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A B S T R A C T   

Exosomes are naturally derived information carriers that present interest as drug delivery systems. However, 
their vague cargo and isolation difficulties hinder their use in clinical practice. To overcome these limitations, we 
developed exosome-like nanoparticles, consisted of the main lipids of exosomes, using two distinct methods: 
thin-film hydration and 3D-printed microfluidics. Our novel microfluidic device, fabricated through digital light 
processing printing, demonstrated a favorable architecture to produce exosome-like nanoparticles. We compared 
these two techniques by analyzing the physicochemical characteristics (size, size distribution, and ζ-potential) of 
both unloaded and genistein-loaded exosome-like nanoparticles, using dynamic and electrophoretic light scat
tering. Our findings revealed that the presence of small lipophilic molecules, cholesterol and/or genistein, 
influenced the characteristics of the final formulations differently based on the development approach. 
Regardless of the initial differences of the formulations, all exosome-like nanoparticles, whether loaded with 
genistein or not, exhibited remarkable colloidal stability over time. Furthermore, an encapsulation efficiency of 
over 87% for genistein was achieved in all cases. Additionally, thermal analysis uncovered the presence of 
metastable phases within the membranes, which could impact the drug delivery efficiency. In summary, this 
study provides a comprehensive comparison between conventional and innovative methods for producing 
complex liposomal nanosystems, exemplified by exosome-like nanoparticles.   

1. Introduction 

Nanomedicine is an emerging field that has significantly contributed 
to the development of novel medicines during the last decades (Germain 
et al., 2020; Martins et al., 2020). The production of biocompatible 
nanocarriers which can protect sensitive active pharmaceutical in
gredients (APIs) and deliver them precisely to a pathologic tissue elim
inates the systemic adverse effects of the API and opens new horizons in 
modern therapy and diagnosis (Aminu et al., 2020; Sahu et al., 2021; 
Thapa and Kim, 2023). Since the approval of the first nanoparticulated 
medicine in 1995 (Barenholz, 2012), many more have been marketted 
(Anselmo and Mitragotri, 2019; Thapa and Kim, 2023). In many cases, 
nanomedicines improve the quality of life of the patient, especially when 
a demanding medication is required (Anderson et al., 2020; Eskandari 
et al., 2020; Uppal et al., 2018). Not surprisingly, most recently, the 

progress in the field of pharmaceutical nanotechnology led to the 
development and approval of the COVID-19 vaccines (Tsakiri et al., 
2021). 

Drug delivery nanosystems are divided into various groups based on 
their components i.e., lipidic, polymeric, or metallic nanoparticles 
(Afzal et al., 2022). Lipid nanoparticles are the most promising ones, as 
they present the highest biocompatibility and lowest toxicity among the 
other materials (Mitchell et al., 2021; Sercombe et al., 2015). A variety 
of biomaterials that are present in eukaryotic cellular membranes, such 
as phospholipids and cholesterol, are usually the basic components of 
lipid nanoparticles allowing the degradation of the nanoplatform and 
the release of the API without causing any toxic effect (Mitchell et al., 
2021). Based on the above properties, many research groups have 
worked on the design of biomimetic lipid drug delivery nanoplatforms 
that present remarkable results (Leung et al., 2015; Sarfraz et al., 2018; 
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Vhora et al., 2019). 
Exosomes are naturally derived information delivery nanosystems 

(40–160 nm) as they promote inter- and intra-cellular communication. 
They are carriers of a plethora of different biomolecules such as proteins 
and peptides, nucleic acids, and lipids (Kalluri and LeBleu, 2020; Théry 
et al., 2002; Tsakiri et al., 2022a). Currently, exosomes are studied as 
novel advanced therapeutic medicinal products and according to clin
icaltrials.gov, 25clinical studies concerning exosomes as therapeutic 
delivery systems are active today. The structure of their lipid membrane 
is the main parameter that allows exosomes to be present in circulation 
for a long period without activating phagocytosis mechanisms (Das 
et al., 2019). Their membranes’ physicochemical and morphological 
characteristics are of high interest in the field of pharmaceutical tech
nology (Skotland et al., 2017). Nevertheless, exosomes are inherently 
heterogeneous particles, posing challenges in precise cargo control as 
their content closely mirrors the intracellular contents of the parent cell. 
(Aryani and Denecke, 2016; Tsakiri et al., 2022a). Genetic modifications 
of the parent cells and/or post-production modifications are necessary 
procedures for the utilization of exosomes as advanced medicinal 
products (Aday et al., 2021). According to the above, the design of 
exosome-like particles that mimic the exosomal membrane properties 
but lack their complex content could lead to the development of safe and 
efficient drug or biomolecule delivery nanoplatforms (García-Manrique 
et al., 2018; Li et al., 2021). 

The utilization of microfluidic devices for the development of soft- 
matter drug delivery nanoparticles is an easy, one-step, scalable pro
cess that gains ground upon other classic manufacturing procedures. For 
instance, this method eliminates the presence of toxic organic solvents i. 
e., chloroform that are extensively used in popular methods, such as thin 
film hydration. Moreover, additional steps for the homogenization and 
optimization of the nanocarriers, such as sonication or extrusion are not 
required (Ahn et al., 2018; Aranguren et al., 2020; Karnik et al., 2008; 
Leung et al., 2015; Zhao, 2013). By adjusting the critical mechanical 
properties of the microfluidic device someone can control and optimize 
the production of the lipid nanoparticles (Waghule et al., 2023). The 
architecture of the device and the width and length of the channels are 
the constant mechanical parameters that affect the characteristics of a 
lipid nanoparticulated formulation, while the total flow rate (TFR) and 
the flow rate ratio (FRR) are the variable parameters in the mentioned 
procedure (Rebollo et al., 2022; Roces et al., 2020). 

