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A B S T R A C T   

Diabetic complications present throughout a wide range of body tissues, however one of the most widely rec
ognised complications remains to be chronic diabetic wounds. Current treatment options largely rely on standard 
wound treatment routines which provide no promotion of wound healing mechanisms at different physiological 
stages of repair. Recently materials produced using novel additive manufacturing techniques have been receiving 
attention for applications in wound care and tissue repair. Additive manufacturing techniques have recently been 
used in the interest of targeted drug delivery and production of novel materials resembling characteristics of 
native tissues. The potential to exploit these highly tailorable manufacturing techniques for the design of novel 
wound care remedies is highly desirable. 

In the present study two additive manufacturing techniques are combined to produce a scaffold for the 
treatment of diabetic wounds. The combination of microfluidic manufacturing of an antimicrobial liposome (LP) 
formulation and a coaxial electrospinning method incorporating both antimicrobial and proangiogenic factors 
allowed dual delivery of therapeutics to target both infection and lack of vascularisation at wound sites. The 
coaxial fibres comprised of a polyvinyl alcohol (PVA) core containing vascular endothelial growth factor (VEGF) 
and a poly (L-lactide-co-ε-caprolactone) (PLCL) shell blended with amoxicillin (Amox). Additionally, a liposomal 
formulation was produced to incorporate Amox and adhered to the surface of fibres loaded with Amox and VEGF. 
The liposomal loading provided the potential to deliver a much higher, more clinically relevant dose of Amox 
without detrimentally changing the mechanical properties of the material. The growth factor release was sus
tained up to 7-days in vitro. The therapeutic effect of the antibiotic loading was analysed using a disk diffusion 
method with a significant increase in zone diameter following LP adhesion, proving the full scaffold system had 
improved efficacy against both Gram-positive and Gram-negative strains. Additionally, the dual-loaded scaffolds 
show enhanced potential for supporting vascular growth in vitro, as demonstrated via a viability assay and tubule 
formation studies. Results showed a significant increase in the average total number of tubes from 10 in control 
samples to 77 in samples fully-loaded with Amox and VEGF.   

1. Introduction 

The detrimental damage to microvasculature is a consequence of 
diabetic physiology as a result of advanced glycation end product 
accumulation in tissue and surrounding fluids, causing immense prob
lems in relation to wound healing mechanisms. The development of 
chronic wounds leads to many amputations across the globe [1]. In 2016 
Zhang et al. reported that worldwide an estimated 6.8 million people 
underwent major amputations as a result of diabetic wounds [2]. The 

diverse range of potential complications experienced as a result of dia
betes extensively contribute to the need for these amputations. For 
example, there is a high incidence for the causation of chronic wounds as 
a direct result of diabetic neuropathy [3]. 

There are several well-established methods for managing chronic 
wounds, however, many of these fall short of the requirements necessary 
for successful wound healing. The most common approach for the 
treatment of chronic wounds involves a multistep approach consisting of 
infection control, surgical debridement, regular dressing, off-loading to 

* Corresponding authors. 
E-mail addresses: Macartney-R4@ulster.ac.uk (R.A. Macartney), D.Lamprou@qub.ac.uk (D.A. Lamprou).  

Contents lists available at ScienceDirect 

Biomaterials Advances 

journal homepage: www.journals.elsevier.com/materials-science-and-engineering-c 

https://doi.org/10.1016/j.bioadv.2024.213765 
Received 5 December 2023; Received in revised form 5 January 2024; Accepted 7 January 2024   

mailto:Macartney-R4@ulster.ac.uk
mailto:D.Lamprou@qub.ac.uk
www.sciencedirect.com/science/journal/27729508
https://www.journals.elsevier.com/materials-science-and-engineering-c
https://doi.org/10.1016/j.bioadv.2024.213765
https://doi.org/10.1016/j.bioadv.2024.213765
https://doi.org/10.1016/j.bioadv.2024.213765
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioadv.2024.213765&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Biomaterials Advances 158 (2024) 213765

2

relieve pressure and maintenance of a moist wound bed [4]. 
Until recently, diabetic wounds have been treated simply with 

standard or foam dressings which allow for quick absorption of purulent 
drainage and protective cushioning of the wound. In recent years the 
application of alginate and hydrogel dressings has become common 
practice. Yang et al. have recently reported their work on antibacterial 
hydrogel dressings in an attempt to overcome these shortcomings of 
conventional hydrogels [5]. 

Recent popularity in the use of additive manufacturing techniques 
for the production of biomedical products provides the potential to 
design customised treatments. Commonly used materials for such 
fabrication techniques include natural and synthetic polymers. The 
incorporation of therapeutics such as antimicrobial, anti-inflammatory 
and bioactive agents to these manufactured scaffolds means they can 
be used for targeted drug delivery. Targeted and controlled drug de
livery has become a highly researched area within pharmaceutical fields 
with claims that this could help ameliorate problems often encountered 
in relation to patient compliance and rise of antimicrobial resistance 
(AMR) [6]. 

Key identified problems in relation to diabetic wound healing 
include development of infections at the wound site and lack of vascu
larisation at wound sites causing reduced nutrient delivery to aid with 
wound healing mechanisms. Addressing infection concerns have also 
become more difficult due to rising incidences of AMR and an increased 
occurrence of both polymicrobial and/or biofilm-forming infections in 
diabetic wounds [7–9]. 

