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Due to their small size, flexibility, and adhesive properties, extracellular vesicles (EVs) hold promises
as effective drug delivery systems. However, challenges such as the variability in vesicle types and
the need to maintain their integrity for medical applications exist. Curcumin, a compound found

in turmeric and known for its diverse health benefits, including anti-cancer and anti-inflammatory
properties, faces obstacles in clinical use due to issues like low solubility, limited absorption, and rapid
breakdown in the body. This study aimed to incorporate large-sized curcumin-loaded extracellular
vesicles (IEVs) into fast-dissolving nanofibers made of poly(vinyl alcohol) (PVA) by electrospinning.
By using aqueous PVA-based solutions for electrospinning, the presence of curcumin-loaded IEVs

in the nanofibers was confirmed by confocal laser scanning microscopy. Furthermore, the release
study demonstrated high concentrations of the drug in nanofibers containing IEVs. These findings
are significant for advancing the development and utilization of active ingredient-loaded EV systems
within nanofibrous formulations, potentially leading to improved patient outcomes.

Keywords Curcumin-loaded extracellular vesicle, Loading capacity, Nanofibrous formulation,
Electrospinning, In vitro dissolution study

Abbreviations

EV Extracellular vesicle

FBS Fetal bovine serum

FI Fluorescence intensity

IR Ischemia-reperfusion

IEV Large-sized extracellular vesicle
MESC-exocur  Curcumin loaded mouse embryonic stem cell exosome
NTA Number of tracking analysis

PBS Phoshate buffer saline

PVA Poly(vinyl alcohol)

SEM Standard error of the mean

sEV Small-sized extracellular vesicle
SSC Side scatter

TEM Transmission electron microscopy

Over the past three decades, numerous studies have been published on the beneficial functional and biological
properties of curcumin, such as its anti-inﬂammatory, antioxidant, antimutagenic, antimicrobial, antitumor,
wound healing, and anti-angiogenesis effects'~%. Despite these advantages, the practical application of curcumin
is limited by several factors, such as poor water solubility, physicochemical instability, low permeability, and
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low bioavailability due to poor absorption and rapid metabolism. Additionally, curcumin is sensitive to alkaline
conditions, metal ions, heat, and light’. These obstacles, however, are being addressed by encapsulating curcumin
in nano-formulations (nano-curcumin)'. Incorporation of curcumin into nanocarriers by various methods
(liposomes, polymers, conjugates, cyclodextrins, micelles, dendrimers, and nanoparticles) is a suitable choice to
enhance the bioactivity of curcumin, which increases its bioavailability and half-life''~!%, and reduce its potential
undesirable effects on surrounding healthy cells/tissues.

Experimental data also support that the nano-formulation of curcumin is effective in treating liver and heart
problems'®, cancers'¢, and brain tumors!”.

Kalani et al. investigated whether a combined nano-formulation with curcumin-loaded mouse embryonic
stem cell exosomes (MESC-exocur) restores neurovascular damage after ischemia-reperfusion (IR) injury in
mice!®!?. IR injury was induced in 8-10-week-old mice and they were divided into two groups. One of the two
IR-injured groups received intranasally MESC-exocur for 7 days. The study found that MESC-exocur treatment
reduced neurological score, infarct volume, and edema following IR injury. Compared with the untreated IR
group, the MESC-exocur-treated IR group showed reduced inflammation and N-methyl-D-aspartate receptor
expression. These results suggest that combining the potential of embryonic stem cell exosomes and curcumin
may aid neurovascular recovery after ischemia-reperfusion injury in mice.

Nanofibers offer several unique advantages over other nanostructures for drug delivery applications®. Their
high surface area-to-volume ratio allows for increased drug loading capacity and enhanced interaction with
biological tissues. The porosity and interconnected structure of nanofibers mimic the extracellular matrix,
providing an ideal scaffold for cell adhesion and proliferation while facilitating controlled drug release?!.
Furthermore, nanofibers offer versatility in material selection, allowing customization of mechanical properties
and degradation rates using a wide range of biocompatible and biodegradable polymers?2. Additionally,
nanofibers are easily functionalized to improve drug loading, cellular interactions, and targeting capabilities,
and they offer controlled and sustained release of encapsulated drugs over extended periods.