Although the microfluidic technique is unquestionably a novel 
method for the production of such innovative nanoplatforms, currently, 
it is usually accompanied by high cost of the equipment and limitations 
in the flexibility of the device architecture (Chakraborty and Parvez, 
2022; Elvira, 2021). The above limitations can be overcome by the 
ground-breaking evolution of additive manufacturing (Wang et al., 
2020). Three-dimensional printing allows the facile cost-effective design 
and development of complex microfluidic device architectures, ac
cording to the specific needs of each project (Tiboni et al., 2021). Many 
types of printers have been studied for this purpose. Weaver et al. used a 
liquid crystal display printer to develop their devices, while Sommonte 
et al., preferred to print their “diamond shaped” chips with a digital light 
processing (DLP) printer (Sommonte et al., 2022; Weaver et al., 2023). 

The aim of the present study is the comparison of a microfluidic 
technique via the use of a 3d-printed device to a classic, thin film 
hydration-sonication approach for the development of exosome-like 
nanoparticles. For this purpose, different molar ratios of 1,2-dipalmi
toyl-sn-glycero-3-phosphocholine (DPPC), Sphingomyelin (Egg, 
Chicken) (SM), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (PS 18:0/ 
18:1 or DOPS) and cholesterol (Chol) were used. Genistein, an isofla
vone with anti-inflammatory and antioxidant activity was used as a 
model small drug molecule. The microfluidic device was developed by 
DLP printing and the optimum TFR and FRR for the production of the 
exosome-like nanoparticles were selected. The physicochemical char
acteristics (hydrodynamic diameter, polydispersity index, and ζ-poten
tial) of both the formulations developed by thin film hydration- 

sonication and by the microfluidic device were studied by dynamic 
and electrophoretic light scattering. Moreover, we evaluated the incor
poration efficiency of genistein. Finally, the lipid membranes of the 
present formulations were analyzed by differential scanning 
calorimetry. 

2. Methods and materials 

2.1. Materials 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), Sphingomye
lin (Egg, Chicken) (SM) were purchased from Avanti® Polar Lipids Inc. 
(Alabaster, AL, USA).1,2-dioleoyl-sn-glycero-3-phospho-L-serine (PS 
18:0/18:1 or DOPS) was received as a gift from Lipoid GmbH (Lud
wigshafen, Germany). Cholesterol and genistein were acquired from 
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Chloroform, ethanol, 
acetone and HPLC-grade water were of analytical grade and purchased 
from Sigma-Aldrich® Co. (St. Louis, MO, USA). The Microfluidic chips 
were 3D-printed using microfluidic resin, MiiCraft BV-007A (Young 
Optics Inc., Hsinchu, Taiwan). 

2.2. Design and 3D printing of microfluidic chip 

Microfluidic chip was designed via CAD software (SolidWorks 
2018–2019, Dassault Systèmes). The Chip comprises of two large 
threaded inlets as showing in Fig. 1 designed with 8 mm length at 28 
threads per inch. Each large inlet converges into an independent rect
angular inlet channek with a width of 500 µm and a height of 300 µm. 
Both inlets then merge into larger mixing channel with identical height 
and a width of 800 µm and a channel length of 3.5 cm followed by an 
outlet. Within the length of the mixing channel, fin like structures is 
present with repeated patterns (32 cycles). The fins dimensions within a 
single cycle are shown in Fig. 2. Each fin’s thickness is approximately 
100 µm. 

The chip was 3D printed using a DLP based printed Asiga Max 
equipped with a 385 nm UltraViolet (UV) DLP projector with pixel size 
at 27 µm. A low viscosity microfluidic resin was used for 3D printing of 
the microfluidic chips. The designed.prt file was then converted in to a 
stl file a readable file compatible with printer’s slicing software 
Composer (Composer 2.1, Asiga). The structure was then laid flat on the 
build plate for the slicing. The Chip was sliced at 25 um layer thickness 
with no support needed. Each layer of the chip was printed using a UV 
intensity of 3 mW/cm2 and a layer exposure time of 3.3 s accordingly. 
First layer exposure time was set to 112 s with identical UV intensity to 
ensure adequate adherence of the chip to the build plate. 

After completion of the printing process the chip was gently removed 
from the build plate and then immersed in isopropanol bath for 10 min 
to wash out any uncured resin residues on the surface of the microfluidic 
chip. The internal channels then were washed for 5 cycles with iso
propanol to wash away the uncured resin residues within the micro
fluidic channels. The chip was left for 4 h or overnight at ambient 
environment to dry. At the end the chip was cured under optimised 
settings from previous studies in a UV-A heated chamber at 40 ◦C for 60 
min to complete the polymerization of the microfluidic chip (Tabriz 
et al., 2022). 

