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Lipid bicontinuous cubic phases are precursors to cubosomes–a promising type
of nanoparticle for the delivery of multicomponent biomolecular mixtures for
applications in health such as regenerative medicine and wound healing. In this
study, we showed that the secretome of mesenchymal stem cells (MSCs), a
complex mixture of growth factors, cytokines, extracellular vesicles, and other
cell-secretedmolecules with therapeutic potential, can be fully incorporated into
the bicontinuous cubic phases of phytantriol and monoolein. When the
secretome was added to dry lipid films, the resulting partial phase diagrams of
these lipid-secretome systems, although more complex, resemble those of their
lipid-water analogs. Remarkably, visual inspections and Small-Angle X-ray
Scattering (SAXS) studies showed composition regions of homogeneous solid-
like lipid mesophases without excess liquid phase-separation. This indicates that
the diverse secretome components, even with their varied sizes and structures,
are fully integrated into the cubic phases. SAXS showed patterns dominated by
bicontinuous cubic phases with structural parameters close to the lipid-water
systems. This suggests that water-soluble proteins likely localize within the water
channels of the bicontinuous cubic phase, which must exhibit flexibility to
accommodate proteins of diverse sizes, likely through the formation of locally
disordered channels. Extracellular vesicles and associated membrane proteins,
on the other hand, are likely fusing with and integrating into the cubic
membranes. These findings underscore the potential of such liquid crystalline
materials as matrices for the entire secretome, paving the way for future
secretome-based cell-free therapeutics such as tissue regeneration,
neuroprotective and anti-inflammatory treatments.
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1 Introduction

Mesenchymal Stem Cells (MSCs) are multipotent progenitor
cells with the capacity to self-renew and proliferate (Friedenstein
et al., 1970; Friedenstein et al., 1974). They can be isolated from
various sources such as bone marrow, adipose tissue and peripheral
blood (Kalervo Väänänen, 2005; Merimi et al., 2021; Wright et al.,
2021). MSC-based therapies have been extensively studied for over
five decades for regenerative medicine and tissue engineering
applications (Fitzsimmons et al., 2018; Zhou et al., 2021).
Initially, their therapeutic potential was thought to result from
their differentiation capacity. However, increasing evidence now
indicates that their paracrine effects, particularly through the
secretion of the “secretome,” play a vital role (Gwam et al., 2021;
Han et al., 2022). The secretome, a complex set of molecules and
biological factors secreted by cells into the extracellular space,
includes cytokines, chemokines, growth factors, and extracellular
vesicles (EVs) (Brennan et al., 2020). This diverse array has shown
promise in modulating the immune system and aiding tissue
remodeling in regenerative processes (Gwam et al., 2021; Han
et al., 2022).

The significance of the MSC secretome was first highlighted in
2005 by Gnecchi et al., in the context of ischemic heart injury
(Gnecchi et al., 2005). Subsequently, several studies have
demonstrated the benefits of the MSC-derived secretome across a
spectrum of pathological conditions (Han et al., 2022; Műzes and
Sipos, 2022; Mendes-Pinheiro et al., 2019; Teixeira et al., 2017). The
use of MSC secretome as a cell-free therapeutic alternative also
circumvents the challenges associated with cell-based therapies, such
as tumorigenicity, immune reactions, and the risk of pathogen
transmission (Lo and Parham, 2009; Volarevic et al., 2018).
Nonetheless, the diverse nature of the secretome, which includes
RNA, proteins, and EVs, combined with their short circulation half-
lives (often just minutes), poses a significant challenge in terms of
delivery (Werle and Bernkop-Schnürch, 2006; Yang et al., 2003;
Akbarian and Chen, 2022).

A search for materials efficient at encapsulating and delivering
whole secretome in different clinical contexts is therefore urgent.
Currently, most approaches to encapsulate whole secretome are
based on naturally derived, synthetic, or chemically modified
naturally derived polymers, which are used more broadly as cell
and tissue instructive materials (CTIMs). These materials serve
primarily as scaffolds or carriers for bioactive compounds, such
as proteins and nucleic acids (Rocha et al., 2020; Yang et al., 2003;
Ribeiro et al., 2022). The use of CTIMs for delivering the secretome
has emerged as a promising strategy in regenerative medicine,
particularly to overcome the challenge of low retention rates of
bioactive compounds after injection, as well as to provide a
controlled release platform for tissue regeneration. Several
approaches, including the binding or enclosing of secretome
bioactives within a biomaterial matrix, have been explored. These
approaches offer multiple advantages: they increase bioavailability,
enable sustained and controlled release, and maintain the stability of
secretome, all of which could potentially improve therapeutic
efficacy (Brennan et al., 2020).