Scaffold architecture has a major role in supporting vascularisation, 
with optimisation of factors such as pore size, porosity and pore inter
connectivity playing a major role in promotion of tubular infiltration. 
However, additional efforts can be employed to further promote the 
process. One of the most commonly observed methods to enhance vas
cularisation at wound sites is the incorporation of growth factors to 
scaffold materials. The ability to incorporate growth factors into poly
mer scaffolds and directly deliver these to the injury site enhances the 
potential for tissue repair through normal wound healing mechanisms. 
VEGF is a growth factor which plays a role in angiogenesis and wound 
repair. During angiogenesis VEGF promotes endothelial cell prolifera
tion and survival. It has been shown to enhance endothelial cell 
migration and invasion via increasing permeability of existing vessels 
overall forming a lattice network to facilitate migration [10]. VEGF 
levels can influence the rate of wound closure and re-epithelialisation 
and promote granulation tissue formation to provide strength to the 
healed wound [11]. 

A key emerging technology in the field of controlled and prolonged 
API delivery is electrospinning. Electrospun fibres have gained wide
spread recognition in both drug delivery and tissue engineering fields 
due to their remarkably customisable characteristics allowing for 
controlled and prolonged drug delivery rendering them an appealing 
material for both acute and chronic wound dressings. These dressings 
could be capable of incorporating and releasing a variety of customised 
therapeutic agents including both antibiotics and vascularising growth 
factors [12]. Co-axial electrospinning provides the potential to create 
highly fibrous scaffolds with a core-shell fibre structure, enabling the 
sustained or co-delivery of APIs and often enhance other material 
characteristics such as mechanical and biocompatibility properties 
[13,14]. 

A limitation to the sole-use of fibrous scaffolds for time-limited drug 
delivery systems (DDSs), such as wound dressings, is the capacity to 
provide a bolus dose of API. The bolus dose may be required to achieve 
therapeutic levels, especially for disease states such as bacterial in
fections. To combat this issue, additional dosage via nanoparticles is 
proposed and investigated as a solution throughout this article. 

Several different types of nanoparticles have been used for antimi
crobial purposes. The formulation of organic nanoparticles using lipid or 
polymer-based formulations, such as LPs, is a potent means of antimi
crobial therapy. LPs are a type of lipid-based nanosystem composed of a 

concentric bilayer of biocompatible and biodegradable materials. These 
systems allow the incorporation of drugs, antibodies, proteins or en
zymes to provide specific delivery to infection sites [15,16]. Liposomal 
formulations offer a number of advantages compared to other delivery 
systems such as the ability to incorporate hydrophilic and hydrophobic 
drugs, biocompatibility, biodegradability, low toxicity and immunoge
nicity [17,18]. The incorporation of LPs into electrospun fibres has been 
frequently reported to improve drug release characteristics [19–21]. 
However, following liposomal incorporation fibre morphology is often 
altered, appearing beaded [22–24]. Observation of beading in past 
studies has been reported to cause knock-on effects on the mechanical 
properties of the final scaffold [25]. Few attempts have been reported in 
the literature to graft LPs to the surface of electrospun fibres. One group 
report a simple method to achieve this liposomal grafting while another 
reports a method of fibre surface modification via thiolation prior to 
liposomal attachment [26,27]. We propose that by grafting LPs rather 
than incorporating them into the fibre structure the alterations in the 
mechanical properties can be avoided. 

In this manuscript we report the development of a coaxial electro
spinning method enabling the dual delivery of angiogenic growth factor, 
VEGF, and a model broad-spectrum antimicrobial agent, Amox, to 
enhance vascularisation potential and prevent infections at wound sites. 
A water-soluble polymer, PVA, is used as the core layer to incorporate 
VEGF and facilitate a sustained and controlled release of the angiogenic 
factor. The outer shell is composed of PLCL, a blend polymer of poly
caprolactone (PCL) and poly-L-lactic acid (PLLA), a less readily 
degradable polymer providing longer term support for wound protec
tion during closure. Within this layer Amox is incorporated to prevent 
infections at the wound site. As an additional and immediate antimi
crobial measure LPs containing Amox are adhered to the fibre surface to 
provide an immediate burst release of the drug at the time of applica
tion. To the authors knowledge this is the first report of a triple layered 
drug delivery system (DDS) of this type, combining electrospinning and 
microfluidics, two manufacturing techniques of great interest within 
pharmaceutical and tissue engineering fields. 

