
biomaterial has to be compatible with the protein, and
also amenable to an encapsulation technique.7 In the case of
multiple protein delivery, finding a suitable biomaterial and an
encapsulation technique compatible with multiple proteins
remains challenging.

Amongst the many technologies for preparing sca�old
materials for 3D cell culture and tissue growth, coaxial electro-
spinning has emerged as a promising approach. This method
can produce well-defined and multi-component fibres, with
fibre diameters ranging from tens of nanometres to multi-
microns.8,9 These fibres o�er properties important for cell
culture including a large surface area, high molecular
permeability through the sca�old, and tuneable porosity. 10

Furthermore, coaxial electrospinning enables the formulation
of di�erentially functionalised core…shell fibres and this in turn
can lead to significant practical advantages.11,12 These are that
diverse guest molecules can be partitioned within and on the
layered core…shell structures, enabling, in principle, the
simultaneous or phased release of multiple cell-signalling or
other bioactive agents. These can range from hydrophobic
small molecule inhibitors through to hydrophilic biomacro-
molecules such as proteins and nucleic acids.13 In addition,
through variation of the individual materials used for the core
and shell regions of the fibres, coaxial electrospinning allows
for fine control in the release of encapsulated agents to a much
greater extent than for fibres produced by single-nozzle
electrospinning. 14

In this study, proteins were physically and chemically loaded
into and onto coaxial electrospun fibres in order to obtain bi-
phasic release profiles. Proteins were covalently attached on the
surface of the fibre (i.e. the shell), where cells can access the
protein via direct contact. This mimics the interaction between
cells and ECM-bound growth factors found in vivo.15 While in
the core of the fibre, the proteins were physically blended
within the polymer to allow subsequent continuous release to
the surrounding environment.

Cytocompatible polymers were used to construct the sca�old,
in this case polyethylene oxide (PEO) for the core and a
polycaprolactone (PCL)/O,O0-bis(2-aminopropyl)polypropylene
glycol-block-polyethylene glycol-block-polypropylene glycol

(Je�amine, JFA) mixture for the shell. PEO was chosen in order
to load bioactive molecules in the fibre core without exposing them
to organic solvents. PCL was selected owing to its mechanical
properties and high solubility in organic solvents typically
used in electrospinning processes.16,17 However, PCL does not
contain functional groups that facilitate high yield protein
conjugation. Therefore, two main approaches for covalent
attachment of proteins at the sca�old surface were evaluated,
(a) the aminolysis of PEO/PCL sca�old post electrospinning by
reaction with 1,6-diaminohexane and (b) the use of a PCL/JFA
blend. JFA was chosen as it contains two amine-terminal
groups attached to each end of a polyether backbone.18 In
addition to the reactive NH 2 termini, the hydrophilic polyether
backbone was deemed suitable in order to improve the
sca�old•s flexibility and wettability. Despite the interesting
properties of JFA polymers, only a few studies have reported
their use in electrospinning 19,20 and none in coaxial-
electrospinning. In our work, we showed that the use of JFA in
a coaxial electrospun sca�old, f acilitates the production of a
multiple protein delivery system, in comparison to aminolysis
and other multi-step treatments such as layer by layer functiona-
lization, polymer coating or grafting 21 Additionally, we demon-
strated that JFA enhanced sca�old properties in terms of porosity
and elasticity.

2. Materials and methods
2.1. Preparation of PEO/PCL and PEO/PCL/JFA core–shell
electrospun membranes

Pre-weighed polyethylene oxide (PEO) (200 kDa, 400 kDa, and
900 kDa), polycaprolactone (PCL) (80 000 g mol� 1), O,O0-bis(2-
aminopropyl)polypropylene glycol-block-polyethylene glycol-
block-polypropylene glycol (Je�amine, 1900 g mol� 1; JFA) (all
purchased from Sigma Aldrich, UK) were dissolved in di�erent
solvent systems, respectively, as shown in Table 1.

Bioactive molecules horseradish peroxidase (HRP) (Sigma
Aldrich, UK, P8375) and retinoic acid (RA) (Sigma Aldrich, UK),
were mixed and homogenised with deionised water prior to
adding PEO 200 kDa.

Table 1 Electrospinning parameters

Polymer Concentration (%) Solvent (v/v) Flow rate Distance (cm) Voltage (kV)

PEO(900 kDa)/PCL
PEO(900 kDa) 4 DIW 200 (mL h� 1) 23 16
PCL 10 Chloroform/DMF (8 : 2) 1.5 (mL h� 1)

PEO(400 kDa)/PCL
PEO(400 kDa) 6 DIW 200 (mL h� 1) 23 23
PCL 10 Chloroform/DMF (8 : 2) 1.5 (mL h� 1)

PEO(200 kDa)/PCL
PEO(200 kDa) 16 DIW 200 (mL h� 1) 23 16
PCL 10 Chloroform/DMF (8 : 2) 1.5 (mL h� 1)