An alternative approach to polymer-based secretome
encapsulation and delivery systems could lie in the use of lipid-
based delivery systems. These have demonstrated their clinical

efficacy and versatility, most notably in the development of lipid-
mRNA-based COVID-19 vaccines (Wang et al., 2021; Schoenmaker
et al., 2021) and other medical formulations (Akinc et al., 2019; Kim
et al., 2021). With their biocompatibility, bioavailability, and
versatile encapsulation capacity, lipid systems offer promising
avenues of exploration as CTIMs in therapeutic applications
(Gaspar et al., 2020; Angelova et al., 2011; Allen and Cullis, 2013;
Zabara et al., 2019; Salentinig, 2019; Paris et al., 2023; Yaghmur and
Moghimi, 2023; Wu et al., 2024).

Among the lipid lyotropic crystal (LC) structures, bicontinuous
cubic phases like the gyroid QG, the diamond QD, and the primitive
QP (of crystallographic space groups Ia3d, Pn3m and Im3m,
respectively) are particularly promising for encapsulating
molecules of diverse polarities (Barriga et al., 2019; Angelova
et al., 2011; Zabara and Mezzenga, 2014; Palma et al., 2023;
Rakotoarisoa et al., 2021; Rakotoarisoa et al., 2022), aligning well
with the complex nature of the MSC secretome. QG, QD, and QP

phases are characterized by two intertwined, continuous water
channel networks separated by a continuous lipid bilayer. These
bilayers are arranged in triply periodic minimal surfaces extending
in three dimensions. While in the QG phase the water channels have
a threefold connectivity, in the QD the connectivity is fourfold, and
in the QP the connectivity is sixfold (Seddon and Templer, 1995;
Kulkarni et al., 2011). The compartmentalization inherent to these
LCs enables the encapsulation of molecules with different sizes and
polarities in the same system: hydrophilic molecules can be located
inside the water channels or closer to the lipid polar headgroups,
lipophilic molecules can be located within lipid bilayers, and
amphiphilic molecules at the interface (Huang and Gui, 2018).
Given the broad composition of the MSC secretome, this feature
is especially pertinent when designing CTIMs for its whole
encapsulation.

Bicontinuous cubic phases have already been shown to be
suitable to encapsulate biomolecules of varying sizes and
properties, including small water-soluble proteins such as
lysozyme (14.4 kDa) (Zabara et al., 2011), larger molecules such
as fibrinogen (340 kDa) (Angelova et al., 2003), as well as many
membrane proteins (Conn and Drummond, 2013; Lendermann and
Winter, 2003; Conn et al., 2010). When modified with cationic
lipids, these mesophases can also successfully encapsulate nucleic
acids (Bilalov et al., 2009; Kim and Leal, 2015; Philipp et al., 2023).
Moreover, bicontinuous cubic phases can be transformed into
cubosomes, which are sub-micron particle dispersions of
bicontinuous cubic liquid crystalline phases in water (Larsson,
2000; Spicer, 2005; Akhlaghi et al., 2016; Palma et al., 2023).
These are typically stabilized with amphiphilic block copolymers
such as F127 and exhibit an internal cubic bicontinuous structure,
reminiscent of their parent cubic phases. Additionally, cubosomes
interact with cell membranes, facilitating membrane fusion (Kim
and Leal, 2015; Jabłonowska et al., 2021). Since their introduction by
Larsson in 1989 (Larsson, 1989), these particles offer a promising
approach for the encapsulation and delivery of therapeutic
molecules and are being explored for a variety of innovative
therapeutic applications (Conn and Drummond, 2013; Karami
and Hamidi, 2016; Barriga et al., 2019; Yaghmur and Mu, 2021;
Oliveira et al., 2022; Tien et al., 2020). Like their parent bicontinuous
cubic phases, they can encapsulate a diverse array of bioactive
molecules, including therapeutic proteins and peptides. These
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bioactives can be incorporated either into pre-formed cubosomes
(Oliveira et al., 2022) or mixed with dry lipid prior to cubosome
formation (Rizwan et al., 2011). Additionally, the potential for bio-
functionalization of cubosomes provides opportunities for targeted
therapeutic applications. Therefore, cubosomes could potentially be
an exceptionally suitable vehicle for the delivery of the complexMSC
secretome in various therapeutic contexts, offering promising
prospects in terms of bioactive stability, bioavailability, and
controlled release.

Considering the therapeutic potential of MSC secretome-based
treatments across different pathological conditions, ranging from
neurological disorders (e.g., Parkinson’s disease, stroke, traumatic
brain, and spinal cord injuries), to immune-mediated diseases (e.g.,
rheumatoid arthritis and multiple sclerosis), cardiovascular diseases
(e.g., heart failure and myocardial infarction), and skeletal disorders
(e.g., bone fractures, osteoporosis, and osteoarthritis), developing
effective delivery platforms is paramount.