Nanofibers present additional benefits when combined with curcumin and extracellular vesicles (EVs). They
protect curcumin from degradation, improving its stability -a key limitation of curcumin as a therapeutic agent
-and enhance its bioavailability by increasing its dissolution rate?>. Nanofibers also serve as an efficient co-
delivery system for curcumin and EVs, potentially enhancing their synergistic effects. Nanofibers ensure more
targeted treatment by enabling localized delivery to specific tissues or wound sites. Additionally, incorporating
EVs into nanofibers may help preserve their integrity and biological activity while allowing for the controlled
release of both curcumin and EVs, optimizing their therapeutic effects over time.

In this study, we aimed to combine the therapeutic potential of EVs with curcumin while preserving the
stability of both the carrier vesicles and the encapsulated curcumin. To achieve these goals, we aimed to develop
a curcumin-loaded EV-containing nanofibrous system through molecular packaging. Additionally, we sought
to characterize the morphological behavior of these complex nanofibrous systems and evaluate their loading
efficiency and drug release profiles, contributing to the advancement of hybrid drug delivery systems. By
leveraging the unique advantages of nanofibers, this approach could help overcome the limitations of traditional
delivery methods and enhance the therapeutic efficacy of curcumin and EVs as promising agents for various
medical applications.

Materials and methods

Materials of the matrix of the drug delivery system

As the base of the formulation the biodegradable, biocompatible well, electrospinnable polymer poly(vinyl-
alcohol) (PVA, Mowiol 18-88, average molecular weight, M, ~ 1,300,000 g/ mol (Merck Ltd, Budapest, Hungary)
was chosen. The sodium chloride (Molar Chemicals Ltd., Budapest, Hungary) was used to isotonization the
precursor solution. As a solvent, distilled water of pharmaceutical grade without further purification was used.

Separation of IEVs

HEK293 cell line was maintained in DMEM cell culture medium (1 g/L glucose) supplemented with 10%
Fetal Bovine Serum (FBS), streptomycin (1000 pg/L), penicillin (1000 U/L) and L-glutamine (2 mM) in a
humidified atmosphere at 37 °C and 5% (V/V) CO,. IEVs were separated from the conditioned medium of
HEK293 cells. Cells were maintained in 8 flasks with a surface area of 182 cm? (VWR, USA) until cells reached
80-90% confluence, averaging 190X 10° cells per separation. IEVs were separated 24 h after FBS deprivation
using differential centrifugation. Briefly, conditioned cell medium was collected, and cells were removed by
centrifugation (300 g, 10 min, 20 °C) and gravity filtration (pore size 5 um, Sartorius, Germany). Subsequently,
the extra-large-sized EVs (> 800-1000 nm, 2000 g, 30 min, 4 °C) and the IEVs (250-800 nm, 12,500 g, 40 min,
4 °C) were separated by increasing the centrifugal force. The IEV pellet was resuspended in phoshate buffer
saline (PBS), then the sample was flash-frozen in liquid nitrogen and stored at -80 °C until use.

Curcumin loading of IEVs

Curcumin (Merck, Germany) was dissolved in absolute ethanol with mild rotation. The stock solution
concentration was 1 mg/mL (2,700 uM), which was further diluted in PBS for labeling IEVs. Based on the
preliminary experiments, IEVs were incubated with 150 uM curcumin for 30 min, at 37 °C, at neutral pH with
shaking (Supplementary Fig. 1). The total amount (approximately ~ 8.2 X 108 particles) of IEVs obtained from the
conditioned medium of cell culture per experiment was used for curcumin labeling in a final volume of 2 mL.
The unbound curcumin molecules were removed by centrifugation (12,500 g, 40 min, 4 °C) and the IEV pellet
was resuspended in 200 pL physiological saline solution. Buffer containing curcumin and IEV samples treated
with ethanol were used as controls.
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Parameter IEV | Parameter IEV
Sensitivity 60 | Maximum brightness 20
Shutter 100 | Minimum size (nm) 5
Frame rate 7.5 | Maximum size (nm) | 1000

—

Number of positions | 11 | Temperature (°C) 25

Number of cycles 2

Table 1. Parameters of nanoparticle tracking analysis of large-size extracellular vesicles (IEV).

