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A B S T R A C T   

Fibrous mucoadhesive polymer membranes prepared using electrospinning demonstrate many advantages for 
mucosal drug delivery compared to other formulations. Previous electrospun membrane formulations have been 
developed mainly for the delivery of small molecule drugs. There remains great potential to further develop the 
technology for the delivery of vesicular vectors that allow administration of advanced therapeutic agents. 
However, there are no previous reports demonstrating the release of intact drug delivery vesicles from elec-
trospun materials. Here, we describe incorporation and release of protein-loaded polymersomes from poly-
ethylene oxide (PEO)-based electrospun membranes. Polymersomes comprising a copolymer of glycerol 
monomethacrylate (GMA) and hydroxypropyl methacrylate (HPMA) were prepared using polymerization- 
induced self-assembly and incorporated within PEO membranes using bead-on-string electrospinning at 
approximately 40 % w/w by polymer mass. Super-resolution fluorescence imaging showed that the vesicles 
remained intact and retained their encapsulated protein load within the fibre beads. Transmission electron 
microscopy and dynamic light scattering demonstrated that polymersomes retained their morphology following 
release from the polymer fibres. F(ab) antibody fragments were encapsulated within polymersomes and then 
electrospun into membranes. 78 ± 13 % of the F(ab) remained encapsulated within polymersomes during 
electrospinning and retained functionality when released from electrospun membranes, demonstrating that the 
formulation is suitable for the delivery of biologics. Membranes were non-irritant to the oral epithelium and 
fluorescence microscopy detected accumulation of polymersomes within the epithelia following application. This 
innovative drug delivery approach represents a novel and potentially highly useful method for the administration 
of large molecular mass therapeutic molecules to diseased mucosal sites.   

1. Introduction 

Diseases affecting oral mucosal epithelia are highly prevalent and 
often debilitating. Autoimmune or dysregulated inflammatory condi-
tions are a cause of chronic painful mucosal ulcers, while oral epithelial 
malignancies can be life threatening [1–3]. Topical treatment options 
are restricted by the limited range of therapeutic agents that can be 
delivered using traditional dosage forms, such as buccal tablets, 
mouthwashes and ointments, which offer little site-specificity and result 
in short exposure times and off-target toxicity [4]. Fibrous membrane 
formulations prepared using electrospinning have recently attracted 
attention for oromucosal, nasal, vaginal and ocular drug delivery 
because of their flexibility and high surface area, which allows these 

membranes to conform to curved and dynamic surfaces [5–7]. Their 
high surface area facilitates efficient drug release and a large number of 
mucoadhesive interactions with the tissue, leading to prolonged resi-
dence time [5]. These oral membranes and patches are highly acceptable 
to patients, [8] and have recently been translated for clinical use for the 
delivery of corticosteroids or tacrolimus [9,10]. 

Previous research on electrospun mucoadhesive membranes has 
primarily focussed on enhancing the delivery of small molecule drugs, 
which diffuse unassisted through the tissue following release. However, 
more advanced treatment options could be introduced by further 
developing the technology to release non-viral vesicular delivery vec-
tors. Topical delivery of biologics, including protein and nucleic acid- 
based therapies, may be greatly improved by encapsulation within 
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tissue-penetrating vesicles that allow passage across the oral epithelium 
permeability barrier whilst protecting biologics from denaturation [11]. 
Additionally, vesicles offer the potential for targeted delivery. For 
example, selectively targeting malignant cells may enable new chemo-
preventative treatments, while the ability to target the cytoplasm could 
introduce new possibilities for mucosal vaccines or anti-inflammatory 
therapies [12–14]. 

Polymersomes (PS) are vesicle drug-delivery vectors formed by the 
self-assembly of amphiphilic block co-polymers [15]. In comparison to 
liposomes, the membrane thickness and chemistry can be tailored more 
extensively to influence circulation time and drug-release kinetics [16]. 
Furthermore, physicochemical properties or specific biological in-
teractions involving the hydrophilic block can be used to influence drug 
distribution. Stimuli-responsive chemistries to pH, temperature or redox 
reactions can be used to enable intracellular or tissue-specific release 
[14,17]. The electrospinning of emulsions and dispersions is challenging 
due to the tendency for phases to separate in the Taylor cone [18]. 
Despite this, there have been some successful attempts to encapsulate 
various types of vesicles using uniaxial or coaxial electrospinning [19]. 
Alternatively, vesicles can be introduced by coating the fibres after 
electrospinning [20]. To our knowledge there have been no reports of 
electrospun materials for the release of intact PS. 

Here, we report for the first time the efficient and non-denaturing 
electrospinning of biologic-loaded PS and their release from electro-
spun fibres with intact vesicle morphology and biologic functionality. 
This formulation could form the basis for new therapeutic delivery 
strategies to treat a variety of topical conditions. This is the first report of 
bead-on-string electrospinning being used to facilitate encapsulation 
and provides a major advance for difficult-to-electrospin drug-material 
combinations. 

2. Methods 

2.1. Materials 

Glycerol monomethacrylate (GMA) was kindly donated by GEO 
Specialty Chemicals, Hythe, UK. 2-hydroxypropyl methacrylate (HPMA) 
was purchased from Alfa Aesar, UK. Methacryloxyethyl thiocarbamoyl 
rhodamine B was purchased from Polysciences, Hirschberg an der 
Bergstrasse, Germany. 2,2′-Azobis[2-(2-imidazolin-2-yl)propane]dihy-
drochloride (VA-044) was purchased from Wako Specialty Chemicals, 
Neuss, Germany. Ethanol, dichloromethane (DCM), and dime-
thylformamide (DMF) were purchased from ThermoFisher, Lough-
borough, UK. Poly(ethylene oxide) (PEO), bovine serum albumin (BSA), 
4′-Azobis-4- cyanopentanoic acid (ACVA), 2-cyano-2-propyl benzodi-
thioate (CPDB), d-methanol, d-acetone, Sepharose CL-2B, Sephadex G- 
25, IgG from rabbit serum, 7-hydroxy-4-(trifluoromethyl)coumarin, and 
all cell culture reagents were purchased from Sigma Aldrich, Gilling-
ham, UK. Mouse IgG and biotinylated goat anti-mouse F(ab) (B-F(ab)) 
were purchased from Abcam, Cambridge, UK. Other Enzyme-linked 
immunosorbent assay (ELISA) reagents were purchased from Bio-
techne, Abingdon, UK. 

2.2. 1H Nuclear magnetic resonance spectroscopy 

All nuclear magnetic resonance (NMR) spectra were recorded using a 
400 MHz Bruker Avance-400 spectrometer and 64 scans were averaged 
per spectrum. 