Given the suitability of lipid-based bicontinuous cubic phases to
encapsulate soluble and membrane proteins, this study explores the
potential of these phases to handle the complex and diverse
composition of the MSC secretome–which includes a diverse
array of proteins and extracellular vesicles (the latter containing
its own proteins and nucleic acids)–and encapsulate it in its
entirety (Figure 1).

Notably, through a combination of SAXS and visual inspection,
we observe lipid-MSC secretome liquid-crystalline phases without

any excess liquid, implying that the secretome of MSCs can be fully
incorporated in the bicontinuous cubic phases of both phytantriol
and monoolein. This suggests that water-soluble proteins likely
localize within the water channels of the bicontinuous cubic
phase, which might locally produce disordered sponge-like
domains to accommodate proteins of diverse sizes. Conversely,
extracellular vesicles and associated membrane proteins may fuse
with and integrate into the cubic and lamellar lipid bilayers. These
findings underscore the potential of liquid crystalline materials as
matrices for the entire secretome, paving the way for future
cubosome-based cell-free therapeutic delivery systems in
regenerative medicine.

2 Materials and methods

2.1 Cell culture and MSCs secretome
collection

Commercially available human mesenchymal stem cells derived
from bonemarrow (hBM-MSCs) were obtained from Lonza, USA. As
only established cell lines were used in this study, ethical approval was
not required in accordance with local legislation and institutional
requirements. To initiate cell culture, cryopreserved hBM-MSCs were
first expanded in two-dimensional (2D) static cultures to ensure an
adequate cell yield before bioreactor inoculation (3D). Cells were

FIGURE 1
Schematic illustration summarizing the work. (A) The secretome of mesenchymal stem cells (MSCs), rich in growth factors, cytokines, and
extracellular vesicles, is added to dry lipid films of phytantriol or monoolein. (B) The resulting phase behavior, which is reminiscent of that observed in the
corresponding lipid-water binary systems, is characterized by SAXS (for phase identification) and by visual inspection (to assess the presence or absence
of excess liquid). In composition regions where no excess secretome is visible, it indicates that the diverse secretome components, despite their
varied sizes and structures, are fully incorporated into the cubic phases.
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cultured in Alpha Minimum Essential Medium (AlphaMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
Penicillin-Streptomycin (PenStrep). This expansion continued until
passage 6 (P6), at which point cells were harvested using trypsin-
EDTA and subsequently inoculated into bioreactors. For 3D culture, a
vertical wheel bioreactor with magnetic coupling and a working
volume capacity of 0.5 L was used (PBS 0.5MAG model, PBS
Biotech). Cytodex 3 microcarrier beads were also used as a
substrate for cell attachment. Microcarriers were pre-hydrated by
adding a solution of phosphate-buffered saline (PBS) without calcium
or magnesium ions (w/o Ca2+ and Mg2+), along with three drops of
Tween 80. This mixture was left to hydrate for a minimum of 3 h at
room temperature, after which the beads were rinsed three times in
PBS w/o Ca2+ and Mg2+. Following hydration, microcarriers were
coated with FBS to enhance cell adhesion. This process involved
repeated incubation cycles with FBS and washes in PBS, for a total of
six cycles. After the final rinse, the beads were resuspended in PBS and
sterilized by autoclaving at 120°C and 1.55 kg/cm2 (23.25 psi) for
30min. Sterilized beads were then stored at 4°C until use. To inoculate
cells into the bioreactor, the previously prepared microcarriers were
firstly washed in AlphaMEM containing 10% FBS and 1% PenStrep,
and then, incubated with an additional 200 mL of the same medium
under sterile conditions. After 1 h of pre-incubation in the single-use
bioreactor vessel at 37°C and 21% oxygen with agitation at 25 rpm,
hBM-MSCs expanded in 2D culture were detached, counted, and
added to the bioreactor at a density of 24,000 cells per milliliter, with
an initial total culture volume of 250 mL. This mixture was incubated
for 24 h to allow cell attachment to the microcarriers, and an
additional 250 mL of medium was added, bringing the final
volume to 500 mL, with the agitation rate increased to 52 rpm.
Cells were maintained under these conditions for an additional 48 h.
After 72 h in the bioreactor, the microcarriers were allowed to settle to
the bottom of the Vessel and the culture media was discarded. The
vessel was subsequently washedwith 100mLofNeurobasal-A (NB-A)
media with 1% Kanamycin (without serum) and 500 mL of the same
media was added to the cells that were incubated for 24 h (37°C, 21%
O2; 52 rpm). 24h later, the conditioned media (hBM-MSCs
secretome) was collected and centrifuged at 300g to remove cell
debris or any remaining microcarrier, for 5 min at 4°C. Finally,
hBM-MSCs secretome was frozen in liquid nitrogen and stored
at −80°C until use. NB-A was used as the conditioning medium, as
the ultimate goal of our research is to harvest a neuroprotective
secretome. This medium, helps produce a secretome enriched with
neurotrophic factors that not only sustains MSCs viability but also
promotes the secretion of factors beneficial for regenerative medicine
applications including neurological conditions such as Parkinson’s
disease (Teixeira et al., 2016; Teixeira et al., 2017; Mendes-Pinheiro
et al., 2019). Moreover, Neurobasal-A is a serum-free medium,
reducing the variability in the secretome composition, by the
absence of undefined proteins and other molecules that might
interfere with analysis or downstream applications.