Sample Flow rate (uL/sec) | Distance (cm) | Voltage (kV) | Emitter (G)
IEV + curcumin | 0.08 12.5 25.1 22
sEV +curcumin | 0.08 12.5 25.3 22

Table 2. Electrospinning process parameters of curcumin-loaded large-sized- and small-sized extracellular
vesicles (IEVs and sEV's) containing precursor solutions. *collector-emitter distance.

Characterization of curcumin-loaded IEVs

Size distribution and particle number of IEVs

The particle number and median size of IEV samples were determined by Nanoparticle Tracking Analysis (NTA).
Measurements were performed with a ZetaView PMX-120 (Particle Metrix GmbH, Meerbusch, Germany) using
ZetaVIEW software according to the parameters summarized in Table 1.

Spectrophotometric analysis of IEVs
UV-visible absorption spectra of IEV samples were determined using a NanoDrop ND-1000 spectrophotometer
(ThermoFisher, USA). The absorption maximum was measured at a wavelength of 420 nm.

Flow cytometric analysis of IEVs

Curcumin-loaded 1EVs were characterized using CytoFLEX S (Beckman Coulter, USA) flow cytometer. The
IEVs were diluted 300-fold in PBS and were characterized by Violet-SSC (Side SCatter) and by the intrinsic
fluorescence of curcumin (excitation: 405 nm, detection: 610/20 nm). Events were detected for one minute at
a medium flow rate (30 uL/min). The IEVs were measured using serial dilution to determine if single particles
were being measured. HEK-293-derived IEVs were stained with Annexin V - A647 (1:800), a-human-CD81-
PerCP/Cy5.5 (1:800), a-human-CD63-A647 (1:800), mouse-IgG1-PerCP/Cy5.5 (1:800) and mouse-IgG1-A647
(1:800). The presence of IEVs was validated by lysis with TritonX-100 (0.1%, Molar ChemicalsLtd., Hungary).
All reagents used in these experiments are listed in Supplementary Table 1.

Characterization of IEVs by transmission electron miscroscopy (TEM)

TEM was used to examine the morphology of curcumin-loaded IEVs. Samples were prepared according to Théry
et al. 2006 with minor modifications®*. Briefly, approximately 2 uL of IEV sample was placed on the surface of a
formvar-coated Ni grids (SPI Supplies, West Chester, PA, USA) and incubated for 10 min at room temperature.
The remaining solution was removed and fixed with 2% glutaraldehyde for 10 min at room temperature. The
grids were washed three times for 5 min by distilled water. The samples were contrasted and embedded in
a mixture of UranyLess (#22409 EMS _ElectronMicroscopy Sciences, PA, USA) and 2% ultracentrifugated
(100,000 g, 90 min, 4 °C) methylcellulose. Samples were examined by a JEOL 1011 transmission electron
microscope. Olympus iTEM software (Japan) was used for images capturing, and for image analysis, Image J
software was used.

Embedding curcumin-loaded IEVs into nanofibers

Preparation of precursor solution for electrospinning

For fiber formation, a 14% (w/v) aqueous solution of PVA was prepared and isotonized by the addition of NaCl.
Separated IEVs were added to 1 g of viscous polymer solution in the separated volume (200 pL, 8,2 X 108+ 3,9 x 10®
particles/g PVA).

Electrospinning

The nanofibrous samples were prepared using a lab-scale electrospinning device from SpinSplit Ltd. The final
process parameters were determined by monitoring the Taylor cone with the camera system of the device and
scanning electron microscopy images.