2.3. Gel permeation chromatography 

Analyte samples were prepared at approximately 0.5 % w/w in DMF 
(HPLC, 0.1 mg/mL LiBr) using 0.1 % v/v toluene as a flow rate marker 
and filtered through a 0.45 μm polytetrafluoroethylene filter. Analysis 
was performed using a PL-GPC 50 system fitted with 2 × PLgel Mixed-C 
5 μm (300 × 7.5 mm) columns (Agilent, Cheadle, UK). The equipment 

was calibrated using near-monodisperse poly(methyl methacrylate) 
standards (5.45 × 102–2.00 × 106 g/mol). Molar mass and dispersity 
were calculated with Agilent GPC software. 

2.4. RAFT synthesis of PGMA45 macro-CTA agent in ethanol 

Macro-CTA synthesis was performed as previously described [21]. 
An oven-dried round-bottomed flask was charged with GMA (30.0 g; 
187 mmol), CPDB (0.830 g; 3.00 mmol), ACVA (210 mg, 0.196 mmol) 
and anhydrous ethanol (50 mL), sealed, purged with N2 for 30 min and 
placed in a pre-heated oil bath at 70 ◦C with stirring for 150 min. The 
reaction was quenched by exposure to air and cooled in an ice bath. The 
resulting PGMA macro-CTA (GMA conversion = 65 %; Mn = 12,300 g/ 
mol, Mw/Mn = 1.23; Fig. S1, Fig. S2) was purified by precipitation into 
excess DCM. A mean DP of 45 was calculated using 1H NMR spectros-
copy in d-methanol by comparing the integral from 3.4 ppm to 4.3 ppm 
assigned to the five protons on the PGMA units to that of the aromatic 
signals at around 7 ppm assigned to the five protons on the RAFT CTA 
end-group, as previously described [21]. 

2.5. Preparation of empty PGMA45PHPMA230 polymersomes via RAFT 
aqueous dispersion polymerization for electrospinning optimisation 

Polymersomes (PS), were prepared without protein encapsulation 
using polymerization-induced self-assembly (PISA) based on a previ-
ously described method [21]. PGMA45 macro-CTA (0.200 g, 26.9 μmol), 
HPMA (0.954 g, 6.20 mmol) and deionised water (5 mL) were added to a 
sample vial and purged with N2 for 20 min. VA-044 (0.32 mL, 5 mg/mL 
in water, 5.0 μmol, CTA/VA-044 molar ratio = 5.4) was added and the 
solution purged with N2 for a further 10 min prior to immersion in an oil 
bath at 37 ◦C for 8 h. Finally, the polymerization was quenched by 
cooling to room temperature with subsequent air exposure and reaction 
mixtures analysed by 1H NMR spectroscopy in d-acetone as previously 
described [21]. Negligible methacrylate peaks at 5.6 and 6.8 ppm 
indicated high monomer conversion (Fig. S3). The product was used 
without purification and diluted as required in deionised water. 

2.6. Electrospinning system and membrane fabrication 

Electrospun membranes were fabricated using a system comprising a 
PHD2000 syringe pump (Harvard Apparatus, Cambridge, UK) and an 
Alpha IV Brandenburg power source (Brandenburg UK Ltd., Worthing, 
UK) as previously described [22,23]. Plastic syringes (1 mL volume; 
Henke Sass Wolf, Tuttlingen, Germany) were used to drive the solutions 
into a 20-gauge blunt metallic needle (Fisnar Europe, Glasgow, UK). 
Electrospinning with optimised parameters was performed at room 
temperature with a potential difference of 19.5 kV, a flow rate of 1.5 
mL/h, a volume of 5 mL, and a flight path of 17 cm using a rotating 
mandrel collector with 20 cm circumference at 100 rpm. Optimised 
electrospinning solutions were prepared by adding 600 kDa PEO (3 % 
w/v) to deionised water or purified PS solution (within 6 h following 
purification) and mixing for 18 h. 

2.7. Scanning electron microscopy 

Electrospun fibres were imaged using a TESCAN Vega3 scanning 
electron microscope (SEM; Tescan, Cambridge, UK). Samples were 
sputter coated with gold and imaged using an emission voltage of 5 kV. 
All images were processed using ImageJ software tools. Fibre and bead 
diameters were measured by ImageJ using randomly generated co-
ordinates and a superimposed grid to randomly select areas to measure 
[24]. Three independently prepared membranes were analysed for each 
composition with at least 10 measurements per sample. 
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2.8. Preparation of Alexa Fluor™ 647-F(ab) 

IgG from rabbit serum (8 mg/mL, 0.5 mL) was fragmented into F(ab) 
(ThermoFisher Scientific, Loughborough, UK) as per the manufacturer's 
instructions. Low molecular weight impurities were removed using a 
Vivaspin 30 kDa cut-off centrifugal concentrator (Scientific Laboratory 
Supplies, West Bridgford, UK). Fragmentation products were analysed 
without reduction or denaturation by SDS-PAGE using a NuPAGE™ 
4–12 % bis-tris gel with MOPS running buffer (ThermoFisher Scientific, 
Loughborough, UK) and visualised using Expedeon InstantBlue™ stain 
(Abcam, Cambridge, UK) (Fig. S4). Buffer exchange into 0.1 M pH 8 
carbonate-bicarbonate buffer was performed on the F(ab) product using 
a Zebra™ desalting column (ThermoFisher Scientific, Loughborough, 
UK) yielding a volume of approximately 0.7 mL. AlexaFluor 647 NHS 
ester (0.1 mL, 10 mg/mL in DMSO) was added under vigorous stirring 
and the reaction mixture incubated 1 h in the dark. AlexaFluor 647-F 
(ab) (647-F(ab)) was purified using size exclusion chromatography 
(SEC) with Sephadex G-25 and phosphate-buffered saline (PBS). The 
concentration and degree of labelling (DOL = 3.0) of the resulting F(ab) 
were estimated from absorbance at 650 nm and 280 nm (assuming a 
protein molecular weight of 50 kDa and extinction coefficient of 1.4 mL 
mg− 1 cm− 1). 