2. Materials and methods 

2.1. Materials 

Poly(L-lactide-co-ε-caprolactone) (PLCL) was obtained from Corbion 
N.V. (Amsterdam, Netherlands). Chloroform, dimethylformamide 
(DMF) and methanol (HPLC grade) were obtained from ROMIL Ltd. 
(Cambridge, UK). Poly (vinyl alcohol) (PVA), Triton X-100, para
formaldehyde (PFA), hexamethyldisilane (HMDS, cell culture grade), 
sodium dodecyl sulphate (SDS), 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyl tetrazolium bromide (MTT), cetylpyridinium chloride (CPC) 
1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), phosphate buff
ered saline (PBS) tablets, rhodamine, ethanol (<99 %), sodium phos
phate monobasic (NaH2PO4⋅2H2O), sodium phosphate dibasic 
(NaH2PO4⋅7H2O) and hexamethyldisilane (HMDS) were all obtained 
from Sigma-Aldrich (Missouri, US). N-(carbonyl-methoxypolyethylene 
glycol-2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine, so
dium salt (DSPE-PEG2K) was obtained from Lipoid (Ludwigshafen 
Germany). Amoxicillin (Amox) and cholesterol were purchased from 
Tokyo Chemical Industry (Tokyo, Japan). Cell culture reagents Dul
becco's Modified Eagle's Medium/Nutrient Mixture F-12 Ham (DMEM/ 
F12), Penicillin/Streptomycin, Large Vessel Endothelial Supplement 
(LVES), foetal bovine serum (FBS), Trypsin-EDTA and the human VEGF- 
165 recombinant protein were obtained from Thermo-Fisher Scientific 
(Massachusetts, US). The DuoSet ELISA and ancillary kit were obtained 
from R&D Systems (Minnesota, US). Human umbilical vein endothelial 
cells (HUVEC) pooled primary cells were purchased from PromoCell 
(Heidelberg, Germany). Fluorescent stain DAPI, primary and secondary 
antibodies were purchased from Invitrogen (Massachusetts, US). 
Staphylococcus aureus (S. aureus, ATCC 29213) and Proteus mirabilis 
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(P. mirabilis, ATCC 51286) were purchased from ATCC (Virginia, US) 
and stored on cryopreservative beads at − 80 ◦C. Mueller-Hinton broth 
was obtained from Oxoid Ltd. (Basingstoke, UK). Any materials where 
the purity is not stated are EP grade or above. 

2.2. Preparation of electrospun scaffolds 

Co-axial Electrospun scaffolds were produced using a commercial co- 
axial nozzle set up (Bioinica, Spain), the composition of fibres was a 
sheath layer of PLCL and a core of PVA. The PLCL electrospinning so
lution was 10 wt% PLCL in a solvent solution composed of a ratio of 8:2 
(chloroform: DMF). This electrospinning solution was mixed overnight 
to ensure complete solubilisation of the polymer. The PVA electro
spinning solution was also composed of 10 wt% of the polymer in a 
solvent system of 9:1 (dH2O:EtOH). This solution was heated to 80 ◦C for 
1 h in a water bath to solubilise the polymer. 

For the fabrication of dual-loaded scaffolds, Amox was first dissolved 
in DMF to a final concentration of 1 % (w/w in relation to polymer 
concentration). Chloroform and PLCL were then added in the same 
quantities as previously described to form the Amox loaded electro
spinning solution. In the PVA solution for dual-loaded scaffolds the 
polymer solution was allowed to cool, and VEGF was added to a final 
concentration of 0.1 μg/mL. 

Electrospinning parameters were optimized, and final scaffolds were 
produced using the following equipment parameters. The needle of the 
injector was connected to a positive electrode, while a rotating mandrel 
collector was grounded. The inner needle had a diameter of 22 G while 
the outer needle had a diameter of 15 G. A high voltage of 20 kV was 
applied to the needle tip, at 20 cm from the collector. The flow rate of the 
PVA and PLCL solutions were set to 0.2 mL/h and 1.2 mL/h respectively. 
Scaffolds were spun until 2 mL of PLCL had been dispensed to allow 
adequate scaffold thickness for following studies. 

2.3. Preparation of amox-loaded LPs 

LPs were fabricated using a microfluidics technique, an aqueous and 
lipid phase were used with the Amox incorporated into the aqueous 
phase for encapsulation into a self-assembling lipid bilayer. LPs were 
formulated using three reagents, DSPC, DSPE-PEG2K and cholesterol to 
a total lipid concentration of 1 mg/mL with a 1:1:1 ratio of each reagent. 
For initial adhesion studies a second formulation consisting of only 
DSPC, and cholesterol was used, again with a total lipid concentration of 
1 mg/mL and a 2:1 mass ratio of DSPC: cholesterol. In both cases the 
aqueous phase including the antimicrobial agent was a 1 mg/mL Amox 
solution in PBS. The LPs were produced using an in-house 3D-printed 
microfluidic chip, as previously reported [28], at a flow rate ratio 
(FRR) of 5:1 (aqueous: lipid) with a total flow rate (TFR) of 6 mL/min. 
Excess ethanol was subsequently removed via evaporation using a hot 
plate and stirrer for 30 min at 37 ◦C. 

2.4. Liposomal adhesion to fibre surface 

For the LP adhered scaffolds, following spinning of drug loaded co- 
axial scaffolds they were immersed in a liposomal solution in a ratio 
of 1 mL per cm2 of scaffold. These were placed on an orbital shaker for 2 
h at room temperature to facilitate liposomal adhesion. After adhesion, 
samples were gently washed three times in deionised water and dried in 
a desiccator overnight before use in further experiments. 

2.5. Scaffold characterisation 

2.5.1. Scanning electron microscopy 
All images were collected in secondary electron mode using an 

accelerating voltage of 5 kV, at a working distance of 5 mm and at 
magnifications between x90 and x20000. Using Image-J with Diameter- 
J plug in, physical characteristics of the materials such as fibre diameter 

were quantified. 
For SEM imaging of LP adhered samples and during cell studies 

samples were subjected to several processing steps prior to imaging. 
Samples were first fixed using Karnovsky's fixative (4 % PFA, in a 0.2 M 
sodium phosphate buffer, pH adjusted to 7.4 using HCL/NaOH), washed 
three times in DI water to remove traces of fixative before being sub
jected to an alcohol dehydration series of increasing EtOH concentration 
between 25 % and 100 %. v/v. Finally, samples were chemically dried 
overnight using hexamethyldisilane (HMDS). All samples for SEM im
aging were deposited with a thin layer conductive coating (~13 nm) 
using an Emitech K500X sputtering system (Quorum Technologies, UK) 
fitted with a gold-palladium target at 25 mA for 2 min. 