2.2 Determination of protein concentration
of hBM-MSCs secretome

Protein concentration of hBM-MSCs secretome was
determined using the Microplate Microassay Protocol by

Bradford Assay. For the standard curve, serial dilutions using
Bovine Serum Albumin (BSA) protein diluted in NB-A medium
(2.5–25 μg/mL) were performed. Subsequently, 150 μL of each
standard and hBM-MSCs secretome samples were pipetted to a
96-well plate in triplicate and incubated with 150 μL of Bradford
reagent at room temperature. After 10–15 min, the absorbance
was read at 595 nm. The blank values were averaged and
subtracted from all samples. The concentration of the hBM-
MSCs secretome samples was calculated against the standard
curve equation.

2.3 Characterization of released molecules
from hBM-MSC secretome

Two antibody arrays, namely, the Cytokine Antibody Array
(RayBio® Human Cytokine Antibody Array 5, AAH-CYT-5-4,
RayBiotech; Supplementary Table 1) and RayBio® Human
Neuroscience Array (RayBio® C-Series Human Neuro Discovery
Array C1, AAH-NEU-1-4, RayBiotech; Supplementary Table 2),
were used for the identification of cytokines and neurologically
relevant proteins in the secretome, respectively, following the kit
protocols. Antibody arrays were incubated with secretome under
gentle rotation for 24 h at 4°C. Signal intensity of arrays were
analyzed by densitometry through chemiluminescence detection,
and the relative intensities of individual proteins were calculated
after normalizing to the positive controls on each array. Two
different hBM-MSC secretome samples (N = 2) were analyzed,
with two independent membranes used for each of the antibody
array types (cytokine and neuroscience). Data are presented as
mean ± SEM for each protein. For proteins identified in both
arrays, the values from the cytokine and neuroscience arrays
were averaged.

2.4 Bulk preparation of lipidic mesophases
with hBM-MSC secretome

Phytantriol was purchased from TCI Chemicals (cat. no.
P1674, >95% purity) and monoolein from Nu-check prep (cat.
no. M-239, >99% purity). Both lipids were used as received, and
tested for incorporation of hBM-MSCs secretome (Figure 2). Briefly,
ethanolic solutions of lipid were transferred into 1.5 mL glass vials,
after which ethanol was evaporated under vacuum for at least 48 h.
This led to the formation of a homogenous lipid film. Subsequently,
the hBM-MSCs secretome was added to the dry lipid film according
to the intended final lipid/secretome mass ratio. The following mass
ratios (w/w) were tested: 70/30, 60/40, 50/50 40/60 and 30/70 for
Monoolein; 85/15, 81/19, 71/29, 70/30, 67/33, 63/37, 60/40, 50/50,
40/60 and 30/70 for Phytantriol. For homogenization, the mixture
was left under gentle agitation overnight, followed by centrifugation
with the vials in the upside-down and normal positions at 1,500 rpm
for 15 min at room temperature. After the centrifugation stage, the
samples had a homogenous-appearance, and stayed in gentle
agitation for two additional days. Finally, the diffraction patterns
of the resulting mesophases were obtained by small-angle X-ray
scattering (SAXS) to evaluate the structure of the lipid-secretome
assemblies.
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2.5 Small angle X-ray scattering - data
collection and analysis

SAXS measurements were performed using a Kratky camera
(SAXSess, Anton-Paar, Austria) operating with a slit-geometry,
narrowed to ca. 2 mm. The X-ray source (an X-ray copper tube)
was operated at 40kV and 50 mA. The emitted radiation is the
copper kα radiation, with a wavelength of 1.5406 Å. The samples
were filled in a paste cell between mylar windows and exposed to
X-rays for 5–10 min. Scattered X-rays were collected using an image
plate. Subsequently, the image plate data was digitalized using an
image plate reader, and the 2D data was converted to 1D Intensity vs
q using the SAXS instrument software. To identify the liquid
crystalline phases, a homemade Matlab routine was used to
analyze the sequence of Bragg reflections.