2.9. Preparation of fluorescent protein-loaded PGMA48PHPMA230 
polymersomes via RAFT aqueous dispersion polymerization at 20 % w/w 
solids 

Protein-loaded PS were prepared using PISA based on previously 
described methods [21]. PGMA45 macro-CTA (0.100 g, 13.5 μmol), 
HPMA (0.447 g, 3.10 mmol; Alfa Aesar, UK), BSA (0.133 g), meth-
acryloxyethyl thiocarbamoyl rhodamine B fluorescent monomer (0.25 
mg, 375 nmol), aqueous F(ab) solution as required (250 μg biotinylated 
(B)-F(ab) or 1 mg 647-F(ab)), and deionised water (up to a total aqueous 
volume of 2.5 mL) were added to a sample vial and purged with N2 for 
20 min. VA-044 (0.16 mL, 5 mg/mL in water, 2.5 μmol, CTA/VA-044 M 
ratio = 5.4) was added and the solution purged with N2 for a further 10 
min prior to immersion in an oil bath at 37 ◦C for 8 h. The polymeri-
zation was quenched by cooling to room temperature with subsequent 
air exposure and resulting reaction mixtures analysed by 1H NMR 
spectroscopy in d-acetone and GPC (Fig. S5, Fig. S6). Negligible meth-
acrylate peaks at 5.6 and 6.8 ppm indicated high monomer conversion 
(>99 %). Within 24 h following synthesis, undiluted crude PS solution 
(1 mL) was purified by SEC in deionised water using a Sepharose CL-2B 
column to collect highly fluorescent fractions (approximately 4 mL). 
Concentration of the resulting purified PS solution was determined using 
fluorescence spectroscopy using standard curves with fluorescence 
measured at 548 excitation and 570 nm emission using a spectropho-
tometer (Tecan, Männedorf, Switzerland). Purified PS concentrations 
were interpolated from linear standard curves constructed from crude 
solutions. 

2.10. Fourier transform infrared spectroscopy 

Fourier transform infrared (FT-IR) spectra were recorded using a 
PerkinElmer Paragon 1000 FTIR instrument with ATR accessory (Per-
kinElmer, Beaconsfield, UK) by performing 16 concurrent scans between 
800 and 4000 cm− 1 with a resolution of 2 cm− 1. 

2.11. Differential scanning calorimetry 

Measurements were performed using a Perkin Elmer Pyris 1 calo-
rimeter (PerkinElmer, Beaconsfield, UK). Samples (5 mg) were sealed in 
aluminium pans and equilibrated at 0 ◦C before heating to 150 ◦C at 
10 ◦C/min. 

2.12. Mechanical testing 

Membranes were cut into test specimens (7 cm × 1 cm) by scalpel, 
thickness measured using a digital micrometer (Mitutoyo, Kanagawa, 
Japan), and fitted within a Lloyd LRX mechanical tester with a 2.5 kN 
load cell (Lloyd Instruments, Bognor Regis, UK), such that the gauge 
length was 5 cm. Pull-to-break tests were performed at 10 mm/min. 
Tests were performed in triplicate using independently prepared 
membranes. 

2.13. Preparation and imaging of fluorescent-labelled membranes 

7-hydroxy-4-(trifluoromethyl)coumarin (1 mg/mL) was added as a 
contrast agent to electrospinning solutions prepared as previously 
described and mixed until homogenous before electrospinning a small 
volume onto a static electrically-grounded glass coverslip. Coverslips 
were affixed to slides without mountant and visualised using a Zeiss 
LSM880 AiryScan confocal microscope. Images containing multiple fi-
bres were acquired in three-channel mode and AiryScan processing 
applied in 2D. Higher magnification images of individual beads were 
acquired using the z-stack function in dual-channel mode to prevent 
photobleaching and by applying 3D AiryScan processing. All images 
were further processed using ImageJ software tools. 

2.14. Transmission electron microscopy 

Solutions of approximately 0.1 % w/w PS in deionised water were 
used for TEM images. Copper/palladium TEM grids (Agar Scientific, 
Stansted, UK) were surfaced-coated in-house with a film of amorphous 
carbon and made hydrophilic by plasma glow discharge for 30 s before 
use. Solution (5 μL) was added to the grid for 60 s after which excess was 
removed with filter paper. Uranyl formate (0.75 % w/w, 5 μL) was 
added to the gird for 20 s after which excess stain was removed. Finally, 
the grid was dried using a vacuum line and stored in the dark until use. 
TEM images were taken using a FEI Tecnai G2 Spirit TEM instrument 
(FEI Company, Hillsboro, USA) equipped with a Gatan 1kMS600CW 
CCD camera at 120 kV. 

2.15. Dynamic light scattering 

Solutions were prepared at approximately 0.1 % w/w in PBS before 
measuring hydrodynamic particle diameter with a NanoBrook Omni 
particle analyser using a 25 mW diode laser with a 640 nm wavelength 
(Brookhaven Instruments, Hallstahammar, Sweden). Data was obtained 
at a scattering angle of 173◦. Each dynamic light scattering (DLS) 
measurement consisted of 6 runs of 2 min with count rates between 400 
and 600 kcps. 

2.16. ELISA for the measurement of biotinylated F(ab) concentration 

A biotinylated polyclonal goat anti-mouse F(ab) (B-F(ab)) was used 
as a model protein to assess the suitability of the PS and fibre formula-
tions for the encapsulation of a biologically active antibody fragment. A 
direct ELISA protocol was used to quantify the antigen binding activity 
of biotinylated goat anti-mouse F(ab) as previously described [25]. 
High-binding 96-well plates were coated with mouse serum IgG (10 μg/ 
mL, 100 μL per well) overnight at room temperature and then blocked 
with BSA (1 % w/v) overnight at 4 ◦C. To measure unencapsulated F(ab) 
concentration, samples were diluted 1:1000 v/v in PBS before ELISA 
loading. To measure total F(ab) concentration, samples were diluted 
1:10 v/v in ethanol and mixed briefly by pipette to release PS contents 
before immediately diluting 1:100 v/v in PBS and loading. Samples and 
F(ab) standards were incubated for 2 h at room temperature before 
aspirating and washing three times (0.05 % w/v Tween-20 in PBS). 
Streptavidin-conjugated horseradish peroxidase (50 μg/mL) was added 
for 20 min before aspirating and washing. Stabilised 3,3′,5,5′- 
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tetramethylbenzidine/hydrogen peroxide substrate solution was added 
and incubated at room temperature followed 20 min later by 50 μL per 
well 2 M aqueous hydrochloric acid to stop the reaction. Optical density 
was measured at 450 nm with a correction filter reading of 570 nm using 
a spectrophotometer (Tecan, Männedorf, Switzerland) and concentra-
tions interpolated from 4-parameter logistic standard curves. 

2.17. Encapsulation efficiency calculations 

Encapsulated F(ab) concentrations are calculated from ELISA mea-
surements by subtracting unencapsulated F(ab) concentration from the 
total F(ab) concentration as shown in Eq. (1). 