2.5.2. Fluorescent imaging of adhered LPs 
To fluorescently label LPs for imaging rhodamine was added to the 

aqueous phase during manufacturing. The LPs were then adhered to 
scaffold surfaces as previously described (Section 2.4), dried, and 
mounted for fluorescent imaging. Images were taken using an upright 
AxioImager fluorescent microscope (Zeiss, Germany) at excitation: 
emission of 556:573 nm and magnification of x40. 

2.5.3. Raman spectroscopy 
Chemical characterisation was carried out via vibrational spectros

copy using an, inVia™ confocal Raman microscope, (Renishaw, UK). 
Raman spectra were obtained of pristine co-axial electrospun PLCL/ 
PVA, dual-loaded scaffolds and those with LPs adhered. Raman pa
rameters were optimized as follows; 785 nm wavelength laser at 50 % 
power (25 mW) over an extended scan wavenumber range of 100–3200 
cm− 1 with 10 s exposure time using a x50 objective lens. Spectra were 
subjected to two data processing steps, (i) baseline subtraction and (ii) 
normalisation by Raman intensity range using ‘1’ as the upper range and 
‘0’ as the lower range. Spectra for each material were obtained in trip
licate with the spectra presented here representing an average of the 3. 

2.5.4. Mechanical analysis 
A tensile testing method was established to assess the mechanical 

properties of the scaffolds produced. Using the testing method, proper
ties such as, ultimate tensile strength, maximum strain to failure and 
Youngs' modulus were calculated. Samples were cut to dog-bones of the 
following original dimensions, gauge length 20 mm, cross sectional area 
0.04 mm2 and thickness 0.02 mm following guidelines detailed in 
ASTM-D882 for the testing of tensile properties of thin plastic/polymer 
sheeting. For analysis of LP adhered scaffolds, the dog bone samples 
were cut prior to LP adhesion to prevent any liposomal damage during 
sample preparation. Testing was carried out on an Instron 5660 series 
machine (Instron, USA) fitted with a 50 N load cell. Pneumatic grips 
were used to secure the sample in the apparatus. A crosshead speed of 
10 mm/min was used, with measurements collected at a rate of 10 data 
points per second. Data was converted to stress and strain and plotted as 
a stress strain curve. Youngs' modulus values were calculated from the 
initial linear elastic region of the curve. Results reported represent an 
average of 5 repeat samples. 

2.6. Total LP loading and in vitro drug release 

To determine the maximum Amox loading of the scaffolds with LPs 
adhered a scaffold was placed in dialysis tubing with 1 mL of chloroform 
to fully dissolve the sample. This was then dialysed against 4 mL of fresh 
PBS using the cellulose dialysis tubing with molecular weight cut-off of 
14 kDa for 2 h at room temperature. A 0.5 mL aliquot of release media 
was collected, and the following high performance liquid chromatog
raphy (HPLC) method was used to quantify the total Amox content of 
scaffolds. The test was completed in triplicate and the average of the 
three samples was used as the maximum release for calculating per
centage cumulative release. 

For Amox release from the dual-loaded scaffolds, samples of 4 cm2 
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were placed in dialysis tubing (cellulose tubing, MWCO 14 kDa) with 1 
mL of PBS and submerged in 4 mL of PBS at 37 ◦C. Aliquots of 0.5 mL 
release media were removed at 0.5, 1, 2, 4, 5, 6, 24, 48, 72, 96, 120, 144, 
168 and 192 h and replaced with fresh pre-warmed PBS. 

UV-HPLC was used to quantify Amox content and release from the 
drug loaded scaffolds. Here the analysis was carried out using a reverse 
phase C18 column (250 mm × 4.6 mm, ThermoFisher, US) with UV- 
detection wavelength of 278 nm at ambient temperature, using an in
jection volume of 50 μL. The mobile phase used was composed of a so
dium dihydrogen monohydrate buffer (adjusted to a pH of 5 ± 0.05 
using ortho-phosphoric acid), mixed with HPLC grade methanol in a 
ratio of 95:5 (v/v). A flow rate of 1 mL/min was used for the duration of 
the experiment and the run time for each sample was set to 15 mins. 

VEGF release was quantified using a human VEGF ELISA kit obtained 
from R&D Systems (Minnesota, US). Scaffolds were cut to a cross 
sectional area of 25 cm2 and immersed in 15 mL of PBS with 1 mL 
sample aliquots removed and replaced with fresh PBS at set timepoints. 
The kit was used as recommended by the manufacturer in combination 
with the ancillary kit (R&D Systems, US). Briefly, ELISA plates were 
prepared by coating with the capture antibody (1 μg/mL) overnight at 
room temperature, washing in wash buffer (0.05 % v/v Tween 20 in 
PBS) and blocking using 1 % w/v bovine serum albumin in PBS. To 
perform the assay, standards and samples were aliquoted in triplicate 
incubated at room temperature and washed using the wash buffer before 
addition of streptavidin-HRP. Samples were washed and incubated in 
substrate solution at room temperature then the reaction was terminated 
using the stop solution. Samples were read at 405 nm using a Tecan 
Spark microplate reader (Tecan, Switzerland). 

Calculation of cumulative release in mg/mL and percent was con
ducted using Eqs. (1) and (2). 