2.3. Preparation of liposomes by thin film hydration (TFH) method 

Liposomes were prepared according to the thin-film hydration 
method reported in the literature at a concentration equal to 10 mg/mL 
(Tsakiri et al., 2022b). Briefly, stock solutions of DPPC, SM, DOPS, 
cholesterol and genistein in chloroform at a concentration 10 mg/mL 
were prepared (Fig. 1). Aliquots of the stock solutions were mixed into a 
round-bottom flask (50 mL) to prepare the exosome-like nanoparticles 
of the following consistency: DPPC:SM:DOPS:Chol 77.5:10:2.5:10, 
75:10:5:10, 70:10:10:10, 65:10:15:10, 47.5:10:2.5:40, 45:10:5:40, 
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40:10:10:40, 35:10:15:40 M ratio, and DPPC:SM:DOPS:Chol:Gen 
35:10:15:35:5 and 35:10:15:30:10. The flask was inserted into a rotary 
evaporator (Rotavapor) and vacuum was applied at 42 ◦C for 30 min in 
order for the organic solvent to be evaporated and a thin film to be 
formed. The hydration process was taken place by slowly stirring for 1 h, 
in a temperature above the systems’ phase transition temperature. The 
lipidic vesicle dispersions were subjected to two, 5 min sonication cycles 
(amplitude 70, cycle 0.5) interrupted by a 5 min resting period, in water 
bath, using a probe sonicator (UP 200S, dr. hielsher GmbH, Berlin, 
Germany). The resultant exosomes-like nanoparticles were allowed to 

anneal for 30 min. The final formulations were stored at 4 ◦C. 

2.4. Microfluidic formulation of the exosomes-like nanoparticles 

For the preparation of the same exosome-like nanoparticles by 
microfluidics, the 3D printed chip was connected to anIPS 14R inde
pendent dual channel syringe pump (Inovenso Ltd. Co, Turkey). The 
appropriate aliquots of DPPC, SM, DOPS, Chol and Gen (Fig. 1) were 
dissolved in ethanol:acetone 95:5 at a total lipid concentration 40 mg/ 
mL. The organic phase was pumped against HPLC grade water at 

Fig. 1. The chemical structures of a. DPPC, b. SM, c. DOPS, d. cholesterol and e. genistein.  

Fig. 2. (a) Design of the microfluidic chip. (b) A single cycle of the fins presents within the missing channel. (c) Top and (d) side of the microfluidic chip design.  
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controlled flow rate and the final formulations were collected from the 
outlet of the chip. The final concentration was 10 mg/mL. The TFR was 
3 mL/min and the FRR was 6:4 (organic phase:water). The organic 
solvent was evaporated under a stream of argon gas and gentile mag
netic stirring. 

2.5. Dynamic and electrophoretic light scattering 

The size, size distribution, and ζ-potential of the developed nano
systems in aqueous media were measured by dynamic light scattering 
(DLS) and electrophoretic light scattering (ELS). For these studies, 50 μL 
of the dispersion was diluted to 1 mL of HPLC-grade water and measured 
for particle size (hydrodynamic diameter, Dh), size distribution (poly
dispersity index, PDI), and charge (ζ-potential, ζ-pot). Measurements 
were performed at a detection angle of 90◦ and at 25 ◦C, in a photon 
correlation spectrometer (Zetasizer ZSU3105, Malvern, UK) and 
analyzed by the ZS XPLORER software (Malvern software). According to 
the instruments specifications, a mean count rate 200–500 kcps is 
optimal for the measurements. All the measurements that are presented 
appear a mean count rate (scattering intensity) of this range. 

2.6. Entrapment efficiency (%EE) determination 

The free genistein was separated from the genistein entrapped in the 
exosomes-like nanoparticles using the ultrafiltration centrifugal 
method. Briefly, the dispersion was centrifuged for 30 min at 8000 rpm 
using centrifugal filter tubes (molecular weight (MW) cutoff = 10 kDa; 
Millipore) at 4 ◦C. The nanoparticles were separated from the aqueous 
phase, and the free genistein was analyzed in the supernatant. The UV −
Vis spectrophotometry method was used to measure the free drug con
centration in the samples after centrifugation and supernatant collec
tion. The absorption measurements were performed at a wavelength of 
370 nm after adding 50 μL AlCl3, by using UV − Vis spectrophotometry 
(microplate spectrophotometer INNO, LTEK Co. Ltd, Republic of Korea) 
and a preconstructed calibration curve. AlCl3 was added to the disper
sion to facilitate the quantification of genistein. Centrifuged samples of 
the respective empty exosome-like nanoparticles were used as a blank. 
The Entrapment Efficiency (%EE) was calculated according to the 
following equation: 

(%EE) =
(

1 −
Csupernatant

Ctotal

)

%  

where Csupernatant is the genistein concentration that was quantified in 
the supernatant (not entrapped) and Ctotal is the total concentration of 
the genistein added in the dispersion. 

2.7. Differential scanning calorimetry 

Differential Scanning Calorimetry experiments were performed with 
a DSC822e (Mettler-Toledo, Schwerzenbach, Switzerland) calorimeter, 
calibrated with pure indium (Tm = 156.6 ◦C). Sealed aluminum cruci
bles of 40 μL capacity were used as sample holders. Lipid bilayers of 
DPPC, DPPC:SM 90:10, DPPC:SM:DOPS 75:10:15, DPPC:SM:DOPS:Chol 
70:10:15:5 and 65:10:15:10 as well as DPPC:SM:DOPS:Gen 70:10:15:5 
and 65:10:15:10 M ratio were prepared by mixing the appropriate ali
quots of the stock solutions into a round-bottom flask inserted into a 
rotary evaporator (Rotavapor) and vacuum was applied at 42 ◦C for 30 
min in order for the organic solvent to be evaporated and a thin film to 
be formed.. The film was maintained under vacuum for at least 24 h in a 
desiccator to remove traces of solvent. The prepared bilayers were 
analyzed by placing approximately 2.0 mg of each sample in the cru
cible, hydrating by 50 % w/vof HPLC-grade water. 