The viscous polymer precursor solutions were loaded into a 1 mL plastic syringe (Merck Ltd., Budapest,
Hungary) and connected to a 22G needle via a silicone tube. The syringe, once filled, was positioned on a
pump to ensure a continuous flow of solution. Aluminum foil or baking paper was adhered to the collector to
gather each sample for subsequent analysis. The procedure was conducted under ambient conditions, with a
temperature of 22 + 1 °C and relative humidity of 40 + 5%. Table 2 summarizes the final process parameters used
during fiber formation.
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Characterization of curcumin-loaded IEV-containing PVA fibers by confocal laser scanning
microscopy

PVA nanofibers filled with curcumin-loaded IEVs were examined using a Leica TCS SP8 confocal laser scanning
microscope (Leica, Germany) with adaptive lightning using a HC PL APO CS2 63x/1.40 OIL immersion objective
and hybrid detector. The resolution available with the microscope (d ~ 180 nm) allowed the examination of IEVs.
PVA-IEV nanofibers were available on a 24 X 32 mm cover slide (VWR, USA). We identified HEK293-derived
curcumin® |[EVs with 405 nm excitation and broad-range detection (approximately 410 nm to 565 nm). The PVA
nanofibers were detected by transmitted light. For image analysis, Leica LASX software was used.

Characterization of drug release from a nanofibrous system

The dissolution test was carried out in 10 mL of isotonic water. Approximately 30 mg of fibrous sample was
weighed and coiled on a 1 cm long magnetic stirring bead and placed in a 4 mm diameter steel spiral, ensuring
that the nanofibers were not floating on the surface of the dissolution medium but were fully immersed in it. The
release of the drug was monitored for 30 min using an in-line probe Jasco-V-750 UV-VIS spectrophotometer
(ABL&E-JASCO Magyarorszag Ltd., Budapest, Hungary) at 420 nm. The drug concentration was determined
after preliminary calibration and partial analytical method validation.

Statistical analysis

Values are shown as mean+standard error of the mean (SEM). The statistical analysis was prepared using
GraphPad Prism 7.00 (USA) software. Two-way ANOVA and Tukey’s posthoc tests were used to compare the
data. A p-value of less than 0.05 was accepted as statistically significant.

Results and discussion

Characterization of curcumin-loaded IEVs

Based on the NTA measurements, the median size of the curcumin-loaded 1EVs was 333.6+3.2 nm (span:
177,2+14.3 nm), with 8.2x10%+3.9%x10® particle number per separation (Fig. 1A). The span value was
calculated as (D90 - D10) / D50, where D90, D10, and D50 are the particle diameters at 90%, 10%, and 50% of
the cumulative distribution, respectively. A smaller span indicates a narrower size distribution.

Curcumin of the same concentration dissolved in buffer did not form detectable amounts of particles. In TEM
photographs, curcumin-loaded IEVs showed a typical EV morphology (Fig. 1B). The result of the determination
of 100 vesicles, 117.3 +40.7 nm average size was achieved. Based on the serial dilution, the number of events
showed a linear correlation with the dilution factor, and the median fluorescence intensity of curcumin
remained constant, so we can conclude that the measurements were performed at optimal dilution and were able
to detect singlet particles (Supplementary Fig. 2). Buffer and unlabeled IEVs did not, but curcumin dissolved
in buffer showed a slight fluorescence intensity. Compared to control samples, curcumin-labelled IEVs showed
significantly higher fluorescence intensity. Curcumin positive events were lysable with TritonX-100 solution
(0.1%( V/V)) (Fig. 1C). IEVs were characterized based on EV markers?>. HEK293-derived IEVs were AnnexinV
and CD63 positive and CD81 negative (Fig. 1D). Based on our UV-VIS spectrophotometric measurements, the
curcumin-loaded IEV's showed significantly higher absorbance values (Fig. 1E).

Characterization of curcumin-loaded IEV-based PVA nanofibers by confocal laser scanning
microscopy

EVs were successfully detected in curcumin-labeled HEK293-derived IEV-containing PVA nanofibers based on
the fluorescence of curcumin (Fig. 2).

This figure shows confocal microscopy images of PVA nanofibers containing curcumin-loaded IEVs. The
green fluorescence represents curcumin-loaded IEVs, while the PVA nanofibers are visualized using transmitted
light. The images demonstrate the successful incorporation of curcumin-loaded IEVs within the PVA nanofiber
matrix. The discrete green, fluorescent spots indicate individual or small clusters of curcumin-loaded 1EVs
distributed throughout the nanofiber structure. This visualization confirms the presence and distribution of
drug-loaded vesicles within the electrospun fibers, validating the effectiveness of the encapsulation process and
providing insight into the spatial arrangement of the therapeutic cargo within the scaffold.