2.6 Statistical analysis

The protein composition of the hBM-MSC Secretome was
determined using two different antibody arrays (cytokine and
neuroscience arrays, see Section 2.3). For each array type, two
different hBM-MSC secretome samples (N = 2) were analyzed,
with each sample applied to two independent membranes. Given
the limited number of samples, our analysis is purely descriptive and
data are presented as mean ± SEM for each protein based on these
duplicate measurements. For proteins detected in both arrays, the
values from the cytokine and neuroscience arrays were averaged.
Although the small sample size limits statistical significance, our
results are in full agreement with extensive analysis from previous
work (Pires et al., 2016; Teixeira et al., 2016).

3 Results and discussion

3.1 Characterization of released molecules
from hBM-MSC secretome: Possible
therapeutic implications on human diseases

The total protein concentration of hBM-MSCs secretome used
in this study was 40 μg/mL, as determined by Bradford assay.
Quantification analysis of protein antibody arrays revealed that
the hBM-MSCs secretome is rich in several cell signaling

proteins, crucial for vital functions like apoptosis, angiogenesis,
inflammation, immunity, and cell growth and differentiation.
These proteins are also implicated in multiple human diseases.
The average protein intensities, along with their sizes in
kilodaltons (kDa), classes, and Standard Error of the Mean
(SEM), are detailed in Supplementary Table 3 and visually
represented in Figure 3.

Notably, the secretome exhibited high levels of growth factors
(e.g., VEGF, BDNF, FGF-9, IFG-9, IGFBP-2, LIF, NT-3, and TGF-
β2) and cytokines (IL-6, IL-8, IL-15), along with chemokines such as
MCP-1, MIP-1β (or CCL4), RANTES, TARC, and IP-10. Other
proteins, including tissue inhibitor of metalloproteinases (such as
TIMP-1) or proteins with osteoclastogenesis inhibitory activity
(such as Osteoprotegerin, OPG) were also detected with a
substantial amount (Figure 3; Supplementary Table 3). These
results are aligned with our previous studies, where proteomic
analysis of hBM-MSC-secretome were performed (Pires et al.,
2016; Teixeira et al., 2016).

Several of these soluble molecules that were detected in MSC
secretome in this study have been extensively reported to be involved
in MSC-mediated regeneration and recovery for numerous human
diseases affecting different organs and tissues. These diseases include
disorders from nervous, cardiovascular, respiratory, skeletal,
metabolic, and immune system (Han et al., 2022; Műzes and
Sipos, 2022; Mendes-Pinheiro et al., 2019; Teixeira et al., 2017).

3.2 Incorporation of hBM-MSCs secretome
in bicontinuous cubic phases

In this work, we aimed to investigate the potential of lipid-based
bicontinuous cubic phases for encapsulating the entire secretome of
Mesenchymal Stem Cells (MSCs). We studied both phytantriol and
monoolein lipids, both well-known to form bicontinuous cubic
phases (Briggs et al., 1996; Barauskas and Landh, 2003). In water,
at room temperature, both lipids form lamellar (Lα), gyroid (Q

G) and
diamond (QG) bicontinuous cubic phases.

When single proteins are encapsulated in bicontinuous cubic
phases, structural changes take place mostly under conditions of
restricted hydration (Conn and Drummond, 2013). Typically,
bicontinuous cubic phases are found to transition to either
inverted hexagonal phases or primitive bicontinuous cubic
phases (QP). In contrast, in the presence of excess water (in

FIGURE 2
Schematic representation of the methodology adopted for the evaluation of lipid mesophases with hBM-MSCs Secretome.
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the two-phase region), these changes are usually less pronounced.
Notably, it has been observed that when encapsulated, water-
soluble proteins with sizes larger than the water channels of the
cubic phases, lead to no significant changes in the lattice
parameters of these phases. This suggests that, despite the

robust evidence of protein encapsulation, the water channels
do not expand to fit these larger proteins. Instead, this suggests
that such large proteins are accommodated in locally disordered
regions, possibly in a sponge-phase-like organization, allowing
the organized lattice parameters of the bicontinuous cubic

FIGURE 3
Results regarding protein quantification of hBM-MSC secretome by antibody arrays regarding: (A) Growth factors, (B) Chemokines, (C) Cytokines,
and (D) Other proteins, where data are presented as mean of protein relative intensity ±SEM. Membrane arrays are shown in (E, F) respectively for:
Cytokine Antibody quantification (RayBio

®
Human Cytokine Antibody Array 5) and Human Neuroscience protein quantification (RayBio

®
C-Series Human

Neuro Discovery Array C1).
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domains to remain largely unaffected (Angelova et al., 2003;
Angelova et al., 2011; Conn and Drummond, 2013).