PEO(200 kDa)/PCL/JFA
PEO(200 kDa) 16 DIW 200 (mL h� 1) 13 13
PCL/JFA 10 Chloroform/DMF (8 : 2) 1.4 (mL h� 1)
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For the core, solutions of PEO were prepared at di�erent
concentrations using de-ionised water as solvent: 16% w/v PEO
200 kDa, 6% w/v PEO 400 kDa and 4% w/v PEO 900 kDa. A stock
solution of RA at 100 mM in DMSO was prepared. HRP was
dissolved and RA further diluted, prior to electrospinning, in
PEO to a final concentration of 15.7 mg mL� 1 and 10 mM
respectively. For the shell, chloroform and N,N-dimethyl-
formamide (DMF) were used at a ratio of (8 : 2) for dissolving
10% w/w PCL with increasing JFA concentrations of 5%, 6%,
7.5%, 30%, 45% and 60% relative to PCL.

Solutions were stirred overnight at room temperature and
their conductivity measured using a conductivity meter (Mettler
Toledo). Solutions were then loaded into separate disposable
plastic syringes for electrospinning and a dual syringe pump
was used to deliver the core and shell fluids independently
using an electrospinning machine (EC-CLI, IME Technologies,
Geldrop, Netherlands). The electrospun fibres were collected on
aluminium foil placed onto a grounded rotating mandrel.
The applied voltage and the distance between the tip of the
spinneret and the collector varied depending on the polymer
system. Electrospinning parameters are shown in Table 1.

2.2. Release study of the core molecule HRPCM

The HRP for the release study is denoted as HRPCM. The release
behaviours from pre-weighed loaded fibres were carried out in
a shaking incubator at 37 1C for 22 days in phosphate bu�er
solution (PBS; pH 7.4) (Sigma Aldrich, UK). At predefined time
intervals, 1 mL of the release medium was withdrawn and
replaced with an equal volume of fresh PBS pH 7.4 each time.
Protein concentration was determined using the bicinchoninic
acid (BCA) assay using the Micro BCA protein assay kit
(Thermoscientific, UK) and following the manufacturer•s
instructions for protein detection in microplate wells.

Activity post-release was measured using the 2,20-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS) assay (Sigma Aldrich, UK). Sample (100mL) was mixed
with 100 mL of ABTS, 10mL of SDS 0.5% (w/v; Sigma Aldrich,
UK) was added to stop the reaction after 15 min, then the
absorbance measured at 405 nm using a Tecan Infinite M200
plate reader (Tecan Reading, UK).

Data were obtained from three independent experiments
(n = 3).

2.3. Surface functionalisation and HRPSM conjugation

PEO/PCL sca�olds were aminolyzed by incubation in 10% (w/w)
1…6 diaminohexane in isopropanol for different time intervals
(i.e. 30 min, 1 h 00, 1 h 30, 2 h 00, 2 h 30, 3 h 00) at 371C in a
shaking incubator. The scaffolds were washed and kept in
isopropanol for 10 min, then washed a further five times in
isopropanol, and deionised water. Subsequently, the scaffolds
were dried in a chemical fumehood at RT for 24 h. 22,23

HRP was also used as a model protein for surface conjugation
and is denoted HRPSM. HRPSM was conjugated onto the sca�old
surface by reacting the carboxyl groups of the protein with the
amine groups introduced to the sca�old via JFA incorporation or
aminolysis of the surface layers of the PCL sca�olds. Aminolyzed

PEO/PCL and PEO/PCL/JFA sca�olds were cut into disks (10 mm
in diameter) and placed in HRP solution (50 mg mL� 1) for 30 min
at 37 1C in a shaking incubator. The sca�olds were then covered
with 250 mL of 50 mM MES solution bu�er (pH = 6), 125 mL of
68 mM EDC and 125 mL 68 mM S-NHS as a single solution
(all from Sigma Aldrich, UK). This technique is referred to as
EDC-NHS treatment. The samples were then placed on a shaker
at RT for di�erent time intervals ( i.e. 1 h, 2 h, 3 h, 4 h). Finally,
the sca�olds were washed in PBS, and the activity of the
conjugated HRP was determined over time by covering the
samples with 3,30,5,50-tetramethylbenzidine substrate solution
(TMB) (Sigma Aldrich, UK) for 15 min. Images of the sca�olds
were taken using a digital camera and colour intensity was
quantified using ImageJ 1.52 h software from the ImageJ package
Fiji. 24 Data were obtained from three independent experiments
(n = 3).

2.4. Bovine serum albumin (BSA) conjugation

PEO/PCL/JFA sca�olds were cut into discs of 10 mm in diameter,
placed in BSA (Sigma Aldrich, UK) solution (0.4mg mL� 1) for
30 min at 37 1C in a shaking incubator. The sca�olds were then
covered with 250 mL of 50 mM MES solution bu�er (pH = 6),
125mL of 68 mM EDC and 68 mM S-NHS as a single solution (all
from Sigma Aldrich, UK). The samples were then placed on a
shaker at RT for an hour and washed in PBS. Data were obtained
from three independent experiments ( n = 3).