[F(ab) ]encapsulated = [F(ab) ]total − [F(ab) ]unencapsulated (1) 

Percentage encapsulation efficiency (%EE) for PS synthesis was 
calculated as shown in Eq. (2) by performing ELISA measurement on 
crude PS solutions (diluted as required) and normalising the ELISA 
measurement of encapsulated F(ab) concentration against the theoret-
ical maximum concentration based on the amount of F(ab) added to the 
reaction mixture. Additionally, the percentage loss in antigen-binding 
activity (%AL) during synthesis was calculated using Eq. (3). 

%EE = 100×
[F(ab) ]encapsulated

[F(ab) ]max
(2)  

%ALsynthesis = 100×
(

1 −
[F(ab) ]total

[F(ab) ]max

)

(3) 

Following SEC purification and electrospinning, fibre samples were 
fully dissolved in PBS at 10 mg/mL at 37 ◦C for 30 min with shaking and 
then analysed by ELISA. The total %EE was calculated for the entire 
fabrication process using Eq. (2), normalising against the theoretical 
maximum F(ab) loading by dry mass in the resulting fibres. Additionally, 
the %EE associated with the electrospinning process was calculated 
using Eq. (4). 

%EEelectrospinning = 100×
%EEtotal

%EEsynthesis
(4)  

2.18. Estimation of membrane PS content using 1H NMR spectroscopy 

Membrane samples were dissolved in deuterated dimethyl sulfoxide 
(10 mg/mL) and 1H NMR spectra obtained. The integral associated with 
PEO backbone protons (3.5 ppm) was compared to the integrals of the 
methacrylate backbone (1.6–2.1 ppm) and pendent methyl group 
(0.5–1.0 ppm) protons (Fig. S7). The number of protons per monomer 
unit and the molecular weight per monomer unit were used to calculate 
PS content within PEO membranes. 

2.19. Cell culture and generation of reconstituted human oral epithelium 

FNB6-hTERT immortalized oral keratinocytes (FNB6; Ximbio, Lon-
don, UK) were cultured in a flavin- and adenine-enriched medium 
consisting of high glucose Dulbecco's modified Eagle's medium (DMEM) 
and Ham's F12 medium in a 3:1 v/v ratio supplemented with 10 % v/v 
foetal bovine serum (FBS), epidermal growth factor (10 ng/mL), adenine 
(0.18 mM), insulin (5μg/mL), transferrin (5μg/mL), L-glutamine (2 
mM), triiodothyronine (0.2 nM), amphotericin B (0.625μg/mL), peni-
cillin (100 IU/mL), and streptomycin (100μg/mL). FNB6 cells (5 × 105 

in 0.5 mL) were seeded onto the apical surface of fibronectin-coated (10 
μg/mL) 12-well, 0.4 μm pore cell culture inserts (Greiner Bio One Ltd., 
Stonehouse, UK) and cultured submerged for 3 days, after which the 
reconstituted human oral epithelium (RHOE) models were raised to an 
air-liquid-interface and cultured for a further 9 days [26]. 

2.20. Transepithelial electrical resistance 

Before measurement, RHOE models were washed with PBS and 
placed in a 12-well plate, 0.5 mL PBS was added to basolateral chambers 
and 0.3 mL to apical chambers. Tissue integrity was assessed by 
measuring transepithelial electrical resistance (TEER) using an EVOM2 
voltmeter (World Precision Instruments, Madison, USA) at three loca-
tions per model, and the average of these values calculated. The resis-
tance across RHOE was obtained by subtracting the resistance value 
derived from a blank cell culture insert. TEER was calculated using eq. 5. 

TEER
(
Ω.cm2) = Resistance(Ω)×Epithelium area

(
cm2) (5)  

2.21. Cytotoxicity testing in reconstituted human oral epithelium 

PS-containing membrane samples (10 mg) or PS in solution (1 % w/ 
v, 0.5 mL in PBS) were applied to the apical surface of RHOE. RHOE 
were wetted with PBS (0.5 mL) to simulate the moisture in the oral 
cavity. PBS (0.5 mL) was used as non-cytotoxic control; SDS (1 % w/v, 
0.5 mL) as a cytotoxic control. After 24 h, samples were removed and the 
RHOE washed with PBS and cultured for a further 24 h. Finally, RHOE 
were washed with PBS before adding 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) in media (0.5 mg/mL, 0.5 mL) to 
both the apical and basolateral chambers and incubating for 3 h. The 
solution was removed and 0.1 M HCl in propan-2-ol added (1 mL) to the 
apical and basolateral chambers of each model, with gentle agitation for 
10 min to dissolve the formazan crystals. The solutions from the apical 
and basolateral chambers were combined and absorbance at 570 nm 
measured spectrophotometrically (Tecan, Männedorf, Switzerland). 
Percentage viability was calculated by subtracting the average absor-
bance of the cytotoxic control and normalising relative to the average 
value of the vehicle controls. The experiment was performed 3 times 
using different cell passages and independently prepared samples. 

2.22. Polymersome delivery to reconstituted human oral epithelium 

RHOE were wetted with 0.5 mL PBS to simulate the moisture in the 
oral cavity, then PS-encapsulated Alexa Fluor™ 647-F(ab)-containing 
membrane samples (10 mg) or PS in solution (1 % w/v, 0.5 mL in 
PBS), were applied to the apical surface. After 6 h, samples were 
removed and the RHOE washed 3 times with PBS before fixing in neutral 
buffered formalin (10 % w/v) for 24h. Samples were perfused with 30 
% w/v sucrose for a further 24 h before embedding in optimum cutting 
temperature (OCT) compound (CellPath, Newtown, UK). Frozen sec-
tions (20 μm) were collected at − 14 ◦C using a Cryostar NX50 cryostat 
(ThermoFisher, Loughborough, UK) and mounted in antifade mounting 
medium with 4′,6-diamidino-2-phenylindole (DAPI; Vector Labora-
tories, Upper Heyford, UK). Slides were visualised using a Zeiss LSM880 
AiryScan confocal microscope followed by processing using ImageJ 
software tools. 

2.23. Data analysis 

All statistical analyses and standard curve interpolations were per-
formed using GraphPad Prism 9.3 software (GraphPad Software, La 
Jolla, USA). Unless stated data are presented as mean ± standard de-
viation of at least three independent experiments. Unpaired t-test or one- 
way ANOVA with Tukey's post-hoc test was used for pairwise or 
groupwise comparisons, respectively and results considered statistically 
significant if p < 0.05. 