We will now start by analyzing the phytantriol-secretome
system, followed by the monoolein-secretome system. Figures
4A-C show the experimental data obtained from SAXS and
visual inspection, and Figure 4D shows an illustration of the
different lipid phase structures.

3.2.1 The phytantriol-secretome system
The phytantriol-water system has been well-characterized in the

literature. At 23°C, the single Lα phase exists between ca. 6 and 14 wt
% water, the single QG phase exists between ca. 14 and 24 wt% water,
and the single QD phase between ca. 25 and 28 wt% water (Barauskas
and Landh, 2003). In between these single-phase regions, exist two-
phase regions, and above 28 wt% water, the QD phase coexists with
excess water.

When switching from water to MSC secretome, the first
important observation is that up to 30 wt% secretome, the whole
liquid is incorporated into the lipid phase, which has a soft solid-like
appearance characteristic of lipid mesophases. Only in the 33 wt%
secretome sample are there signs of a slight excess liquid coexisting
with the lipid phase. This simple observation of no excess liquid
phase up to 30 wt% secretome indicates that the whole secretome,
including all its water-soluble content (e.g., soluble proteins) as well
as extracellular vesicles, including their content, are incorporated/
encapsulated into the lipid phase. This is remarkable and confirms
the potential of lipid-based mesophases to encapsulate a wide array
of soluble and membrane proteins. In this case, this capacity is
extended to incorporate extracellular vesicles, presumably through
fusion of the lipid bilayers of EVs with phytantriol. Another relevant
observation is the extension of the lipid-phase region: whereas in the
phytantriol-water system the lipid uptakes water until ca. 28 wt%
water, after which the QD phase coexists with excess water, in the
phytantriol-secretome system, the lipid uptakes the full secretome at
least until 30 wt%.

The visual observations provide crucial insights into the capacity
of phytantriol to incorporate whole MSC secretome. To obtain
structural information about the nature of these phases, we resort
to SAXS (Figure 4A).

At 15 wt% secretome, the SAXS pattern shows a single peak.
While a single peak by itself makes it difficult to assign to a specific
phase, the scattering pattern is most consistent with a lamellar or
inverted hexagonal phases, in which the second and higher order
reflections are absent. Furthermore, the observed scattering pattern
excludes bicontinuous cubic phases. This in contrast with the
phytantriol-water system, in which a single gyroid QG phase
should be observed between 14 and 24 wt% water. This shows
that the inclusion of secretome shifted the gyroid into another
structure, most likely a lamellar or hexagonal phase. A transition
from a QG phase to a hexagonal phase has been observed in some
systems under limited hydration (Conn and Drummond, 2013).

Beyond 15 wt% the system’s complexity increases, usually
displaying more than one phase. It is important to note that
although the samples present a homogeneous appearance, the 2-
day equilibration period might not always be sufficient for achieving
thermodynamic equilibrium. This period was chosen as a balanced
approach to allow sufficient time for homogenization while
minimizing the risk of protein degradation. Future studies are

planned to evaluate the stability and functionality of the
encapsulated secretome. Nonetheless, the general phase behavior
observed for secretome encapsulation within bicontinuous cubic
phases is consistent with patterns noted in single-protein
encapsulation.

At 19 wt% secretome, the system shows two overlapping peaks,
which only by themselves makes the assignment very difficult.
Interestingly, when the same sample was measured again 21 days
later, the scattering pattern had evolved, with two additional peaks
developing at lower q values, and which make the system now look
more consistent with the coexistence between the primitive QP and
gyroid QG bicontinuous cubic phases (Figure 4C). While in the
phytantriol-water system only a QG single phase should be observed
in this composition region, the emergence of a QP is not surprising
since these phases have been observed when encapsulating single
proteins. This change in scattering patterns observed over time
suggests that the initial non-equilibrium state may gradually
progress towards equilibrium. Nonetheless, it is important to
consider that the initial decision to measure samples after a 2-
day equilibration period was made to minimize the risk of protein
degradation. Consequently, while longer equilibration times might
reveal more about the system’s equilibrium state, they also introduce
a degree of uncertainty regarding the integrity of the protein
components within the system.