Total ReleaseTx =
Ax

G
×D (1)   

Eq. (1)) The equation used to calculate total release from scaffolds at 
time x, where Ax = area under the peak at time x, G = gradient of the 
calibration curve and D = dilution factor. 

Cumulative ReleaseTx(%) =
ReleaseTx + ReleaseTx− 1

Maximum release
× 100 (2)   

Eq. (2)) The equation used to calculate cumulative release from 
scaffolds at time x, where ReleaseTx = total release at time x, 
ReleaseTx-1 = total release at time x-1 and Maximum release = full 
possible release from the scaffold determined either experimentally 
(Amox) or theoretically (VEGF). 

2.7. Antibacterial assessment 

An adaptation of the EUCAST disc diffusion method was used to 
assess the antimicrobial efficacy of the scaffold systems as previously 
described [29]. Both Gram-positive (Staphylococcus aureus (S. aureus, 
ATCC 29213)) and Gram-negative (Proetus mirabilis (P. mirabilis, ATCC 
51286)) bacterial strains were incubated for 18 h in an orbital motion 
incubator at 37 ◦C and 100 rpm in Muller-Hinton broth (MHB) to pre
pare an overnight broth. The broth was then centrifuged at 3000 rpm for 
12 min, a small amount of the bacterial pellet was resuspended in fresh 
MHB, and the concentration was adjusted to 1 × 108 cfu/mL using a 
spectrophotometer to assess turbidity and adjust to optical densities of 
0.3 and 0.1 for S. aureus and P. mirabilis respectively. Sterile cotton 
swabs were used to inoculate Muller-Hinton agar (MHA) plates, plates 
were swabbed horizontally from top to bottom. This was repeated twice 
more with the plate rotated 60◦ each time to ensure complete coverage 
of the agar plate. Plates were allowed to air dry for 5 min before 
placement of disks with an area of 1.9 cm2 of control (PLCL/PVA), dual- 
loaded (PLCL-Amox/PVA-VEGF), and dual-loaded + LP (PLCL-Amox/ 

PVA-VEGF + LP) on the surface in the centre of the agar plate and 
incubated at 37 ◦C until set time points. At set time points the width of 
the inhibition zone with no bacterial growth, including the sample 
width, was measured, and recorded. A total of 5 samples were analysed 
for each group. The test was carried out for a total of 7-days. 

2.8. Cell studies 

Pooled primary human umbilical vein endothelial cells (HUVEC) 
were obtained from Promocell (C-12203) and maintained under normal 
cell culture conditions (5 % CO2, 37 ◦C) in DMEM/F12 media supple
mented with LVES growth supplement and 1 % penicillin streptomycin. 
Cells were passed at 70–80 % confluence using 0.025 % w/v trypsin- 
EDTA, pelletised at 1200 rpm for 5 mins, supernatant discarded to 
remove spent media and the pellet resuspended in fresh growth media. 
During experimental studies an additional FBS supplement was added to 
the growth medium to a final concentration of 10 % v/v and all exper
iments were conducted between passages three and seven. 

2.8.1. Cell viability 
Cell viability was analysed using 3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyl tetrazolium bromide (MTT). For this study cells were seeded at 
a density of 1 × 105 cells/mL and incubated at 37 ◦C, 5 % CO2 for 1, 3 
and 7 days with media aspirated and replaced at day 3. At each time
point, MTT solution (5 mg/mL in PBS, filter sterilised) was added to a 
final concentration of 0.5 mg/mL and incubated at 37 ◦C until the for
mazan crystals could be observed visually. Culture media was removed, 
and a solubilisation buffer added (20 % w/v SDS prepared in a 1:1 ratio 
of DMF: deionised water, pH adjusted to 4.7 using acetic acid). Samples 
were briefly agitated in the dark until complete solubilisation of the 
formazan crystals. Following solubilisation, samples were aliquoted in 
triplicate in a 96 well plate and absorbance was read at 572 nm using a 
microplate reader (Tecan, Switzerland). 

2.8.2. SEM tubule formation 
HUVEC cells were seeded as previously described at a density of 5 ×

105 cells/mL, and cultured under normal conditions (n = 3 per sample 
group). At the set time points of 6 h and 7 days samples were removed 
from the incubator and washed gently three times in sterile deionised 
water. Karnovskys' fixative was then applied for 1 h at room tempera
ture. Again, samples were washed three times before application of an 
ethanol series of gradually increasing concentration from 25 %–100 % 
v/v to gently dehydrate the cells. Samples were then dried overnight 
using a HMDS chemical drying agent. Prior to imaging samples were 
coated using a gold-palladium sputtering system as previously described 
in Section 2.5.1. 

2.8.3. Tubule staining assay 
HUVEC cells were seeded as previously described at a density of 5 ×

105 cells/mL and cultured under normal conditions. For immunocyto
chemistry analysis samples were removed after 14 days of culture and 
washed twice in ice cold PBS before fixing using 4 % w/v para
formaldehyde. Samples were then permeabilised using 0.1 % Triton- 
X100. Samples were washed three times in PBS and incubated in the 
primary antibody (CD31 or Von Willebrand Factor (vWF)) at a con
centration of 4 μg/mL in antibody diluent (1 % w/v bovine serum al
bumin, 5 % v/v normal goat serum in PBS) for 60 min at room 
temperature. Following three washes in PBS the appropriate secondary 
antibody was added at a concentration of 5 μg/mL (in antibody diluent) 
for 60 min at room temperature. Nuclei were counterstained using DAPI 
at a concentration of 600 nM in PBS for 3 min at room temperature. 
Samples were washed, mounted and covered with a coverslip before 
imaging using an AxioImager fluorescence microscope (Zeiss, 
Germany). 