Curcumin release from nanofibrous scaffolds
The drug release profiles of various fibrous samples are depicted in Fig. 3.

The dissolution profile of curcumin-loaded vesicle-containing PVA-based nanofibers can be influenced by
several factors related to the properties of both the curcumin and the nanofibers, e.g., the drug’s encapsulation
efficiency, nanofiber morphology, PVA concentration, vesicle stability, and the conditions of the dissolution
medium. It’s important to note that during the experiments, the PVA concentration in the precursor solutions
remained the same, and within the fiber diameter, no remarkable difference was obtained. The same dissolution
medium and conditions were meticulously applied during the dissolution test.

The radii of vesicles within curcumin-loaded vesicle-containing PVA nanofibers significantly influence
the release profile of curcumin. It investigated how vesicle size affects the release characteristics?®?”. The main
factors the surface area to volume ratio, diffusion path length, and the encapsulation efficiency were investigated.

The surface area to volume ratio plays a crucial role in the release of curcumin from vesicles. Smaller vesicles,
with their higher surface area to volume ratio, provide a larger area for curcumin to contact the dissolution
medium. This facilitates a faster initial release of curcumin, as more encapsulated curcumin is closer to the
surface and can diffuse out more readily .The diffusion path length is a critical factor in the release of curcumin
from vesicles. In smaller vesicles, the path for curcumin to travel from the center of the vesicle to the exterior
is shorter. This shorter path allows for a quicker release of curcumin. In contrast, larger vesicles have a longer
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Fig. 1. Characterization of curcumin-loaded 1EVs. The size distribution and particle concentration of
curcumin-loaded IEVs was analyzed by nanoparticle tracking analysis (NTA) (A) and their morphology

by transmission electron microscopy (TEM) (B). To investigate the association of curcumin with vesicles,
curcumin-loaded IEVs were detected by flow cytometry-based on the intrinsic fluorescence of curcumin (C).
Furthermore, the presence of IEVs was determined by analysis of EV marker (phosphatidylserine, CD63,
CD81) expression (D). The absorbance (at 420 nm) of curcumin-labelled IEVs was also determined by UV-VIS
spectrophotometry (E). Values are reported as mean + SEM p value is calculated by ordinary one-way ANOVA

with Tukey multiple comparisons test. **p < 0.01, FI: fluorescence intensity, SSC: side scatter, IEV: large-sized
extracellular vesicle.

diffusion path, potentially resulting in a slower and more sustained release of curcumin.The size of the vesicles
can impact the encapsulation efficiency of curcumin.

To demonstrate how the vesicle size affects the cumin-loading efficacy of different vesicle sizes, we used
a curcumin solution with an initial concentration of 150 uM. The loading was based on passive diffusion,
considering the permeability of curcumin. These specific experimental conditions and methods were chosen to
provide a clear understanding of the research process and its implications.

The following assumptions are made: the vesicles are spherical (1), the curcumin.

is uniformly distributed within the vesicle (2), the loading efficiency decreases with specific surface area (3)
and the permeability of curcumin affects the diffusion rate across the vesicle membrane.

Vesicle Geometry can be described with the following equitations:
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Fig. 2. Detection of curcumin-loaded 1EVs in poly(vinyl alcohol) (PVA) nanofibers using confocal laser
scanning microscopy, where the green fluorescence represents curcumin-loaded 1IEVs, while the PVA
nanofibers are visualized using transmitted light.
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Fig. 3. Dissolution curves of nanofibrous samples containing curcumin-loaded small or large extracellular
vesicles (sEV-loaded nanofiber or IEV-loaded nanofiber).
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where 7 is the radius of the spherical vesicle.
Loading efficiency ( £ ) is assumed to decrease with increasing specific surface area, modeled as:

)

where (k)and (n ) are constants.