2.8. Scanning electron microscopy (SEM) 

Opened designs of the microfluidic devices were printed using the 
same technique and the same features and SEM images were captured 
with Hitachi SU8030 (Tokyo, Japan) by an electron beam accelerating 
voltage of 1.0 kV and magnification of 30 x. 

2.9. Statistical analysis 

All results are expressed as mean value ± SD (SD stands for standard 
deviation) from three independent experiments. Most data were 
analyzed by using one-way ANOVA followed by Holm-Bonferroni post 
hoc test (unless another approach is mentioned in the graphs). When 
more factors were compared two-way ANOVA was performed. The 
significance of comparisons is presented on the graphs (*: p < 0.05, **: p 
< 0.01, ***: p < 0.001, ****: p < 0.0001). 

3. Results and discussion 

3.1. Microfluidics chip development 

Microfluidic arrays have demonstrated excellent benefits for the 
engineering of lipid nanoparticles (Zhang et al., 2020). One alternative 
manufacturing technique for microfluidic chips that has lately gained 
popularity is 3D printing, as it has the potential to solve many issues of 
the poly(dimethylsiloxane) fabricated devices (Chen et al., 2016). The 
major advantage of 3D printing is the fabrication of robust and complex 
designs with unique features. In this study, the use of DLP offered 
excellent print resolution and enabled the printing of the designed chips. 
The present microfluidic chip was inspired by the one-way valve called 
“valvular conduit” designed by Nicola Tesla (Tesla, 1920). As shown in 
Fig. 2.b the chips are equipped with micromixer structures which create 
diverging flow resulting in increased pressure along the flow of the 
organic and aqueous phase during mixing. The pressure is called adverse 
pressure gradient condition. By adjusting the angle of the micromixer 
structures, it possible to create flow vortices that result in energy loss 
while the flow is divide in two part. The micromixer elements are placed 
in such way that the secondary flow is mixed with the primary and the 
process is repeated at every unit of the four micromixers. As shown in 
Fig. 2.b the distance of the first two micromixers is narrower compared 
to the following two of the unit and positioned at different angles so they 
increase the generated pressure. The mixed primary and secondary flow 
create chaotic advection leading to rapid mixing and the formation of 
nanoparticles with small particle size and narrow polydispersity index. 

A major advantage of the Tesla microfluidic chip is that the width, 
depth, heigh and angles can be rearranged for further optimization of 
the design. Fig. 3 illustrates the SEM analysis of printed Tesla chips with 
excellent print orientation and accuracy. As shown in Fig. 3.a the 
micromixer structures are perfectly printed with distinct layers (six) and 
thickness of 25 μm each. Furthermore, Fig. 3.b shows the high precision 
printing of the repeated micromixer units with the exact length, width 
and interdistances between each fin and the microchannel walls. More 
importantly there are no print defects or resin residues within the 
microchannel that could affect the mixing of the flow streams. 

3.2. Non-loaded exosome-like particles developed by Tesla microfluidic 
chips 

Based on previous lipidomics analysis of biologically-derived exo
somes (Skotland et al., 2017; Trajkovic et al., 2008), DPPC:SM:DOPS: 
Chol 77.5:10:2.5:10, 75:10:5:10, 70:10:10:10, 65:10:15:10 M ratio and 
47.5:10:2.5:40, 45:10:5:40, 40:10:10:40, 35:10:15:40 M ratio exosome- 
like particles were developed. Those containing 40 % mol Chol are those 
presenting the high affinity to the lipid consistency of the exosomal 
membrane while the nanoparticles with 10 % mol of Chol are used as 
reference systems. We used dynamic and electrophoretic light scattering 
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to investigate the physicochemical characteristics of the exosome-like 
nanoparticles produced by the Tesla microfluidic chip. In Figure S.1, 
the size, size distribution, and ζ-potential of the prepared systems are 
shown. 

According to the literature, although high flow rate ratios result in 
the formation of smaller size particles, they present some limitations 
associated with the physical properties of the continuous (in this case the 
aqueous) and the disperse (ethanolic) phase as well as with the archi
tecture of the device. These parameters result in a maximum actual flow 
ratio that might be lower than the nominal one when the second is high 
(Costa et al., 2017). Thus, for the preparation of our formulations, we 
decided to use a TFR of 3 mL/min. 

Differences in the hydrodynamic diameter (Dh) and polydispersity 
index (PDI) values of the developed exosome-like nanoparticles can be 

detected (Table 1). A higher percentage of cholesterol leads to smaller 
and more homogenous drug-delivery nanosystems. Regarding the sys
tems that contain 10 % mol Chol, the Dh values vary from approximately 
150 nm to 360 nm, while values 140 to 190 nm are observed for the 
exosome-like particles with a higher amount of cholesterol. Cholesterol 
is a sterol molecule well-known for its ability to modify the rigidity/ 
flexibility of lipid bilayers and thus, it is one of the main factors that 
determine the stability of liposomal formulations (Nakhaei et al., 2021). 
We believe that the formation of liposomal nanoparticles with optimized 
physicochemical characteristics in terms of size and size distribution of 
the systems with 40 % mol Chol is attributed to the decreased affinity of 
the lipid bilayer with ethanol in contrast to the systems with 10 % mol 
Chol (Trandum et al., 2000). Subsequently, during the mixing process of 
the aqueous and organic phases, the self-assembly of the lipidic bilayer 
fragments leads to an increase in the surface area-to-volume ratio 
(Antonietti and Förster, 2003). 