Samples stained for vWF allowed observation of the formation of 
capillary like structures. Image analysis software was to analyse five 
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images taken at random fields of view and tube formation was analysed 
according to total tubule length, number of branching points and total 
number of tubes (n = 3 for each group). 

2.9. Statistical analysis 

Statistical analysis was carried out on data where possible. Mean 
values are presented as mean ± standard deviation. Statistical signifi
cance of appropriate data was tested by one way analysis of variance 
(ANOVA) and unpaired t-test in Prism software (GraphPad Software, 
Inc., USA). Unless otherwise stated, confidence intervals were set to 95 
% and notation used for statistical significance throughout analysis is as 
follows; * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001. 

3. Results and discussion 

3.1. Physical characterisation of scaffolds 

Representative SEM images are provided in Fig. 1A–B for both native 
PLCL/PVA scaffolds and dual-loaded scaffolds. Images demonstrate 
fibre distribution, morphology, and orientation. There are no visually 

discernible differences in the physical characteristics between the native 
and dual-loaded scaffolds, this is confirmed via image analysis tech
niques to calculate the mean fibre diameter obtained for both scaffold 
groups. Mean fibre diameters of the native and dual-loaded scaffolds are 
reported as 1.48 ± 0.08 μm and 1.42 ± 0.10 μm respectively. Although 
mean fibre diameters for the drug loaded scaffolds were calculated as 
slightly reduced, statistical analysis showed that the difference in fibre 
diameter after the addition of the Amox and VEGF to electrospinning 
solutions of PLCL and PVA is negligible. Following the successful 
fabrication of reproducible scaffolds, a method for adhesion of LPs to the 
fibre surfaces was investigated. A method described previously by Staffa 
et al. was adapted to achieve successful nanoparticle adhesion and im
aging [26]. Initially a liposomal formulation using DSPC was used to 
encapsulate Amox for adhesion studies. Results from an SEM study, 
Fig. 2A and D, show that some liposomal adhesion was achieved using 
this formulation however the quantity of LPs adhered did not appear to 
be of the same level as that observed previously by other research groups 
[27]. To enhance the liposomal adhesion a pegylated formulation was 
produced (DSPE-PEG). It can be seen in Fig. 2B and E that the quantity of 
LPs adhered was greater than those formulated using the DSPC lipid. It is 
thought that the pegylated LPs demonstrated enhanced adhesion due to 

Fig. 1. Physical analysis of scaffolds produced via the co-axial electrospinning technique. A–B) SEM images showing the morphology of fibres, A) PLCL/PVA B) 
PLCL+Amox/PVA + VEGF. C) Calculated average fibre diameters of native and dual loaded coaxial fibres showing no statistically significant change following 
drug loading. 
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the presence of additional long hydrocarbon chains as a result of the 
pegylation which facilitated increased intermolecular van der Waals 
attractive forces between LPs and the polymer fibres. Additionally, 
pegylation is likely to increase hydrogen bonding between terminal 
hydroxyl and oxygen groups and the PLCL scaffold material. In order to 
further confirm LP adhesion and assess the uniformity of the liposomal 
dispersion fluorescent microscopy was used as a qualitative analytical 
technique. Supplementary information: Fig. 1 shows fluorescent mi
crographs of samples (A–B) with rhodamine conjugated LPs adhered and 
(C) without, rhodamine conjugated LPs adhered. A strong fluorescent 
signal is clearly obtained for both the DSPC and DSPE-PEG adhered 
samples while there is no signal obtained for the native coaxial fibres, 
further confirming the successful adhesion of the LPs using this tech
nique. Additionally, the fluorescence image shows that the rhodamine 

LPs appear evenly distributed across the surface of the coaxial fibres for 
both the DSPC and DSPE-PEG samples. 

3.2. Chemical characterisation of scaffolds 

Raman spectroscopy was used to investigate chemical changes to 
electrospun fibres following dual-loading with VEGF and Amox, and 
adhesion of LPs. Peaks characteristic of the PLCL and PVA were observed 
in all the spectra presented in Fig. 3 with bond attributions summarised 
in Supplementary information: Table 1. No differences were observed in 
the spectra between the native PLCL/PVA scaffolds and those containing 
the VEGF and Amox, it is proposed that this is due to the very low 
concentrations of drug incorporation in comparison to the quantity of 
polymer in the system. There are however changes to the spectra 

Fig. 2. Representative SEM images showing liposomal adhesion to the co-axial electrospun PVA-Amox/PLCL-VEGF scaffolds at low, ×10,000 (A, C, E) and high 
×20,000 (B, D, F) magnification. A & D) DSPC LPs. B & E) DSPE-PEG LPs. C & F) Control co-axial fibres. 