Permeability was also taken into account, because the permeability ( P ) of curcumin affects the rate at which
it diffuses across the vesicle membrane. The flux ( J ) (amount of curcumin per unit time per unit area) is given
by:

J =P (Cy— Cinsidge) (5)

where (Cjpside) is the concentration of curcumin inside the vesicle.
Total curcumin flux into the vesicle is:

Total Flux = J - A= P - (Cy — Cipsiae) - 4mr? (6)

At steady state, the rate of curcumin entering the vesicle equals the rate at which it distributes inside, leading to
the steady-state concentration (Cjpsige) -

The total amount of curcumin loaded in a vesicle can be approximated by considering the permeability effect
on loading efficiency:

04
Curcumin Loaded = E x V x Cy = k(%) X 57’[ rx C, (7)

Python code was created for the model implementation, and plots were generated to show the relationship
between vesicle radius, loading efficiency, and total curcumin loaded (Fig. 4).

Figure 4 illustrates the relationship between extracellular vesicle (EV) size and curcumin loading
characteristics. The graph consists of two y-axes: the left y-axis (blue) represents the curcumin loading efficiency
(%) into EVs. In contrast, the right y-axis (red) shows the total amount of curcumin loaded. The x-axis represents
the radius of the extracellular vesicles in micrometers.
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Fig. 4. Effect of the radii of the extracellular vesicle on the loading efficiency(A) and on the curcumin-loaded

(B).

Scientific Reports |

(2024) 14:27574 | https://doi.org/10.1038/s41598-024-79277-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The blue curve demonstrates how loading efficiency changes with vesicle size. It shows a decrease in efficiency
as vesicle radius increases, likely due to larger vesicles’ decreasing surface area-to-volume ratio.

The orange curve illustrates the total amount of curcumin loaded into vesicles of different sizes. This curve
shows an initial increase with vesicle size, reaching a maximum, then decreasing for very large vesicles.

This figure highlights the complex relationship between vesicle size, loading efficiency, and total drug loading
capacity. It suggests an optimal vesicle size range for maximizing curcumin encapsulation, which is crucial for
designing effective drug delivery systems using extracellular vesicles. Considering the above, the following can
be said about the kinetics: due to the longer diffusion path and potentially slower degradation rate, larger vesicles
might provide a more controlled and sustained release of curcumin.

The Weibull distribution was used to study the release kinetics of the different-size extracellular vesicle-
loaded samples®,

y=a—(a—b)xexp (—(k * x)‘1> (8)

where y is the independent variable (absorbance), x is the dependent variable (time), a is the upper bound of y,
while b is the lower bound of y, k is the scale parameter, and d is the shape parameter. The release parameters are
summarized in Table 3.

The results showed that in the case of the sEV-loaded nanofiber system, the shape parameter was approximately
1, indicating the distribution simplifies to an exponential distribution. The shape parameter of the IEV-loaded
nanofibrous sample was < 0.75, indicating Fickian diffusion®.

For the larger EVs (IEV fiber), the release profile shows a rapid initial burst release phase, during which the
curcumin concentration increases sharply, reaching saturation in approximately 250 s. This initial burst release
can be attributed to the rapid diffusion of curcumin molecules from the surface and near-surface regions of the
nanofibers. After this initial burst, the release rate slows and follows a more gradual, zero-order kinetic profile.
This second phase likely represents the sustained release of curcumin encapsulated within the EVs or trapped
within the nanofiber matrix, governed by diffusion and erosion mechanisms. After the saturation point, the
release profile transitions to a zero-order kinetic phase, like the larger EVs, representing the sustained release of
encapsulated or trapped curcumin.

The biphasic nature of the release profiles can be attributed to the interplay between the rapid release of
surface-associated curcumin and the slower, diffusion-controlled release of encapsulated or trapped curcumin
within the EVs and nanofiber matrix*’.

For further interpretation, a combined biphasic model was used:

C(t)=Cy(1—e ™M) + kot 9)

where  is the initial concentration of curcumin available for burst release, , is the First-order rate constant for
the initial burst release, and ,1s the zero-order rate constant for the sustained release. The fitted curve can be seen
in Fig. 5. The optimized parameters were the following: c,=0.3774, k, =0.0072, k, =6.3228e-05.

The primary mechanism of curcumin release can vary with vesicle size. The release might be dominated by
diffusion through the PVA matrix and the vesicle membrane for smaller vesicles. For larger vesicles, the release
might be controlled by the degradation of the vesicle and the PVA matrix.