As for the nanoparticles with the lower percentage of cholesterol, an 
increase in DOPS notably drives the lipids to self-assemble into larger 
nanoparticles while the homogeneity of the structures is improved 
(Table 1 and Figure S.1.a). The observed augmentation in the hydro
dynamic diameter resulting from the increase in DOPS is consistent with 
the results obtained by Casadó and group (Casadó et al., 2018). The 
present phenomenon is not observed for the exosome-like particles that 
consist of a higher amount of cholesterol. 

In conclusion, as cholesterol affects the flexibility of the lipid mem
branes, we believe that the development of lipid nanoparticles by the use 
of microfluidic devices is preferable when the consistency of the nano
systems is rich in a rigidity/flexibility regulator such as cholesterol or a 
lipid with a low transition temperature from the gel phase to the liquid 
crystalline phase. 

Regarding the absolute ζ-potential value of the empty exosome-like 
nanoparticles, an increase is observed as the % mol DOPS increases. 
The above is attributed to the negative charge of the DOPS lipid 
(Figure S.1.c). Non-significant differences are shown between the 
groups that contain 10 or 40 % mol Chol for all nano-formulations 
except of the those that contain 5 % DOPS. According to the literature 

Fig. 3. SEM images of 3D printed Tesla chips.  

Table 1 
The physicochemical characteristics (Dh, PDI and ζ-potential) of the exosome- 
like particles prepared by the Tesla microfluidic chips.  

System Molar ratio Dh (nm) PDI ζ-potential 
(mV) 

10 % Chol 
DPPC:SM: 

DOPS:Chol 
77.5:10:2.5:10 177.8 ±

4.2 
0.382 ±
0.018 

–33.3 ± 4.7 

DPPC:SM: 
DOPS:Chol 

75:10:5:10 155.8 ±
2.7 

0.306 ±
0.012 

− 16.3 ± 0.2 

DPPC:SM: 
DOPS:Chol 

70:10:10:10 258.7 ±
5.0 

0.428 ±
0.036 

− 57.8 ± 3.2 

DPPC:SM: 
DOPS:Chol 

65:10:15:10 362.3 ±
1.6 

0.218 ±
0.016 

− 57.5 ± 1.2 

40 % Chol 
DPPC:SM: 

DOPS:Chol 
47.5:10:2.5:40 155.8 ±

0.2 
0.219 ±
0.011 

− 30.5 ± 0.7 

DPPC:SM: 
DOPS:Chol 

45:10:5:40 141.3 ±
0.0.3 

0.111 ±
0.021 

− 34.4 ± 0.2 

DPPC:SM: 
DOPS:Chol 

40:10:10:40 186.5 ±
0.3 

0.099 ±
0.007 

− 57.4 ± 1.0 

DPPC:SM: 
DOPS:Chol 

35:10:15:40 140.7 ±
0.4 

0.126 ±
0.004 

− 52.8 ± 1.4  
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(Demetzos, 2016), nanoparticles with ζ-potential values exceeding 30 
mV exhibit long-term physicochemical stability. Almost all the exosome- 
like nanoparticles we received surpass this 30 mV threshold. 

As shown in Fig. 4, the long-term physicochemical stability of the 
developed nanoplatforms is verified by the obtained results. No ΔDh 
higher than 30 nm is detected and PDI values are not significantly 
affected after 7 days. A significant increase of the PDI, when compared 
to the value of the day of production, can be detected mainly for the 
exosome-like particles that consist of 10 % Chol. Except of their smaller 
hydrodynamic diameter, the exosome-like particles with 40 % Chol 
presented lower PDI values, too. 

3.3. Non-loaded exosome-like particles developed by thin film hydration- 
sonication method 

To compare the efficiency of microfluidic and thin film hydration- 
sonication methods, we developed the same exosome-like nano
particles DPPC:SM:DOPS:Chol 77.5:10:2.5:10, 75:10:5:10, 70:10:10:10, 
65:10:15:10 and 47.5:10:2.5:40, 45:10:5:40, 40:10:10:40, 35:10:15:40- 
by the thin film hydration method. Subsequently, a sonication protocol 

was followed for the decrease of the size and size distribution of the 
formulations. The hydrodynamic diameter (Dh) and polydispersity index 
(PDI) of the platforms were evaluated by DLS measurements while the 
ζ-potential value was calculated by ELS. 

Figure S.2 and Table 2, present the Dh, PDI and ζ-potential values of 
freshly prepared exosome-like nanoparticles. For the compositions with 
10 % mol Chol, the size was not significantly affected by the increase of 
DOPS – all the Dh values range between 48.4 and 59.8 nm. As for the 
exosome-like nanoparticles consisted of 40 % mol Chol, the Dh values 
varied from 70.8 to 82.9 nm. The findings indicate that higher Chol 
amounts resulted in increased liposome sizes by approximately 20 nm 
(Figure S.2) which are in accordance with previous studies (Kaddeh 
et al., 2018). This is due to the Chol effect which acts as a membrane 
fluidity modulator. Specifically, we believe that high ratio of Chol re
sults in a limit of the particle’s curvature, and in this way, prohibiting 
the formation of exosome-like particles of a lower hydrodynamic 
diameter. However, the increase in the size of the exosome-like nano
particles is not accompanied by an increase in the polydispersity index 
as the PDI values remain stable at approximately 0.3 in all cases. 

