Extracellular vesicles can be processed by electrospinning without
loss of structure or function
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Abstract

Extracellular vesicles (EVs) are cell-derived bodies proven to have a wide range of therapeutic
applications. To date, EVs have almost always been administered by direct injection, which is very
likely to hinder their efficacy because of rapid clearance from the injection site. Here we show that
EVs can be successfully processed into polymer-based fibres by electrospinning, with no loss of
structure or function.
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1. Introduction

Proteins, genetic material, antibodies and now even cells are commercially used as active ingredients
in medical interventions. Such biopharmaceuticals benefit from high specificity and potency compared
to small molecule drugs, but their structural complexity poses extra formulation and delivery
challenges, especially regarding stability.

Extracellular vesicles (EVs) are anuclear vesicles bounded by a lipid bilayer membrane. They are
released by many different cells and play pivotal roles in both physiological and pathological
conditions [1, 2]. EVs have great potential as diagnostic and therapeutic tools, particularly in tissue
regeneration: they have for instance been found to protect the heart from ischemia [3, 4] and aid
cardiac repair after myocardial infarction [5]. EVs are less immunogenic [6] and tumorigenic [7, 8] than
the stem cells which are usually employed for tissue engineering, and have been shown to be equally
as effective in promoting regeneration of cardiac tissue [9]. EVs further permit greater dosing
reproducibility [10] and their production is easier to scale up [6]. They thus have enormous therapeutic
potential, but almost all studies exploring this to date have used direct injection of EV suspensions as
the delivery route. This is both invasive and sub-optimal, because the EV suspension is likely to be
rapidly cleared from the target area if injected in a snap-shot fashion. This will temper their potential
therapeutic benefits. There exists a clear need for more sophisticated formulation strategies for EV
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delivery in order to fully maximise their benefit to patients. So far, there is only one report of such a
strategy having been employed, using a hydrogel patch [11].

One strategy which has been shown to be very promising for the processing of biologics is
electrospinning, which employs electrical energy to convert a polymer solution containing a functional
component into solid nanoscale fibres [12]. DNA [13], proteins (e.g. bevacizumab [14]), and even cells
[15] can all be electrospun without significant loss of their integrity or functional performance.
Jayasinghe et al. [15] have shown that the cells in electrospun fibres remain viable and can be used
for a range of therapeutic applications. In this work, we sought to determine whether EVs can be
processed by electrospinning, and if so what influence this has on their properties. We opted to
generate fast-dissolving materials as a proof-of-concept, since this allowed us to immediately assay
structure and functional performance after fabrication.

2. Methods

A polyvinylpyrrolidone (PVP; Mw 360 kDa) solution in trifluoroethane was prepared at 10% w/v. EVs
were isolated from foetal bovine serum (FBS) and mesenchymal stem cell (MSC) media using
ultracentrifugation and suspended in phosphate buffered saline (PBS). The EV suspension was added
to the PVP solution to give a final EV concentration of 3.75x108 particles/mL. Electrospinning was
performed at a flow rate of 1 mL/h, a spinneret-to-collector distance of 18 cm and an applied voltage
of 8 kV. The fibres produced were analysed by scanning electron microscopy (SEM), and dissolved for
additional analysis by nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM),
Bradford assays, and in cell culture. Full details are given in the Supplementary Information.

3. Results and discussion

SEM images (Fig. 1) revealed that smooth fibres were obtained for both blank and EV-loaded
formulations. A reduction in fibre diameter occurs upon the addition of EVs, because of the increase
in conductivity which arises when adding EVs to the PVP solution (see Fig. S1, Supporting Information).
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Fig. 1. SEM images of (a) blank PVP; (b) PVP-FBS EV; and, (c) PVP-MSC EV fibres. Inset scale bar: 5 um.

To explore the extent of EV encapsulation in the polymer matrix, NTA was performed on fibres
dissolved in PBS (Fig. S2). It was not possible to directly detect the formulated EVs due to the noise
arising from the polymer. However, there is a distinct difference in the overall concentration of
particles detected. NTA data on the blank PVP fibres revealed a concentration of 1.03 x 10° + 6.36 x



107 particles/mL, a 4.0x108 difference from the 1.43 x 10° + 5.19 x 107 particles/mL obtained with the
FBS EV-loaded formulation. This difference is close to the theoretical EV loading of 3.75x10% EVs/mL.

TEM (Fig. 2) confirmed the presence of EVs after the fibres had been dissolved. Spherical structures of
50 + 10 nm with a stained lipid bilayer can clearly be seen, consistent with the literature [16].

Fig. 2. TEM images of dissolved PVP-FBS EV fibres.

EV incorporation into the fibres was also assessed in terms of protein content (Fig. S3). The total
protein content was lower for the formulated samples than with the unprocessed EV. The
encapsulation efficiency is estimated at 76.8 + 1.6% for the FBS EV-loaded fibres and 70.6 + 8.5% for
the MSC EVs system. This high encapsulation efficiency is very promising for onward applications.

EV structure and protein content are clearly retained after electrospinning. It is also crucial to
understand whether the formulated vesicles are still potent post-processing. To determine their
potency, stress survival assays were performed using rat cardiomyocytes (Fig. 3).
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Fig. 3. Cell viability data for (a) PVP-FBS EV and (b) PVP-MSC EV fibres. Data are shown as mean % S.D. (n = 3). ¥¥*** p <
0.0001. The fibre masses in (a) correspond to the following theoretical EV numbers: 5 mg ca. 1.88x101°, 10 mg ca. 3.75x101°
and 15 mg ca. 5.63x101° particles. In (b), 5 mg of fibres was added, giving 1.88x10% EVs.

The percentage of viable cells increases after the addition of FBS EVs, regardless of whether the
vesicles were formulated or not. Adding 5 mg of FBS EV-loaded fibres produced a survival after stress
of 73 + 21%, equivalent to the viability upon addition of the same number of unprocessed EVs. At this
concentration, the polymer added does not seem to influence viability. Surprisingly, as the amount of
FBS EV-loaded fibres added is increased there is a decrease in cell survival (Fig. 3a). This arises because
the PVP is detrimental to cardiomyocyte survival, owing to the relatively high ratio of polymer mass
per surface area and total volume of media in the well. The observed decline in viability with adding



more FBS EV fibres is of the same order of magnitude as seen with the blank PVP fibres. It appears
that the positive effect of the additional number of EVs present and the detrimental effect of the
increased PVP content balance out to give a net negative effect. Overall however, it is clear that FBS
EVs can be electrospun and still remain as potent as before processing.

The addition of MSC EV-loaded fibres produced a survival after stress of 87 + 9% (Fig. 3b), equivalent
to the value found upon treatment with the same number of unprocessed EVs. Mesenchymal stem
cell derived EVs can thus also be electrospun with no loss in potency. These results highlight the
feasibility of using electrospinning as an effective formulation strategy for EVs. This opens up the
possibilities of storing EVs in a solid medium ready for reconstitution for injection, for example, or to
apply topically directly.

4, Conclusions

Here we have shown that EVs can be easily processed by electrospinning, without losing their
structure or potency. In the longer term, the production of EV-loaded fibres based on slow release
polymers would enable extended release of EVs in vivo, providing the cues required for tissue
regeneration over a prolonged period of time and ultimately resulting in improved tissue regeneration
(e.g. after cardiac ischaemia).
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