When increasing to 29 wt% secretome, the sample shows a
scattering pattern somewhat consistent with a coexistence
between phases QD and QG (Figure 4A). However, similarly
to the 19 wt% case, measuring the samples 21 days later reveals
the emergence of additional peaks (Figure 4C). The pattern is
now more consistent with a coexistence between the primitive
QP and gyroid QG bicontinuous phases, possibly also with the
presence of the diamond QD. The peak positions of the QP and
QG phases are very close to the positions of the 19 wt% aged
sample (note the continuing assignment lines on Figure 4C.
Interestingly, all three tentative assignments share the first peak.
This existence of three coexisting phases does not violate the
Gibbs phase rule, since secretome is a complex mixture, but it is
also possible that one of these phases is not in thermodynamic
equilibrium.

By increasing the amount of secretome to 30, 33 and 40 wt%, the
system is observed to reside within a phase region where both the QD

and QG phases coexist. In this region, the SAXS pattern becomes
more prominently indicative of the QD phase, facilitating a clearer
assignment. The first, third, fourth and fifth peaks of the pattern
match the first four reflections of the QD structure. Interestingly, the
second peak is consistent with the second reflection of the QG phase,
provided that the initial peak corresponds to the first reflection of
both QD and QG phases. These samples are therefore likely
composed of mostly the QD phase, with small amounts of
coexisting QG. As noted above, the 33 and 40 wt% samples
already show a slight excess of liquid coexisting with the solid-
like lipid mesophases.

The 50, 60 and 70 wt% secretome samples show only the QD

pattern, which is now straightforward to assign. The peak
positions are also mostly common across the three samples.
Since the first signs of excess liquid were observed at 33 wt%
secretome, all these three samples are now deep in the two-phase
region with large abundance of excess secretome (and water), for
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which the sufficient hydration, in line with what is observed in
the systems with single proteins, allows the recovery of the
QD phase.

The d spacing of these observed bicontinuous cubic phases is
very close to the empty cubic phases (e.g., the lattice spacing at 70 wt
% secretome is ca. 6.8 nm, compared to 6.7 nm of phytantriol
cubosomes). This behavior, once again, resembles what is found in
many single-protein encapsulation systems, and may suggest that
the larger proteins might not significantly expand the water channels
within the cubic lattices. Instead, these proteins could be inducing
locally disordered sponge-like domains within the bicontinuous
phases, which are difficult to discern with the used SAXS setup.

3.2.2 The monoolein-secretome system
The monoolein-water system has also been thoroughly

characterized in the literature. At 25°C, the single QG phase exists
between ca. 23 and 37 wt% water, and the single QD phase between
ca. 38 and 42 wt% water (Briggs et al., 1996).

When switching to MSC secretome, the monoolein-secretome
system shows, in general, similar trends to the phytantriol-secretome
system, even though in this case less compositions were studied. The first
important observation is that up to 40 wt% secretome, the whole liquid is
incorporated into the lipid phase, which has a soft solid-like appearance
characteristic of lipid mesophases. Only in the 50 wt% secretome sample
are there signs of a slight excess liquid coexistingwith the lipid phase. Like

FIGURE 4
SAXS results and phase assignment to the phytantriol-MSC secretome (A) and monoolein-MSC secretome (B) systems after 2-day equilibration
period. 2-day versus 21-day equilibration period for phytantriol-MSC secretome system regarding 19 and 29 wt% secretome samples (C). The vertical
lines indicate the expected Bragg reflections for the QD (black), QG (red), and QP (blue) structures, given by the Pn3m, Ia3d and Im3m space groups,
respectively. The respective first six Bragg reflections are: (110), (111), (200), (211), (220) and (221), for QD; (211), (220), (321), (400), (420) and (332), for
QG; and (110), (200), (211), (220), (310) and (222), forQP. The reflections of the dominant phase are shown in full vertical lines, whereas the reflections of the
minor phases are shown in dashed lines. Maximal full secretome encapsulation (before excess liquid coexists with lipid mesophases), occurs in the QD +
QG region, at 30 wt% secretome for phytantriol, and 40 wt% secretome for monoolein. The illustration of different LC structures are represented in (D).
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in the phytantriol case, the observation of no liquid phase up to 40 wt%
secretome indicates that the whole secretome, including all its water-
soluble content (e.g., soluble proteins) as well as extracellular vesicles and
their content, are incorporated/encapsulated into the lipid phase. This
confirms the potential of lipid-based mesophases to encapsulate not only
a wide array of soluble and membrane proteins, but also merging with
extracellular vesicles, as it had been already witnessed for the phytantriol
system above. Compared to phytantriol, the monoolein has a larger
capacity to encapsulate the secretome, which is not entirely surprising,
given that it also has a larger swelling in water.