2.5. Scaffold characterisation

Scaffold and fibre morphology. Following gold coating for
90s using a POLARON SC7640 sputter coater, scanning electron
microscopy (SEM; Carl Zeiss Ultra) imaging was carried out to
determine fibre morphology (average fibre diameter, and the
porosity before and after functionalisation) for all sca�olds.
The average fibre diameter was calculated from 100 measurements
based on 25 measurements from five di�erent SEM images in total
and were analysed using ImageJ software.24

In order to study internal pore size, the sca�olds were cryo-
frozen in liquid nitrogen and ruptured before sputter coated
with gold. Average pore diameter was calculated upon five
di�erent SEM images, from which 100 measurements in total
were analysed using ImageJ 1.52 h software from the ImageJ
package Fiji.24

Transmission electron microscopy (TEM, FEI Tecnai G2 12
Biotwin) was carried out to determine the core/shell structure
of the coaxial fibres. Images were recorded at 100 kV.

X-Ray photoelectron microscopy. Changes in surface com-
position of the PEO/PCL sca�old before and after aminolysis
were analysed using X-ray photoelectron microscopy (Kratos
AXIS ULTRA) with a mono-chromated Al ka X-ray source
(1486.6 eV) operating at 10 mA emission current and 12 kV
anode potential (120 W) A charge neutraliser filament was used
to prevent surface charging. Hybrid slot mode was used when
measuring a sample area of approximately 0.5 mm2.
The analysis chamber pressure was higher than 5� 10� 9 mbar.
Three areas per sample were analysed. A wide scan at low
resolution (1400� 5 eV binding energy range, pass energy 80 eV,
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indicated that the mixed functional fibre system coaxial
electrospun PEO/PCL/JFA fibres allowed the simultaneous
release of protein from the core of the fibres and the immobi-
lisation of another protein, with retention of activity, on the
same sca�old.

3.6 Scaffold cytocompatibility and biological response

The cellular responses to PEO/PCL/JFA sca�olds with biological
molecules incorporated were evaluated with respect to cell
attachment and albumin secretion by HepG2 cells.

Cell attachment on a BSA-conjugated scaffold. Koblinski
et al. have demonstrated the ability of BSA to trigger cell
attachment on surfaces that originally presented a low level
of adhesion proteins to cells in vitro. These proteins, which can
originate from the ECM or serum, are usually necessary to help
cells adhere to their surroundings. 32 HepG2 cells were cultured
on blank (PEO/PCL/JFA sca�olds) and BSA-conjugated sca�olds
(PEO/PCL/JFA-BSA sca�olds) for 3 hours. Cell viability was
evaluated with a Live/Deadt stain and their metabolic activity
was assessed using PrestoBluet. HepG2 cells attached to both

Fig. 5 Biphasic protein release from PEO/PCL and PEO/PCL/JFA scaffolds. HRPSM activity was assessed after 1 hour, 1, 2, 3, 4, and 5 days of incubation
by placing the scaffold in 3,30,5,50-tetramethylbenzidine substrate solution (TMB) for 15 min. (a) Graph showing the TMB colour intensity on the scaffold
surface quantified by ImageJ. All samples were normalised to the control PEO/PCL/JFA blank scaffold. Values represented by mean values � SD (n = 3).
(b) Pictures of the scaffolds with background correction after the TMB assay. HRPCM release profiles from pre-weighed loaded PEO/PCL, PEO/PCL-NH2

and PEO/PCL/JFA fibres were carried out in a shaking incubator at 37 1C for 96 hours in PBS. At predefined time intervals, 1 mL of the medium was
withdrawn and replaced with an equal volume of fresh medium each time. (c) Graph showing the protein concentration measured post-release in the
media by MicroBCA assay. Values represented by mean values � SD (n = 3). (d) Graph showing the protein activity measured post-release in the media
using the 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) assay. Values represented by mean values � SD (n = 3).
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Fig. 6 (a) HepG2 adhesion to BSA-functionalised PEO/PCL/JFA scaffolds 3 h post-seeding as measured by the PrestoBlue assay. Values represented by
mean values � SD (n Z 3, **p o 0.01; 2 independent experiments); (b) live–dead (Calcein AM and ethidium bromide) staining of HepG2 cells 3 h post-
seeding on BSA functionalised and blank PEO/PCL/JFA scaffolds. (c) Human serum albumin quantification of culture media using ELISA with retinoic
acid-containing (RA) and blank electrospun PEO/PCL/JFA scaffolds. Values represented by mean values � SD (n Z 7; 3 independent experiments N = 3;
unpaired t-test; **p o 0.01), (d) live–dead (Calcein AM and ethidium bromide) staining of HepG2 cells 6 d post-seeding on RA-loaded and blank PEO/
PCL/JFA scaffolds and (e) SEM images after 6 days of HepG2 culture on RA loaded and blank PEO/PCL/JFA scaffolds. Cells are indicated by a white arrow.
Intact fibres are shown with a red arrow.
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