Due to the negative charge of the DOPS head group, the platforms 

Fig. 4. Stability assessments of a. the size (Dh, nm) and b. the polydispersity index (PDI) of DPPC:SM:DOPS:Chol 77.5:10:2.5:10, 75:10:5:10, 70:10:10:10, 
65:10:15:10 M ratio and 47.5:10:2.5:40, 45:10:5:40, 40:10:10:40, 35:10:15:40 M ratio exosome-like particles, developed by the Tesla microfluidic chips. Data are 
presented as mean value ± SD (n = 3). Significance of the effect of lipid composition on the stability was studied by 2 W-ANOVA. To determine the stability over time 
(days 2,7, and 14 versus day 0) of each formulation student t-test was used (significant values are reported in the figures; *: p ≤ 0.05, **: p ≤ 0.01). 
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appear to have negative ζ-potential values. As expected, increasing the 
ratio of DOPS causes more negative values. Interestingly, the system that 
contains 5 % DOPS mol and a higher ratio of Chol (40 %) present slightly 
more negative values in comparison with the one that consists of 10 % 
mol Chol. The above is in accordance with the studies of Magarkar et al, 
who pointed out that increasing level of Chol decreases the ability of 
Na+ ions to interact with negatively charged areas of the phosphati
dylcholines (PCs) using molecular dynamics simulation and experi
mental data (Magarkar et al., 2014). However, this effect is not observed 
in systems with a higher percentage of DOPS molecules, suggesting that 
in such cases, the mentioned effect is insignificant. 

Regarding the physicochemical stability of the exosome-like nano
particles over time (Fig. 5), it was shown that neither the size nor the 
polydispersity of the platforms undergoes any changes after 15 days. 
However, the lipid consistency of the exosome-like particles signifi
cantly affects the hydrodynamic diameter and the polydispersity index 
of the nano-formulations. The exosome-like nanoparticles that present 
the lowest stability over this period are the ones that consist of 5 % mol 
DOPS and 40 % mol Chol (ΔDh = 12.3 nm). Monodisperse graph pop
ulations (PDI values between 0.3 and 0.4) are received for all the sys
tems and no aggregation trends are observed. Thus, we assume that the 
electrostatic repulsions caused by even the lowest consistency of DOPS 
(2.5 % mol), when the ζ-potential value is approximate –20 mV, are 
capable to retain the nanoparticle stability over this period. 

3.4. Entrapment of genistein into the exosome-like particles 

Genistein is an isoflavone molecule with anti-inflammatory and 
antioxidant activity. The role of genistein as a neuroprotective molecule 
has been widely evaluated (Mas-Bargues et al., 2022; Seo et al., 2018; 
Petry et al., 2021; Hirohata et al., 2012). Nevertheless, due to it’s 
physicochemical characteristics, limited bioavailability has been issued 
(Gleason et al., 2015). 

For the development of the genistein-loaded nanoplatforms, we 
proceeded with the formulations that contain 40 % mol of the small 
lipophilic molecules (cholesterol and/or genistein), which are incorpo
rated in the lipidic membrane. Thus, we designed and developed DPPC: 
SM:DOPS:Chol:Gen 35:10:15:35:5 (G-1) and 35:10:15:30:10 (G-2), 
exosome-like particles which contained 5 % and 10 % of genistein 
respectively. 

As shown in Fig. 6, regarding the particle size of the genistein-loaded 
exosome-like nanoparticles, prepared by the thin-film hydration 
method, the replacement of a cholesterol part to a genistein part causes a 
decrease of the particles’ size and polydispersity index. However, it 

appears that the obtained particle size (~60 nm) was not affected by the 
ratio of genistein (5 to 10 %). In contrast, as to the Tesla chips, the 
increased genistein amounts led to larger particle size and PDI of the 
exosome-like nanoparticles. In fact, by increasing the ratio of genistein 
from 5 to 10 %, the particle size was significantly increased to 340 nm 
for the latter. The homogeneity of these particles in this case is higher for 
the G-2 systems (10 % mol genistein). The 14-day stability assessment 
showed that the formulations developed either by thin-film hydration/ 
sonication or by microfluidic device retained the physicochemical 
characteristics (size and polydispersity). 

The % entrapment efficiency (%EE) of genistein was measured by 
UV–Vis spectrophotometry. As genistein is a molecule with a water 
solubility lower than 1 μg/ml (Cohen et al., 2011), high incorporation 
ratio is expected. Indeed, the obtained data revealed a %EE higher than 
87 % in all the cases (Figure S.3). The exosome-like particles received 
by the microfluidics technique presented slightly increased %EE values 
when compared to the ones developed by the thin-film hydration/son
ication method. 

3.5. Comparison of the thin film hydration method and microfluidics for 
the development of the exosome-like particles 

The comparison of thin film hydration and microfluidic techniques 
for the development of lipid-based nanoparticles picked out their effect 
on the obtained particle size. In the present work, both approaches were 
evaluated for the development of complex biomimetic lipid 
nanoparticles. 

The experimental findings demonstrated that the processing tech
nology and the lipid consistency play an important role. The usage of 
microfluidics chips led to nanoparticles with increased particle size 
which is in contrast to similar studies (Al-amin et al., 2020; Skupin- 
Mrugalska et al., 2021). However the results are related to the formu
lation complexity such as the presense of highly chargable lipids and 
genetic material (Elsana et al., 2019). The use of 3D-printed microfluidic 
chips led to the formation of nanoparticles with better polydispersity by 
altering the Chol ratios. Increased Chol amounts led to smaller nano
particles and confirmed that Chol improves the packing defects of the 
lipid bilayers. On the other hand, TFH led to the hydrodynamic 
diameter). 

Notably, increased ratio of DOPS led to the formation of exosome- 
like particles of increased hydrodynamic diameter for both methods. 
Regarding the PDI, in the case of the microfluidics chip, we observe 
similar values to the other formulations, while when we applied the 
TFH, increasing of DOPS resulted in analogous increase of the PDI. 

