressed the
sign of the formulation and Aso. Fig. 6A shows that the curve of Aso is
rather complicated, and only wide peaks can be seen since it is a mixture
of multiple compounds, which makes it hard to identify each peak. The
case of Que is much simpler; the loss of crystal water can be observed at
126 °C, while the sharp endothermic signal at 326 °C can be attributed
to the melting point of Que [42]. When the curve of the formulation
(TFH) is analyzed, the most obvious change in the graph is the loss of the
first peak of Que and a sharp decrease in the broad peak at 335 °C. The
drug-carrier interaction may be the cause of this melting point shift.

In the case of Rut (Fig. 6B), the same two endothermic peaks are
dominant in the DSC thermograms: at 138 °C the loss of crystal water
and at 173 °C the melting point can be seen [43]. The DSC thermogram
of the purified Aso differs from that of the unpurified Aso; however, it is
still hard to tell which peak can be attributed to which process. The peak
between 250 and 350 °C is in good linear match with the DPPC
(dipalmitoyl phosphatidyl choline) content of Aso. From the DSC curve
of the formulation (MF), we could conclude that the double peak of pAso
at 170 and 174 °C and the melting point of Rut overlap; however, all of
them disappear and supposedly merge into one broader peak at 174 °C
on the curve of the formulation. The disappearance of the melting point
of Rut might be due to the loss of its crystalline state. As a reference
measurement, the physical mixture of Rut and pAso was also examined
by DSC (Fig. S6D), in which the crystal water loss of Rut and the double
endothermic peak of pAso can be seen, which further strengthens the
supposition that Rut is encapsulated in the particles.

Infrared spectroscopic measurements were performed for the
lyophilized samples as well. Fig. 7 shows the spectra of the drugs, the
unpurified (in the case of Que) and purified (for Rut) Aso, and the
formulations.

The IR spectra were normalized and shifted to see the changes of the
different peaks and presented in the 600-1800 cm ™! region (the full
spectra are presented in Fig. S7). The first obvious observation that we
can make is that the pure drugs have many sharp peaks, which can be
due to their pure crystalline form. Moreover, these many sharp peaks are
due to the orderliness and structural complexity of the molecule. In
contrast, the IR spectrum of Aso has much wider and significantly fewer
peaks, which can be the consequence of its many components (e.g.,
phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine,
phosphatidylinositol, etc. [22]). When it comes to the examination of the
formulated Que with the thin-film hydration (TFH) method (Fig. 7A), we
can see that 2 small peaks appear in the spectrum of the particles, at
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1170 cm™! and 1319 cm™!. The first peak can be attributed to the
backbone of the flavonoid (C-CO-C skeleton), while the latter peak in-
dicates the presence of the in-plane bending of C—H bonds in aromatic
systems [44].

In the case of the formulated Rut with the microfluidic (MF) method
(Fig. 7B), a lot more peaks of Rut seem to appear in the spectrum of the
formulation, which might be due to the fact that in this case higher DL%
value could be achieved. At ~812 cm ™! the ‘oop’ (out-of-plane) bend of
C—H bond (in aromatics) appears in the spectrum of the formulation
and changes the shape of the peak of Aso. Also, at ~994 cm ™! the = C-H
bend can be seen, which gives a small shoulder to the high peak of Aso.
Also, the peak of the ether bond with the sugar moiety at 1203 cm !, the
peak of the C—O bond at 1363 cm™!, the C—C bond (in aromatic sys-
tems) at 1593 cm ™! and the O—H deformation vibration at 1658 cm ™
[45] all appear in the spectrum of the formulation. All these observa-
tions suggest that the encapsulation of the drugs was successful, how-
ever since shifts of these peaks cannot be largely seen, we can suggest
that only weak forces (supposedly hydrophobic interactions or H-bonds)
can lead to the encapsulation.

3.4. In vitro release studies

After the characterization of the individual materials, as a last step of
the study we planned to carry out the examination of the dissolution of
the drugs from the produced carriers. Fig. 8A and B show the dissolution
profiles of the pure and formulated Que and Rut, respectively. Firstly, in
the case of Que (Fig. 8A) a delay can be seen in the dissolution, which
can be explained with the poor water solubility of this compound, which
is further strengthened by the fact that after 360 min, only 36.5% of Que
could penetrate the membrane. However, with the formulation, we
could reduce the retention of Que, since a faster dissolution was ach-
ieved even at the early stage of the experiment. Moreover, after 360 min,
a higher amount of the drug was able to dissolve (53.7%) than without
formulation.

In the case of Rut (Fig. 8B), complete dissolution can be seen, which
can be due to its higher solubility. When compared to the dissolution
profile of the formulated drug, we can conclude that the formulation can
still result in complete dissolution, however, the retention of the drug is
only achieved to a very small extent. The DSC thermograms suggest that
the melting points of the pure drugs (Que and Rut) are either shifted or
disappear in the formulations, which can mean that they lost their
crystalline state. Since the dissolution of amorphous materials is much
faster than that of ones with a crystalline state (due to the lack of
breaking the crystal structure), this phenomenon could be expected in
the case of the formulations as well. This amorphous state could be the
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Fig. 6. DSC thermograms of the pure drugs (Que, Rut), the carriers (Aso, pAso), and the formulations prepared by different methods: (A) Que, Aso and the
formulation created by thin-film hydration (TFH) method; and (B) Rut, pAso and the formulation created by the microfluidic (MF) method. All cases solid samples
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containing systems.

reason for the faster release of Que; however, this phenomenon cannot
be seen in the case of Rut, possibly due to its better water solubility and
more hydrophilic nature. This is why the release curve of the formula-
tion and the pure Rut is almost the same.