To summarize, the size of the vesicles within curcumin-loaded vesicle-containing PVA nanofibers plays a
crucial role in determining the release profile. Smaller vesicles tend to release curcumin quickly due to a higher
surface area-to-volume ratio and shorter diffusion paths, while larger vesicles can provide a more controlled and
sustained release.

The relationship between the dissolution profile of curcumin-loaded vesicle-containing PVA nanofibers and
a combination of factors, including encapsulation efficiency, nanofiber morphology, PVA concentration, vesicle
stability, and the conditions of the dissolution medium, is complex and influenced by a combination of factors.

Sample: sEV-loaded nanofiber
Model SWeibull2 Value | Standard error
Equitation y=a- (a-b)*exp( -(k*x)Ad) |a | 0.10412 | 6.45E-04
Reduced Chi-Sqr | 7.38E-06 b | 0.0128 | 0.0024
Adj. R-Square 0.98454 d | 0.98869 | 0.04872

k |0.00147 | 4.93E-05
Sample: IEV-loaded nanofiber
Model SWeibull2 Value | Standard error
Equitation y=a- (a-b)*exp( -(k*x)Ad) |a | 0.74279 | 5.84E-02
Reduced Chi-Sqr | 9.03E-05 b |0 0.04736
Adj. R-Square 0.98996 d | 0.3986 |0.0591

k|7 174804

Table 3. Weibull-fitting parameters of curcumin-containing small- or large-sized extracellular vesicles (sEV or
IEV)-loaded nanofibrous samples.
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Fig. 5. Biphase curve fit of the IEV-loaded nanofibrous sample.

Optimizing these factors can lead to tailored release profiles suitable for various biomedical applications. The
optimal vesicle size depends on the specific application and desired release kinetics for curcumin?'.

Conclusions

Based on the findings, it has been successfully demonstrated that curcumin can effectively optimize the loading
of medium and small extracellular vesicles derived from HEK293 cells. Specifically, curcumin at a concentration
of 150 pM, incubated at 37 °C with a near-neutral pH for 30 min, serves as an efficient loading agent for these
extracellular vesicles. The presence of curcumin-loaded particles was confirmed through both spectrophotometry
and flow cytometry.

Additionally, nanofibrous scaffolds were successfully created from precursor solutions containing various
vesicles. Confocal microscopy allowed for the detection of curcumin-loaded large vesicles within polyvinyl
alcohol (PVA) nanofibers. A release study indicated that higher drug concentrations were found in nanofibers
containing larger vesicles. Notably, curcumin was released from the fiber samples relatively quickly, regardless of
the size of the embedded vesicles.

This research underscores the innovative potential of integrating extracellular vesicles (EVs) with
nanofibrous scaffolds to develop advanced drug delivery systems. The combination introduced several scientific
advancements: it merges biological and synthetic components, combining the therapeutic benefits of EVs
with the structural advantages of nanofibers to form a hybrid drug delivery system. This synergistic approach
enhances drug delivery capabilities, offering superior control over drug release kinetics compared to using either
component alone. Furthermore, the nanofiber matrix helps maintain the structural integrity of EVs, which is
crucial for preserving their therapeutic efficacy. Additionally, this innovative strategy allows for tailored release
profiles by adjusting the EV size and the properties of the nanofibers, enabling the fine-tuning of drug release
for specific therapeutic applications. Furthermore, the encapsulation of EV's within the nanofibers improves the
overall stability of the drug-loaded EVs, potentially extending their shelf life and efficacy.

Despite these promising results, several limitations require further consideration. These include challenges
in the dosing as the vesicle loading and the drug content can be limited, controlled drug release, manufacturing
complexity, potential bioactivity loss during electrospinning, immune response variability, and difficulties in
scaling production for clinical use. Addressing these challenges will be crucial for translating this technology
from research to therapeutic applications.

Despite all this, combining curcumin-loaded EVs within PVA nanofibers introduces an advanced strategy
for drug delivery with customizable release profiles. This method enables fine-tuning of drug release based
on EV size and nanofiber properties, enhancing stability and potentially extending shelf life and efficacy. By
encapsulating EVs in nanofibers, this approach offers significant advancements in targeted delivery, improving
bioavailability and therapeutic potential for agents like curcumin.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.
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