The stability over time for all exosome-like nanoparticles was not 
influenced by the processing methodology but was dependent on the 
formulation composition. The experimental findings suggest that even 
low DOPS (2.5 %) amounts promote the nanoparticle stability. 

The incorporation of the drug resulted in significant differences on 
the hydrodynamic diameter and the polydispersity index of the formed 
nanoparticles. While the stability is maintained for all the formulations, 
when the 3D-printed chips were used, increasing ratio of genistein led to 
a significant increase of the hydrodynamic diameter of the dispersion. 
To the contrary, for the TFH-sonication technique the incorporation of 
higher genistein amounts has not caused any remarkable effects on the 
exosome-like nanoparticles characteristics. The slightly higher %EE that 
was obtained by using microfluidics chips, in comparison to previous 
studies (Al-amin et al., 2020), suggests that the technology can facilitate 
better encapsulation efficiency for hydrophobic molecules. 

3.6. Thermotropic behavior of the exosome-like membranes 

The thermotropic behavior of DPPC, DPPC:SM 90:10, DPPC:SM: 
DOPS 75:10:15, DPPC:SM:DOPS:Chol 70:10:15:5 and 65:10:15:10 as 
well as DPPC:SM:DOPS:Gen 70:10:15:5 and 65:10:15:10 M ratio was 
evaluated by DSC (Fig. 7 and Table 3). The analysis is based on Tonset, 

Table 2 
The physicochemical characteristics (Dh, PDI and ζ-potential) of the exosome- 
like particles prepared by thin film hydration-sonication method.  

System Molar ratio Dh (nm) PDI ζ-potential 
(mV) 

10 % Chol 
DPPC:SM:DOPS: 

Chol 
77.5:10:2.5:10 48.4 ±

9.0 
0.297 ±
0.055 

− 20.1 ± 1.1 

DPPC:SM:DOPS: 
Chol 

75:10:5:10 56.3 ±
10.4 

0.318 ±
0.068 

− 31.7 ± 1.9 

DPPC:SM:DOPS: 
Chol 

70:10:10:10 59.8 ±
7.3 

0.279 ±
0.013 

− 54.5 ± 2.3 

DPPC:SM:DOPS: 
Chol 

65:10:15:10 58.5 ±
11.8 

0.316 ±
0.048 

− 64.7 ± 2.9 

40 % Chol 
DPPC:SM:DOPS: 

Chol 
47.5:10:2.5:40 70.8 ±

9.1 
0.260 ±
0.068 

− 21.5 ± 2.6 

DPPC:SM:DOPS: 
Chol 

45:10:5:40 79.0 ±
10.6 

0.270 ±
0.039 

− 52.0 ± 2.7 

DPPC:SM:DOPS: 
Chol 

40:10:10:40 78.5 ±
14.4 

0.298 ±
0.044 

− 54.7 ± 1.7 

DPPC:SM:DOPS: 
Chol 

35:10:15:40 82.9 ±
11.8 

0.303 ±
0.068 

− 50.2 ± 2.3  
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Tm, ΔT1/2, and ΔH of fully hydrated lipid bilayers which were used to 
investigate the effect of each biomaterial on the properties of the 
membrane. 

As it is shown in Fig. 7.a, the characteristic low-enthalpy pre
transition at 35.69 ◦C and the main sharp transition curve from the 
ripple phase (Pβ’) to the liquid crystalline phase (Lα’) at 41.49 ◦C appear 
on the thermogram(Gardikis et al., 2006; Matsingou et al., 2005). When 
sphingomyelin (SM) is inserted in the bilayer, both the pretransition and 
the main curves shift to lower temperatures (29.35 ◦C and 39.96 ◦C, 
respectively). However, we observe an increase of the ΔH and a small 
decrease in the curve width (ΔT1/2), showing a stiffer conformation of 
the membrane that presents low polydispersity. 

The elimination of the ripple phase (represented by the pretransition 
curve) and intense decrease of the main transitions’ ΔH from 45.98 J/g 

to 27.77 J/g are observed when 15 % mol DOPS is added in the bilayer. 
The abolishment of the pretransition is attributed to the changes in the 
mobility of the DPPC choline polar heads (Gardikis et al., 2006) while 
the decrease of the ΔH is correlated to the mobility of the alkyl chains 
(Zhao et al., 2007). DOPS dispose of two mono-unsaturated alkyl chains, 
which weaken the hydrophobic van der Waals interactions of the inte
rior hydrophobic area of the bilayer leading to a looser and more flexible 
bilayer (Leekumjorn et al., 2009). Moreover, the addition of DOPS 
causes a de-convolution of the main transition curve, which is more 
visible in the cooling process (Figure S.4). This phenomenon indicates 
the presence of two distinct lipidic composition areas, similar to the lipid 
rafts that appear in the cellular membrane. Lipid rafts are areas in the 
bilayer that are rich in saturated lipids, sphingomyelin, and cholesterol 
dispersed in a matrix composed of high ratios of unsaturated lipids 

Fig. 5. Stability assessments of a. the size (Dh, nm) and b. the polydispersity index (PDI) of DPPC:SM:DOPS:Chol 77.5:10:2.5:10, 75:10:5:10, 70:10:10:10, 
65:10:15:10 M ratio and 47.5:10:2.5:40, 45:10:5:40, 40:10:10:40, 35:10:15:40 M ratio exosome-like particles, developed by thin film hydration-sonication method. 
Data are presented as mean value ± SD (n = 3). Significance of the effect of lipid composition on the stability was studied by 2 W-ANOVA. To determine the stability 
over time (days 2,7, and 14 versus day 0) of each formulation student t-test was used (significant values are reported in the figures; *: p ≤ 0.05). 
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Fig. 6. Stability assessments of the size (Dh, nm) in bars and the polydispersity index (PDI) in dots of DPPC:SM:DOPS:Chol:Gen 35:10:15:35:5 (G-1) and 
35:10:15:30:10 (G-2) developed by a. thin film hydration protocol and b. 3d-printed microfluidic technique. Data are presented as mean value ± SD of three in
dependent measurements (n = 3). Significant values are reported in the figures; *: p ≤ 0.05), ***: p ≤ 0.001. 