3. Results 

3.1. Electrospinning parameters for the encapsulation of polymersomes 

To identify suitable electrospinning parameters for PS encapsulation, 
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empty PS (empty-PS) were synthesized in the absence of protein cargo 
and used without purification. Electrospinning was attempted at varying 
voltages with different concentrations of 600 kDa PEO. Electro-
hydrodynamic processing could not be achieved using 2 % w/v empty- 
PS solution without PEO for voltages of 15–25 kV (Table 1). Solutions 
containing 2 % w/v PS with 5 % w/v or 10 % w/v PEO formed a Taylor 
cone in the presence of an electric field. However, there was excessive 
accumulation of solution and dripping at the spinneret tip that pre-
vented collection of defect-free material. In contrast, 2 % w/v empty-PS 
with 3 % w/v PEO produced a stable electrospinning jet at 19.5 kV 
without dripping and a material was collected without visible defects 
(Fig. S7). For comparison, electrospinning was also performed using 
PEO solutions in the absence of empty-PS. Electrospinning was achieved 
for 3, 5, and 10 % w/v PEO. SEM analysis showed that 5 % w/v and 10 
% w/v PEO produced smooth monolithic fibres, whereas 3 % w/v 
resulted in fibres with a high incidence of spindle-shaped beads (Fig. 1). 

3.2. Fabrication and physical characterisation of bead-on-string 
membranes for the encapsulation of protein-loaded polymersomes 

BSA was encapsulated by PISA and the resulting fluorescent-labelled 
BSA-loaded PS (BSA-PS) purified by SEC, yielding dispersions with 2.54 
± 0.33 % w/v BSA-PS. 3 % w/v PEO was added and dissolved to act as a 
fibre-forming excipient before electrospinning. Based on the dry mass 
concentrations, the resulting membranes theoretically contained a PS 
content of 45.8 ± 3.4 % w/w by polymer mass. NMR analysis of mem-
branes dissolved in deuterated DMSO confirmed successful incorpora-
tion of PS and showed the membranes contained at least 33 % w/w PS, 
although this is likely an underestimation due to overlapping signals at 
3.5 ppm (Fig. S8). SEM imaging showed that PEO-only membranes 
comprised bead-on-string fibres with smooth spindle-like beads 
(Fig. 2Ai). BSA-PS membranes had a similar bead-on-string morphology, 
except the beads had a bumpy surface (Fig. 2Aii). BSA-PS membranes 
had a wider fibre diameter of 0.26 ± 0.07 μm diameter in comparison to 
0.22 ± 0.05 μm for PEO-only membranes (Fig. 2Bi, p < 0.05), although 
BSA-PS and PEO-only membranes had similar bead diameters of 0.80 ±
0.18 μm and 0.70 ± 0.21 μm, respectively (Fig. 2Bii, p = 0.06). 

FTIR spectra of both PEO-only and BSA-PEO membranes contained 
distinctive absorbances associated with the PEO polymer, most promi-
nently C–H stretching at 2890 cm− 1 and C-O-C stretching at approxi-
mately 1100 cm− 1 (Fig. 2C) [27]. BSA-PEO membranes additionally 
displayed a broad absorbance at approximately 3400 cm− 1 associated 
with O–H stretching and a double peak at 1640 cm− 1 and 1720 cm− 1 

associated with amide (BSA) and ester (PS) C––O stretching. These 
indicate successful incorporation of both the BSA-PS polymer and 
protein. 

DSC thermal analysis showed that PEO-only membranes melted at 
69 ◦C (Fig. 2D). BSA-PS membranes had a broader melting peak at 
63–66 ◦C, followed by a decrease in baseline heat-flow, suggesting a 
depressed PEO melting point, possibly overlapping with a glass transi-
tion associated with the PHPMA blocks of PS. 

Pull-to-break tensile testing on membrane strips showed that both 

PEO-only and BSA-PS membranes were highly ductile, with strains at 
break of 124 ± 41 % and 75 ± 41 %, respectively (Fig. 2Ei). BSA-PS 
membranes had a significantly lower ultimate tensile strength of 2.64 
± 0.42 MPa compared to 4.15 ± 0.33 MPa for PEO-only membranes 
(Fig. 2Eii, p < 0.01). All membranes were sufficiently strong enough to 
allow easy handling with forceps (Fig. S7). 

3.3. Fluorescent imaging of internal fibre structure 

To investigate the internal structure of the electrospun fibre formu-
lation. A fluorescent labelled F(ab) (647-F(ab)) was prepared and 
incorporated into PS (647-F(ab)-PS), which also contained fluorescent- 
labelled polymer within the hydrophobic interior block. Electro-
spinning solutions were prepared that contained 7-hydroxy-4-(trifluoro-
methyl)coumarin as a fluorescent contrast agent to allow imaging of the 
overall fibre structure. 

The fluorescence of the contrast agent revealed the same bead-on- 
string fibre morphology that was observed by SEM (Fig. 3A). The fluo-
rescence associated with the PS (Fig. 3B) and that of the 647-F(ab) 
(Fig. 3C) appeared as distinct clusters along the electrospun fibre. 
Moreover, a compositive image showed that these molecules were co- 
localised within ovoid beads, showing that the F(ab) remained encap-
sulated during electrospinning (Fig. 3D) and that the 647-F(ab)-PS 
accumulate within the fibre bead structures (Fig. 3D). PEO-only and 
BSA-PS membranes with contrast agent were prepared and imaged 
identically as controls, showing that there was no spectral overlap be-
tween channels (Fig. S9). Optical sections were captured at high 
magnification showing the internal structure of individual beads 
(Fig. 3E). On a sub-micron scale the signals associated with the PS hy-
drophobic blocks and the 647-F(ab) do not overlap. The PS hydrophobic 
blocks appear as ring-shaped structures approximately 400–700 nm in 
diameter. The 647-F(ab) appears as spheres approximately 100–300 nm 
in diameter. Features may appear larger by optical microscopy than by 
SEM or DLS due to the beads flattening against the surface of the 
coverslip. 

3.4. Morphology of membrane-released polymersomes 

Encapsulated BSA-PS were released from the membranes by dis-
solving in deionised water. A distinctive vesicular morphology, observed 
by TEM analysis, was preserved following synthesis, SEC purification 
and release from the electrospun material (Fig. 4A-C). Control, PEO-only 
membranes displayed no vesicular structures (Fig. 4D). 

TEM imaging is somewhat inaccurate for measuring vesicle diameter 
because of the tendency for soft vesicles to flatten and appear wider 
when adsorbed to a surface. Therefore, DLS measurements were per-
formed on BSA-PS dispersions in PBS to compare hydrodynamic di-
ameters (Table 2). There was negligible change in diameter following 
SEC purification and the measurements were in the expected range 
based on previous findings [21]. Following release from the electrospun 
membrane, there was no significant change in diameter, however, the 
standard deviation was increased, likely due to the presence of small 
PEO macromolecules. Indeed, PEO-only membranes were dissolved and 
measured as a control, showing a smaller hydrodynamic diameter of 
approximately 40 nm. 