Fig. 3. Raman spectra of native coaxial electrospun scaffolds, dual-loaded electrospun scaffolds and dual-loaded scaffolds with LPs adhered with the region within 
the dotted lines demonstrating the area of increased Raman intensity following liposomal adhesion. 
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following liposomal adhesion, whilst no new peaks are observed in the 
spectra, some increased intensity is observed between 1160 cm− 1 and 
1496 cm− 1, as highlighted in Fig. 3. Most characteristic peaks in Raman 
spectra for lipids are related to the hydrocarbon chains present in all 
lipids [30]. These peaks are generally observed in three ranges which lie 
inside the area of increased intensity within the fingerprint region of 
spectra presented here. Between 1400 and 1500 cm− 1 the scissoring and 
twisting deformations of CH2 are observed, this bond is found within the 
chemical structure of the polar head of the DSPE-PEG used in the lipo
somal formulation. The CH3 scissor and twist deformations are observed 
between 1250 and 1300 cm− 1 at an increased intensity in the spectrum 
obtained following LP adhesion, this bonding is found in the DSPC lipid 
again within the polar head. Additionally, it is reported that some peaks 
for bonds present within the chemical structure of Amox can be found 
within this range which may also contribute to the increased Raman 
intensity in this range [31]. 

3.3. Mechanical characterisation of scaffolds 

The mechanical properties of scaffolds were analysed using a tensile 
testing method to ensure suitability of the scaffolds for the intended 
application. Ideally the mechanical properties should match as closely as 
possible those of the native tissue intended for repair and replacement. 
Analysis of the mechanical properties of each scaffold group show that 
the addition of the Amox and VEGF to the coaxial formulation caused 
significant changes in the mechanical properties of the scaffolds (Sup
plementary information: Fig. 2). The ultimate tensile strength was 
slightly increased along with the Young's modulus; these results suggest 
that the addition of the therapeutics to the fibres is caused increased 
stiffness in comparison to the native PLCL/PVA scaffolds. This increase 
in stiffness corresponds with a reduction in elastic modulus, which given 
the application of wound dressings may cause problems in terms of 
failure to meet the native tissue properties for successful treatment. The 
mechanical properties of drug loaded scaffolds with LPs adhered were 
also investigated. Interestingly, following liposomal adhesion the scaf
folds possessed mechanical properties more closely matched to those of 
the native PLCL/PVA scaffolds. It is considered that this may be due to 
the method used for adhesion of LPs to the scaffold surfaces. Here a 
simple method of submerging samples in a liposomal solution was used, 
during the time of contact with surrounding liquid it is expected that a 
degree of fibre swelling will occur. Swelling of polymer networks has 
been previously described to lead to swelling-induced tensions causing 
stretching, bending and deformation at both microscopic and macro
scopic scales [32]. The effects of solvent uptake on material swelling and 
induction of mechanical changes has been demonstrated by materials in 
nature, the human body and synthetic materials [33–35]. Similarly, to 
the results obtained here, Elhaouzi et al. reported a reduction in both 
Young's modulus and yield stress, for samples following swelling [36]. 
While it is possible that the presence of the LPs on the fibre surfaces may 
cause some changes in mechanical properties, evidence in the literature 
suggests that the changes in mechanical properties following liposomal 
attachment are at least in part attributed to the adhesion method 
employed for this study. In respect to the native tissue properties, the 
skin displays highly anisotropic properties with mechanical properties 
very much dependent on the location of the tissue, loading rate and age 
of the skin [37–39]. Additionally, the mechanical test method can 
greatly influence the mechanical properties displayed making the me
chanical characteristics difficult to define, the range of values reported 
for the Young's modulus of native dermal tissue has been reported to be 
anywhere within the range of 5 kPa-140 MPa [37]. Ultimate tensile 
strength (UTS) of native dermal tissue reportedly lies between 0.1 and 
40 MPa meaning the scaffolds produced here with UTS of 9.77–13.08 
MPa lie well within this range (Table 1) [40–42]. Lack of clarity on the 
mechanical properties of skin make it difficult to define parameters for 
the scaffold material. However, based on reports throughout the liter
ature the scaffolds produced in this study possess a suitable elastic 

modulus for use in wound care applications. 

3.4. In vitro drug release 

3.4.1. Amox release 
Fig. 4A–B, shows the release of Amox from the scaffolds. It was 

observed that both coaxial scaffold groups demonstrated a burst release 
characteristic of Amox from the PLCL shell layer. This initial release 
phase lasted for ~5 h in the samples without LPs adhered and 6 h in the 
LP adhered scaffolds (phase I release). Following the initial burst 
release, the rate of release subsided but continued in all samples for up to 
7 days (phase II release). The data in Fig. 4B shows that during the burst 
release phase, the LP adhered scaffolds demonstrated a greater per
centage cumulative release, this increased percentage release is ex
pected as the LPs themselves demonstrate up to 74 % drug release within 
the first 4 h of incubation, as reported previously [43]. During the phase 
II release the percentage drug release in the scaffolds with LPs adhered 
increased by 13.6 % whereas the scaffolds without LPs adhered 
increased at an elevated rate of 17.6 % within the same time frame. 
Taking into consideration the quantity of drug released (Fig. 4A) the 
inclusion of Amox loaded LPs on the scaffold surfaces significantly 
enhanced the potential for drug delivery to the wound site with the 
inclusion of LPs in the delivery system providing a 6.47-fold increase in 
Amox delivery from 20.95 μg/scaffold to 135.59 μg/scaffold over 7 
days. Previous studies using the same bacterial strains used in the cur
rent study with solely the liposomal formulation described have shown 
that the minimum inhibitory concentrations were 6–12 μg/mL and 3 μg/ 
mL respectively for S. aureus and P. mirabilis respectively (data not 
shown). Therefore, the levels of release observed for the scaffold systems 
described here would likely be sufficient to prevent further bacterial 
growth, due to the high rate of Amox release during the initial 6 h. The 
results shown in Fig. 4A are encouraging as the level of Amox delivery 
obtained using the LP coated scaffolds would not be feasible from the 
electrospun fibres alone as there are several limiting factors concerning 
the amount of drug which can be loaded without detrimentally effecting 
the physical and mechanical properties of the scaffolds [44]. At 7 days 
the total cumulative release from the coaxial PLCL-Amox/PVA-VEGF 
scaffolds and PLCL-Amox/PVA-VEGF + LP scaffolds was 40.29 % and 
45.34 % respectively, it would be expected that any remaining Amox 
would be released during scaffold degradation as demonstrated 
throughout the literature [45–47]. Both phases of drug release fitted best 
the Korsmeyer-Peppas model of drug release, this is unsurprising due to 
the polymeric composition and cylindrical shape of the fibres both 
characteristic features leading to this release mechanism [48]. Here R2 