In order to interpret the results of the dissolution studies more
deeply, the measured data were fitted with different frequently used
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kinetic models (first-order, Korsmeyer-Peppas, Higuchi, and Weibull)
(see Fig. S8 and S9). To get an initial insight into which model is the
best for the description of the dissolution, the R? values (Fig. 8C, D) of
the fits are analyzed.

For Que, every model showed R? > 0.95. For pure drug, the
Korsmeyer-Peppas (R?> = 0.9978) and the Higuchi (R?> = 0.9904) gave
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Table 3
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The fitting parameters of the dissolution curves using the first-order, Korsmeyer-Peppas, Higuchi and Weibull models.

Model Quercetin Thin-film hydration formulation Rutin Flow system formulation
k (min~1) 0.0065 0.0099 0.0189 0.0129
. t1/2 (min) 107.4 70.1 36.8 53.8
First order model T (min) 36.9 B B B
R? 0.9633 0.9978 0.9952 0.9855
Ky (min™) 1.176 1.653 0.1376 0.0994
Korsmever-Peppas model n 0.7713 0.7663 0.3583 0.4023
yer--epp T (min) 34.6 - - -
R? 0.9978 0.9781 0.9166 0.9668
k (min/?) 5.015 5.779 0.0658 0.0597
Higuchi model T (min) 32.6 - - -
R? 0.9904 0.9890 0.8750 0.9483
a 4.190 7.681 0.4770 0.4742
. b 0.0270 0.0760 0.0090 0.0061
Weibull model T (min) 36.9 B B B
R? 0.9633 0.9958 0.9952 0.9861

the best fits, while for the formulation, the first order (R = 0.9978) and
Weibull models (R2 = 0.9958) seemed to describe the dissolution best. In
the case of Rut, the first-order and Weibull models were the best for the
description of the drug release for both the pure and the formulated
compounds. When it comes to the analysis of the fitting parameters
(Table 3), we can compare the half-life and rate constant values of the
first-order model fits. In the case of Que, the k value increases upon
formulation, and the half-life decreases from 107 min to 70 min, which
also indicates that formulation can enhance the dissolution of the drug.
The n parameter of the Korsmeyer-Peppas model can show what con-
trols the dissolution (n = 0.5 — diffusion control, n = 1 — erosion control).
The values obtained from the fits (n = 0.77 and n = 0.76 for the pure and
formulated drug, respectively) suggest that the dissolutions are
controlled by both diffusion and erosion. Also, we can see that the
dissolution is best described by the Higuchi and Korsmeyer-Peppas
models, while for the formulation, these models give the worst fits.
For every model, the delay time in the case of Que happens to be be-
tween 32.6 and 36.9 min.

In the case of the dissolution of Rut, we can see that the formulation
increases the half-life of the drug release, while the rate constant in-
creases to a small extent, as the first-order model suggests. The low n
values of the Korsmeyer-Peppas model (n = 0.35 and n = 0.40) mean
that the dissolution of the pure and formulated rutin is diffusion
controlled. For the release of Rut, the Higuchi model seemed to give the
worst fit in every case.

Since the Weibull model is a semiempirical model, it can fit most
dissolution profiles well; this is why the only conclusion we can make
from this model is that in most cases, this gave the best fit. Moreover, its
close R? value to the first-order model further strengthens the goodness
of the first-order model.

4. Conclusion

In this work, asolectin-based colloidal systems were systematically
developed and evaluated as carriers for two structurally related flavo-
noids, Que and Rut, using TFH, ethanol injection, and microfluidic
preparation routes. No similar publication was available in the literature
regarding the formulation of these compounds in the carrier we chose.
By applying identical lipid matrices and comparable formulation con-
ditions, the study enabled a direct assessment of how molecular struc-
ture, solubility, and preparation pathways govern self-assembly,
intermolecular interactions, and macroscopic performance of lipid
particles.

All preparation methods yielded stable, negatively charged colloidal
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dispersions with ~150 nm hydrodynamic diameters; however, pro-
nounced differences were observed in encapsulation behavior and
attainable drug loading. Que, characterized by its hydrophobic aglycone
structure, showed strong affinity toward the lipid phase, leading to
exceptionally high encapsulation efficiencies (>90%) when prepared by
thin-film hydration. In contrast, the more hydrophilic Rut, bearing a
disaccharide moiety, exhibited lower encapsulation efficiencies but
substantially higher drug loading when formulated by microfluidic
mixing, highlighting the critical role of controlled solvent exchange and
self-assembly kinetics at the molecular level.

Thermal and spectroscopic analyses confirmed the successful incor-
poration of both flavonoids into the asolectin matrix and indicated that
the encapsulation is driven predominantly by weak, non-covalent in-
teractions, such as hydrophobic forces and hydrogen bonding, rather
than by the formation of new crystalline or strongly bound phases. These
findings are consistent with the observed release behavior: Que formu-
lation resulted in enhanced dissolution and accelerated release kinetics,
whereas Rut release remained largely diffusion-controlled, reflecting its
higher intrinsic solubility and weaker partitioning into the lipid domain.

Overall, the results demonstrate that subtle differences in flavonoid
molecular architecture translate into distinct colloidal organization,
loading capacity, and release dynamics within lipid-based carrier sys-
tems. From the perspective of molecular liquids and colloidal science,
this study underscores the importance of preparation-induced self-as-
sembly pathways and solute-lipid interactions in determining the
structure-property relationships of complex liquid dispersions. The in-
sights gained here provide a rational basis for tailoring lipid-based de-
livery systems for poorly soluble bioactive compounds and contribute to
a deeper molecular-level understanding of surfactant-driven colloidal
systems relevant to pharmaceutical and nutraceutical applications. In
our opinion, the experimental results can be successfully used for the
formulation design of compounds with similar structure and solubility.
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