3.5. Encapsulation efficiency using biotinylated F(ab) as a model 
biopharmaceutical 

To act as a model biopharmaceutical, biotinylated polyclonal goat 
anti-mouse F(ab) antibody fragments (B-F(ab)) were encapsulated 
within PS (B-F(ab)-PS). During polymerization, radical species can 
theoretically react with protein thiol groups via the thiol-ene reaction. 
Therefore, BSA was included as a blocking agent and sacrificial protein 
to minimise radical-induced denaturation of B-F(ab). The antigen- 
binding functionality of B-F(ab) to mouse IgG was measured by ELISA. 

Table 1 
Electrospinning process development for the incorporation of empty-PS. Elec-
trohydrodynamic processing of a 2 % w/v aqueous PS solution was attempted 
using varying voltages and concentrations of 600 kDa PEO at a flow rate of 1.5 
mL/h and a flight path of 17 cm. For comparison electrospinning of PEO was also 
performed in the absence of PS.   

0 % PEO 3 % w/v 
PEO 

5 % w/v PEO 10 % w/v PEO 

2 % 
w/v 
PS 

No Taylor 
cone, 15–25 
kV 

Stable, 
19.5 kV 

Excessive 
dripping, 15–25 
kV 

Excessive 
dripping, 15–25 
kV 

0 % 
PS 

– Stable, 
19.5 kV 

Stable, 19.5 kV Some dripping, 
19.5 kV  
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The total B-F(ab) concentration (including both B-F(ab) contained 
within B-F(ab)-PS and unencapsulated B-F(ab) in the bulk solution) was 
detected by lysing B-F(ab)-PS with ethanol before ELISA analysis; 
unencapsulated B-F(ab) was detected by performing ELISA without 
lysis. 

Analysis of the crude reaction product revealed that 23 ± 10 % of the 
F(ab) antigen-binding activity was lost during PISA and 36.5 ± 3.1 % of 
the F(ab) was encapsulated within PS (Table 3). SEC fraction analysis 
following purification showed that encapsulated B-F(ab) co-eluted with 
the polymer, indicating successful encapsulation within B-F(ab)-PS 
(Fig. S10). Unencapsulated F(ab) eluted in later fractions, indicating 
good separation of the unencapsulated B-F(ab). SEC purification yielded 
polymer concentrations of 2.61 ± 0.53 % w/v that were subsequently 
electrospun in the presence of 3 % w/v PEO. Based on the dry mass 
concentrations, the resulting membranes contained 46.5 ± 5.6 % w/w 

PS by polymer mass and had a theoretical maximum F(ab) loading of 
220 ± 21 ng/mg. NMR measurements confirmed that the membranes 
contained at least 38 % w/w PS. Electrospun membrane samples were 
dissolved in PBS before performing ELISA analysis, which indicated an 
EE of 28.5 ± 5.1 % for the entire fabrication process. Therefore, the EE 
associated with the electrospinning step was calculated at 78 ± 13 %. 

3.6. Toxicity testing in reconstituted human oral epithelium 

RHOE were used to test the cytotoxicity based on Organisation for 
Economic Co-operation and Development guidelines for assessing skin 
irritancy (OECD 439). BSA-PS was applied as a solution (0.5 mL, 1 % w/ 
v) or electrospun membrane (10 mg, with 0.5 mL PBS). Neither the BSA- 
PS applied as solution nor as a membrane reduced cell viability (Fig. 5). 

Fig. 1. Scanning electron micrographs of electrospun 600 kDa PEO membranes produced using aqueous solutions at concentrations of (A) 3 % w/v, (B) 5 % w/v, and 
(C) 10 % w/v. Scale bar = 10 μm. 

Fig. 2. Morphological and physical characterisation comparing PEO-only and BSA-PS membranes. (A) Representative scanning electron micrographs (SEM) of (i) 
PEO-only membranes and (ii) BSA-PS membranes (Scale bar = 10 μm) with expansions (Scale bar = 3 μm). (Bi) Fibre diameter and (Bii) bead diameter distributions 
measured from SEM images, with 10 diameter measurements each for 3 independently prepared membrane samples. Data are presented as median, interquartile 
range, and range. Pairwise comparisons were made using unpaired t-test (n = 30). *p < 0.05. (C) Infra-red spectra of (i) PEO-only membranes and (ii) BSA-PS 
membranes. (D) Compared endothermic differential scanning calorimetry traces. (Ei) Strain at break and (Eii) ultimate tensile strength (UTS), obtained by per-
forming pull-to-break tensile testing on 7 cm × 1 cm membranes strips. Pairwise comparisons were made using unpaired t-test (N = 3). **p < 0.01. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.7. Membrane delivery of polymersomes to reconstituted human oral 
epithelium 

RHOE were used as a model oral epithelial barrier to investigate 

membrane delivery of PS to epithelial surfaces. The RHOE were 
100–150 μm thick, which is comparable to the sublingual epithelium 
[28] with average TEER values of 1180 ± 350 Ω cm2, indicating robust 
epithelial permeability barrier properties [29]. Electrospun membranes 
(10 mg) containing 647-F(ab)-PS or BSA-PS were applied to the apical 
surface of the RHOE along with PBS (0.5 mL) to simulate saliva within 
the oral cavity that dissolve the fibres. After 6 h topical application the 
rhodamine B-labelled PS component of 647-F(ab)-PS and BSA-PS was 
detectable several cell layers deep into the epithelium (within the upper 
25–50 μm epithelial layers). For 647-F(ab)-PS, the F(ab) was detectable 
within the upper 1–2 cell layers and colocalised with the PS, suggesting 
successful delivery of the PS-encapsulated biologic into the epithelium 
(Fig. 6). 

Fig. 3. Representative confocal images of fluorescent-labelled 647-F(ab)-PS membranes. Thin layers of electrospun material were collected on glass coverslips and 
imaged by super-resolution confocal imaging. Images of fibres captured using multichromatic confocal microscopy (A) PS hydrophobic block labelled with 
rhodamine B (green), (B) 647-F(ab) (red), (C) 7-hydroxy-4-(trifluoromethyl)coumarin dye used as a contrast agent to show overall fibre structure (blue), (D) overlay. 
Scale bar = 50 μm (E) High magnification image showing optical cross section of an individual bead, captured using z-stack function in dual chromatic confocal 
microscopy. Scale bar = 5 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Representative transmission electron micrographs of surface-adsorbed BSA-PS. (A) Crude PS-BSA following synthesis, (B) SEC-purified BSA-PS, (C) BSA-PS 
following electrospinning encapsulation and release by dissolving in deionised water, (D) PEO-only membranes were dissolved and used as a negative control. Scale 
bar = 1 μm. 