Fig. 7. DSC heating thermograms of (a) DPPC, (b) DPPC:SM 90:10, (c) DPPC:SM:DOPS 75:10:15, (d) DPPC:SM:DOPS:Chol 70:10:15:5, (e) DPPC:SM:DOPS:Chol 
65:10:15:10, (f) DPPC:SM:DOPS:Gen 70:10:15:5, and (g) DPPC:SM:DOPS:Gen 65:10:15:10 M ratio lipid bilayers hydrated with HPLC-grade water. 
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(Fritzsching et al., 2013). These lipidic domains have been linked to 
various cellular processes and influence cellular activities in health and 
disease (Fantini et al., 2020; Gurung et al., 2021; Levental et al., 2020). 
Taking into account that the design and composition of the studied lipid 
bilayers were selected by choosing the key exosomal membrane lipids, 
we believe that the two rafts that appear in our exosome-like membranes 
follow the same biophysical formation route as the ones observed in the 
cellular membranes. The present hypothesis is of high importance as we 
aim to mimic the unique biophysical properties and consequently, the 
biological functionality of the exosomal membranes. As to the authors’ 
knowledge, this is the first time that the thermodynamic behavior of an 
exosomal-like membrane of the current consistency is presented and 
correlated to cellular and exosomal lipid rafts. 

As the obtained thermodynamic data confirmed the formation of the 
lipid rafts, thermal analysis was further conducted for samples with 
increased cholesterol or genistein amounts in the bilayer. Although both 
cholesterol and genistein are small lipophilic molecules (MWChol =

386.65 g/mol and MWGen = 270.241 g/mol), their incorporation with 
the lipid bilayer leads to different structures and fluidity of the mem
brane. Genistein has three hydroxyl groups (Cao et al., 2013), indicating 
that its incorporation to the lipid bilayer is focused mainly on the vi
cinity of the polar head groups of the membrane. In contrast, cholesterol 
is more lipophilic and is inserted in deeper layers of the bilayer. 

In Fig. 7(d-g), the interaction of equimolar mixtures of either 
cholesterol or genistein within the lipid membrane shows the effect on 
the thermal behavior of the membrane. The thermal analysis study re
veals that cholesterol causes a more intense rearrangement of the 
membrane as the endothermic ΔH of the bilayers that contain choles
terol is almost zeroed out (8.99 J/g in the case of 5 % mol, and 5.43 J/g 
for 10 % mol Chol respectively). The Tm is only affected at the highest 
concentration of Cholesterol, when it shifts down by approximately 3 ◦C. 
Regarding genistein, we observe that Tonset, Tm, and ΔH values of the 
endothermic evaluation are higher than the ones of the DPPC:SM:DOPS 
bilayers, suggesting that genistein is not only a pharmacologically active 
molecule but can also act as a membrane fluidity factor, too. The tail 
presented before the Tm indicates the presence of metastable phases 
(micro-domains) that play a key role for the interactions between the 
formed nanoparticles and the cellular membranes. 

4. Conclusion 

Exosome-like nanoparticles composed of DPPC, SM, DOPS, and 
cholesterol at different molar ratios were developed by either thin-film 
hydration or microfluidic techniques. The comparative study of the 
two different preparation methods showed major differences in terms of 
the obtained particle size of the nanoformulations. The thin-film hy
dration/sonication method produced smaller exosome-like 

nanoparticles, with a Dh lower than 100 nm in comparison to Tesla 
chips. With the thin-film hydration technique, particle size increased as 
the cholesterol amount increased, while the opposite was observed for 
the Tesla chips. All of the obtained nanodispersions were stable under 
storage stability due to the highly negative ζ-potential values. For the 
loaded genistein into the exosome-like nanoparticles the particle size of 
the nanoparticles was not affected when using the thin-hydration tech
nique while the Tesla microfluidics presented strong dependence on the 
genistein content. This behavior is attributed to the effect of the drug 
molecule on the fluidity of the lipid bilayers. By using Tesla chips, a 
slightly higher encapsulation efficiency was observed in comparison to 
lipid-hydration. Thermal analysis showed that the incorporation of 
genistein resulted in a new thermotropic curve, when compared to the 
same bilayer without the drug molecule. In conclusion, this is the first 
time that thin-film hydration and 3D-printed microfluidic protocols 
were compared for the preparation of non-loaded or genistein-loaded 
exosome-like nanoparticles. According to the above, we underline that 
the lipid consistency of the exosome-like nanoparticles has a different 
effect depending on the method of production. In this study, the Tesla 
chip appears to be superior for liposomes with high content of choles
terol, as the exosome-like nanoparticles, due to the lower polydispersity 
index. However, for liposomes with a lower ratio of cholesterol thin film 
hydration/sonication might be a better method of production. In 
conclusion, the work demonstrates that novel microfluidic arrays are 
suitable for the development of complex biomimetic lipid 
nanoplatforms. 
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