Also here, to obtain structural information about the nature of
these phases, we resort to SAXS (Figure 4B). The SAXS pattern for
30 wt% secretome shows the signature of a QG phase, along with a
shoulder at q = 1.75 nm−1 that we were unable to assign. This QG

phase with secretome is well within the expected range for the QG

phase in the monoolein-water system.
Increasing the secretome amount to 40 wt% results in a SAXS

pattern that is most consistent with the QD phase, with a very good
match between the first six peaks and the expected first six
reflections of the diamond structure. However, as already
witnessed for some compositions in the phytantriol system, there
is a shoulder before the second peak that is consistent with the
second reflection of the QG phase, provided that the initial peak
corresponds to the first reflection of both QD and QG phases. This
sample is therefore likely composed of mostly the QD phase, with
small amounts of coexisting QG. This behavior is reminiscent of the
phytantriol behavior, in which the presence of secretome at limited
hydration induced the appearance of traces of the QG phase.

Further increasing the secretome amount to 50 wt% (in the region
where macroscopic coexistence with excess liquid is observed) results in
SAXS patterns that have an excellent correspondence to a QD phase,
without any traces of other lipid mesophases. Interestingly, the peak
positions are very close to the peak positions of theQD phase for the 40wt
% secretome sample (Figure 4B). The observation of excess liquid in
coexistence with the solid-like lipid phase correlates well with the
monoolein-water system, in which the water swelling limit is ca. at
42 wt% water. The remaining two samples, at 60 and 70 wt% secretome
show also very similar SAXS patterns, in which the QD phase signature is
evident. The peak positions of these phases are also very close to the peak
positions of the 40 and 50 wt% secretome samples. In these two-phase
regions where QD coexists with excess liquid, the lattice parameter is ca.
9.6 nm, which is slightly smaller than the corresponding value of the
monoolein-water system (10.2 nm).

3.3 Industrial and clinical aspects

The bicontinuous cubic-secretome phases developed in this study
offer significant promise for health applications. In their bulk form, these
materials could eventually be directly integrated into wound-healing
patches or other topical delivery systems. Moreover, the possibility to
transform these phases into cubosomes expands their applicability into
diverse delivery modalities (e.g., intravenous injections or intranasal
administration). Although sonication is a common method for
dispersing bulk cubic phases into cubosomes, its scalability is limited
and may damage of sensitive secretome components. Other scalable
approaches such as high-pressure homogenization, extrusion or
microfluidics may offer interesting alternatives. Importantly, the use of

established lipids like phytantriol and monoolein, which are already used
in cosmetic products, anticipates suitable biocompatibility and feasibility
of scalable manufacturing for future clinical applications.

4 Conclusions and outlook

We have shown that phytantriol- and monoolein-based
bicontinuous cubic phases can be used to encapsulate the whole
secretome of MSCs, including its diverse composition of proteins and
extracellular vesicles. This conclusion stems from the key observation of
no excess liquid phase up to 30 wt% secretome for phytantriol and 40 wt
% secretome for monoolein, which suggests complete integration of all
secretome components within the lipid phase up to these concentrations.
The phase behaviors of these lipid-secretome systems, compared to their
lipid-water binary system counterparts, show similar trends to those
observed in single-protein encapsulation. Particularly, when the
secretome uptake is maximized at 30 and 40 wt% for the phytantriol
and monoolein systems respectively, before the onset of excess liquid
phase separation, the single diamondQD phase characteristic of the lipid-
water binary systems gives way to a two-phase coexistence of diamond
and gyroid (QD + QG) cubic structures.

Importantly, it is well-established in the literature that QD and QG

mesophases, such as those studied here, can be conveniently dispersed
into nanosized carriers, known as cubosomes (Larsson, 2000). These
cubosomes can be further functionalized to enhance their stability and
enable targeted delivery, making them highly promising for a spectrum
of therapeutic applications (Barriga et al., 2019). Furthermore,
bicontinuous cubic phases have been shown in the past to stabilize
individual proteins and retaining their functionality for up to 12months
(Engström et al., 1990). Taken together, these findings on whole-
secretome encapsulation by phytantriol and monoolein bicontinuous
cubic phases, combined with the potential of cubosome production and
functionalization, paves the way for exciting new possibilities in the
long-term storage and targeted delivery of the secretome for a variety of
secretome-based cell-free therapeutics.

As we look to the future, addressing the bioavailability,
stability and functionality of the encapsulated secretome over
time will be crucial, along with the development of methods to
disperse these materials into cubosomes for therapeutic
applications. These efforts are critical to fully realize the
potential of these innovative delivery systems in the realm of
regenerative medicine and beyond. Our findings open a pathway
for further exploration and developments for new therapeutic
strategies harnessing the secretome of MSCs.
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