Table 2 
Hydrodynamic diameters of BSA-PS dispersions obtained using dynamic light 
scattering. Measurements were performed on crude BSA-PS following synthesis, 
after SEC-purification, and following electrospinning encapsulation and release 
by dissolution in PBS. Dissolved PEO-only membranes were included as a con-
trol. Values are presented as mean ± SD for 6 repeated measurements on a 
representative batch of BSA-PS.   

Crude SEC-purified Electrospun PEO only 

Dh (DLS) 390 ± 42 nm 387 ± 42 nm 340 ± 130 nm 42 ± 9 nm  
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4. Discussion 

Polymersomes (PS) are artificial hollow spheres formed by amphi-
philic copolymers, most commonly in an aqueous solution [30]. 
Therefore, water was selected as a processing solvent to preserve their 

vesicular morphology. Aqueous PS at 2 % w/v could not be electrospun 
without added polymer. This is expected due to the lack of molecular 
entanglement between polymer vesicles, resulting in insufficient vis-
cosity for fibre formation [31]. Electrospraying was also not observed 
due to the high surface tension of the aqueous solution. 600 kDa PEO 
was selected as a fibre-forming excipient because of its excellent elec-
trospinning properties in water [32]. Furthermore, PEO is considered a 
biologically inert pharmaceutical-grade excipient with mucoadhesive 
properties [33], which make it promising for use in a topical mucosal 
drug delivery system, for example in the oral cavity [5]. Electrospinning 
of 2 % w/v empty-PS from an aqueous solution was achieved with the 
inclusion of 3 % w/v 600 kDa PEO but not with 5 or 10 % w/v PEO. 
Interestingly, by electrospinning PEO in the absence of PS, it was found 
that 3 % w/v PEO produces bead-on-string fibres, whereas 5, and 10 % 
w/v produce monolithic bead-free fibres, suggesting that a bead-on- 
string morphology may be an important feature to enable the electro-
spinning of PS. The electrospinning process was investigated further for 
the encapsulation of protein-loaded fluorescent PS, with the aim of 
developing a topical formulation for the delivery of biopharmaceutical- 

Table 3 
Encapsulation efficiency (EE) calculations for B-F(ab)-PS in the crude PISA re-
action product and in the final electrospun membrane. Enzyme-linked immu-
nosorbent assay (ELISA) was used to quantify functional F(ab) concentrations 
through binding to surface immobilised mouse immunoglobulin. Encapsulated F 
(ab) was released by disrupting the PS vesicle morphology in ethanol. As con-
trols BSA-PS solutions and membranes were analysed by ELISA, which resulted 
in negligible colour change. Data are presented as mean ± SD (N = 3).   

Crude Electrospun 

Theoretical F(ab) loading (ng/mg polymer) 474 220 ± 21 
ELISA-measured Total F(ab) (ng/mg polymer) 366 ± 49 92 ± 30 
ELISA-measured unencapsulated F(ab) (ng/mg 

polymer) 
193 ± 34 28 ± 13 

Calculated encapsulated F(ab) (ng/mg polymer) 173 ± 15 64 ± 17 
Calculated % EE (Total) 36.5 ±

3.1 
28.5 ± 5.1 

Calculated % Activity loss (PISA) 23 ± 10 – 
Calculated % EE (Electrospinning) – 78 ± 13  

Fig. 5. Cytotoxicity testing of BSA-PS solutions and membranes measured 
using a tetrazolium dye (MTT) metabolic assay as an indirect measure of 
viability with reconstituted human oral epithelia (RHOE). Treatment with so-
dium dodecyl sulphate to cause total cell lysis was used as a control. Data are 
presented as mean ± SD; n = 3 and tested for significance using one-way 
ANOVA (p < 0.0001). ***, p < 0.001. 

Fig. 6. Membrane delivery of 647-F(ab)-PS and BSA-PS to reconstituted human 
oral epithelia (RHOE) visualised using confocal microscopy. Membranes were 
applied to RHOE for 6 h before washing and formalin fixation to immobilise the 
polymer and protein. Cryosections were incubated with 4′,6-diamidino-2-phe-
nylindole (DAPI) as a nuclear counterstain. AlexaFluor 647-labelled F(ab) (red), 
Rhodamine B-labelled polymer (green), DAPI nuclear counterstain (blue). Im-
ages shown are representative images of one experiment performed in tripli-
cate. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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loaded PS. 
Changes in DSC and FTIR spectrum of the material were consistent 

with the incorporation of BSA-PS. The presence of BSA-PS reduced the 
tensile strength of the membranes. However, both PEO-only and BSA-PS 
membranes were ductile and easy to handle. With the inclusion of BSA- 
PS, the spindle-shaped beads of the membrane appeared bumpy when 
imaged using SEM, suggesting some heterogeneity within the beads. The 
fibres connecting the beads appeared smooth, suggesting that the PS 
may accumulate preferentially within the beads. Super-resolution 
confocal microscopy confirmed this hypothesis, showing rings of fluo-
rescent polymer and spheres of 647-F(ab), verifying that the PS vesicle 
morphology was intact within the electrospun fibre and that multiple PS 
are encapsulated within each bead. 

Bead-on-string electrospinning occurs as an intermediate between 
electrospinning and electrospraying and its occurrence is strongly 
influenced by the viscosity, charge density, and surface tension of the 
polymer solution [34]. When surface tension is high relative to viscosity, 
beads are favoured to minimise surface energy. During bead-on-string 
electrospinning, charged droplets containing coiled and weakly- 
overlapping macromolecules of dissolved polymer are ejected 
following Plateau-Rayleigh breakup of the cone jet. Fong et al theorised 
that the high extensional flow at the point of Plateau-Rayleigh break-up 
causes the alignment and overlap the of polymer macromolecules, 
producing fibrils of shear-thickened polymer solution that connect the 
beads and persist as the jet solidifies [34]. This is supported by Dun-
derdale et al who showed that aqueous PEO solutions subjected to high 

Fig. 7. Schematic diagram illustrating the synthesis, purification, and electrospinning encapsulation of protein-loaded PS. (A) Synthesis of PGMA-PHPMA PS via 
RAFT aqueous emulsion polymerization at 37 ◦C. (B) Proteins are encapsulated within the PS lumen in situ during polymer synthesis (C) Unencapsulated protein is 
removed using size exclusion chromatography yielding a 2–3 % w/v polymer dispersion before adding 3 % w/v PEO 600 kDa and electrospinning into bead-on-string 
fibres. (D) Illustration of the hypothesized mechanism for the superior electrohydrodynamic encapsulation of PS within bead-on-string fibres, with arrows showing 
the forces involved at the point of ejection from the Taylor cone. 
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shear can undergo a flow-induced crystallisation, whereby PEO mac-
romolecules undergo transition from a hydrated globular structure to an 
aligned dehydrated state [35]. Our hypothesis is that PS could not be 
encapsulated using conventional electrospinning into smooth PEO fibres 
due to the PEO macromolecules aligning and hydrogen bonding 
together at high shear, creating a siphon effect which excludes PS from 
the electrospinning jet (Fig. 7D). In contrast, low shear stress (and 
consequently lower degree of molecular entanglement within beads 
during bead-on-string electrospinning) promotes encapsulation, causing 
PS to accumulate within beads and to be excluded from the inter-
connecting fibrils. Beaded fibres have often been considered to be a 
defective by-product of the electrospinning process with few practical 
applications [36,37]. To our knowledge, this is the first report of bead- 
on-string electrospinning being used to encapsulate difficult-to- 
electrospin materials. 

TEM imaging and DLS showed intact vesicular morphology of BSA- 
PS following release from the electrospun fibre. B-F(ab) was encapsu-
lated as a model functional protein to investigate the suitability of the 
formulation for biopharmaceutical delivery and to quantify electro-
spinning encapsulation efficiency. F(ab) was encapsulated within PS 
with an EE of 36.5 ± 3.1 % which is somewhat higher than expected 
based on previous studies of encapsulation using PISA [21], suggesting 
that the F(ab) may hydrogen bond to the polymers during synthesis and 
become enriched within the PS lumen and/or membrane. 78 ± 13 % of 
the F(ab) remained encapsulated within PS and retained antigen- 
binding functionality following electrospinning and release from the 
membrane fibres. These results confirm that PS vesicle morphology re-
mains intact, and that the majority of the vesicle contents are retained 
during electrospinning and PS release from the fibres. Electrospinning 
was also non-denaturing, suggesting suitability for biopharmaceutical 
delivery. Several previous studies report electrospinning for the encap-
sulation of PS or other synthetic vesicles where these remain perma-
nently immobilised within the fibres and are not released [19,38]. Two 
studies report the elution of liposomes from electrospun fibres [39,40], 
although the encapsulation of vesicle contents following release from 
the fibres has not been measured previously. To our knowledge, this 
work is the first report of an electrospun material for the release of intact 
PS. Furthermore, the high vesicle content of at least 30 % w/w PS by 
polymer mass (according to NMR analysis), suggests that the mem-
branes reported here may be particularly applicable for topical drug 
delivery, for which high loading of active ingredients is often required. 

BSA-PS applied either as a solution or in a PEO membrane were 
found to be non-irritant to the oral epithelium in a tissue engineered 
model. The ability of the membranes to deliver PS to oral epithelia was 
assessed using fluorescence imaging. After applying membranes for 6 h, 
PS was detectable within the apical epithelium indicating their suit-
ability as drug delivery vehicles. Similar data was observed by Hearnden 
et al who assessed uptake of PEO-functionalised polymersomes in tissue 
engineered models of the oral mucosa [41]. PEO is often used as a 
‘stealth’ coating for PS and other nanomedicines. The PGMA used in this 
study was intended to have a similar role as a biologically inert surface 
polymer that promotes passive diffusion through the tissue. Indeed, the 
extent of epithelial permeation in this study was comparable to that 
previously observed for PEO-functionalised PS [41]. 

Following delivery of 647-F(ab)-PS into RHOE, the fluorescent- 
conjugated F(ab) colocalised with the PS, suggesting successful uptake 
of the 647-F(ab) alongside the PS by epithelial cells. Although this study 
presents a formulation that successfully delivers biologic-loaded PS to 
epithelial tissue, further research is required to optimise PS chemistry 
for improved tissue permeation and to allow targeted release of a bio-
logic that provides a therapeutic function within epithelial cells, such as 
plasmid-based therapy or intracellular-cytokine-neutralising antibody 
[25,42]. Uptake of nanomedicines is often mediated by endocytosis, 
which risks lysosomal degradation of encapsulated biopharmaceuticals, 
although transcytosis or passive diffusion may also occur [43]. Mable et 
al achieved intracellular DNA delivery in breast cancer cells using 

similar PGMA-PHPMA-based PS by introducing pH-responsive groups 
within the hydrophobic polymer block [44]. Following endocytosis and 
compartmentalisation at low pH, the PS disassemble, causing release of 
the encapsulated DNA and rupture of the endosomal membrane. As part 
of a portfolio of studies, Armes and co-workers have introduced various 
features into PGMA-PHPMA PS including temperature-/pH-responsive-
ness [21,45], mucoadhesion [46], and cellular targeting [44]. Other 
groups have also produced PS with a wide variety of stimuli-responsive 
release and cell targeting mechanisms [47,48]. This demonstrates the 
modularity of PS technology and provides a toolkit to further develop 
the formulation for targeted biologic delivery. 

5. Conclusion 

Here, we report here the first electrospun formulation for the de-
livery of biologic-loaded PS. The F(ab) model biologic remained func-
tional and encapsulated within the polymer vesicles following release 
from the fibrous material. Uniquely, the fabrication process of bead-on- 
string electrospinning generated an accumulation of PS within the 
beads, providing a new strategy for the efficient electrospinning 
encapsulation of complex nanostructured carriers. The resulting mem-
branes were non-irritant and delivered detectable levels of PS within 
oral epithelia when applied topically. These data demonstrate a prom-
ising new technology for the delivery of therapeutic PS to mucosal 
surfaces. 

Statement of significance 

Electrospinning technology has been used to fabricate highly 
mucoadhesive membranes for the topical delivery of small molecules to 
the mucosal epithelium, but further development is required for delivery 
of vesicular vectors such as polymersomes that allow administration of 
advanced therapeutics. Herein, we load polymersome vesicles with 
antibody f(ab) fragments as a model biotherapeutic and incorporate 
these into electrospun fibres to create bead-on-string fibre-containing 
membranes. Results show, for the first time, polymersome release from 
bead-on-string fibres with intact vesicle morphology and release of 
biotherapeutic with maintained functionality into tissue-engineered 
mucosal epithelium. This novel membrane formulation could form the 
basis for new therapeutic delivery strategies to treat a variety of mucosal 
conditions. 
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