values of 0.99 and 0.97 for phase I and phase II of release respectively, 
confirm that the data obtained appropriately fits this model (Supple
mentary information: Table 2). During the data modelling attention was 
given to the release exponent, values of 0.76 and 0.79 were obtained for 
stage I release in the coaxial scaffolds and those with LPs adhered 
respectively. However, during stage II release much lower values of 0.10 
for both scaffold groups were recorded for the two scaffold groups. 
Higher release exponent values suggest that the phase I Amox release is 
as a result of fibre swelling facilitating anomalous transport diffusion 
during the initial contact with the release media. The lower release ex
ponents observed during the second release phase suggest a Fick-type 

Table 1 
Mean values calculated for each of the mechanical properties investigated.  

Material Mean UTS ±
SD/MPa 

Mean max strain 
± SD/% 

Mean Young's 
modulus ± SD/MPa 

PLCL/PVA 9.77 ± 1.79 155.57 ± 13.83 37.70 ± 4.89 
PLCL + Amox/PVA 
+ VEGF 

13.08 ± 1.55 132.47 ± 14.86 55.89 ± 8.47 

PLCL + Amox/PVA 
+ VEGF + LPs 

11.90 ± 1.84 139.11 ± 5.24 41.87 ± 9.22  
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diffusion of the drug through the fused membrane structure [49,50]. The 
release of amoxicillin by the scaffolds produced here follows a similar 
profile to Electrospun scaffolds produced by previous groups to incor
porate chloramphenicol and dexamethasone [51,52]. 

3.4.2. VEGF release 
The growth factor release was investigated separately using ELISA 

for the quantification of VEGF release. Fig. 5A–B shows the VEGF release 
profile for both the dual-loaded coaxial scaffolds and those with LPs 
adhered. The cumulative release of VEGF demonstrated sustained 

release for up to 7 days, at which time the total release for coaxial 
scaffolds was 95.9 % whilst the scaffolds with LPs adhered demonstrated 
only 66.3 % release. While it is possible that the adhered LPs may alter 
the release kinetics of the VEGF, it is hypothesised that this reduced 
percentage release is due to the time of submersion of scaffolds in the 
liposomal solution during the adhesion process. It is suspected that 
during this 2-h time period the VEGF release begins. This conclusion 
seems appropriate as within the first 2 h of the drug release for PLCL- 
Amox/PVA-VEGF scaffolds 29.2 % of VEGF is released which closely 
correlates with the difference in the final release between the 2 scaffold 

Fig. 4. Cumulative release of Amox from the drug loaded formulations A) quantity release expressed in mg B) release expressed in % as calculated based on values of 
maximum Amox loading determined experimentally via the scaffold destruction technique described. 
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groups, calculated as 29.6 %, closely matching the recorded value for 
VEGF release in the initial 2 h of incubation of scaffolds with no LPs 
adhered. The release of VEGF from both scaffold groups followed the 
same trend and as with the Amox release, the VEGF demonstrated a 
burst release within the first 6 h of incubation. VEGF release continued 
beyond the 7-day timepoint presented here however at these time points 
the quantity of VEGF detected was below the limit of detection for the 
ELISA kit and were therefore not included. 

Problems with diabetic tissue repair and the relationship with VEGF 

expression have been discussed extensively [11]. Altavilla et al. 
described morphological differences and reduced breaking strength of 
healed wounds in diabetic mice vs non-diabetic controls. These changes 
corresponded with differences in VEGF mRNA expression and produc
tion at the wound site, with results showing that the impaired wound 
healing and reduced wound integrity of diabetic wounds corresponded 
with reductions in VEGF expression and production [53]. Given wounds 
in Altavilla et al's experiment were small compared to the chronic 
wounds experienced by diabetic patients, and normal levels of VEGF 

Fig. 5. Cumulative release of VEGF from the drug loaded formulations A) quantity release expressed in ng B) release expressed in % as calculated based on values of 
maximum Amox loading determined theoretically via the calculation of maximum possible VEGF loading. 
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production were approximately 100 pg/wound at day 6 the level of 
release recorded for the coaxial scaffolds produced here should be 
appropriate for the application. A recent study showed that VEGF may 
stimulate epithelialisation and collagen production with nitrous oxide, a 
regulator of VEGF, enhancing collagen deposition and aiding with the 
restoration of endothelial cell function [54]. Using this method of co
axial electrospinning to incorporate the VEGF in a core layer of water- 
soluble polymer mitigates the need for protective measures demon
strated previously by Tian et al. to ensure no damage to the protein as a 
result of contact with harsh solvents [55]. Previously it has been shown 
that electrospun water-soluble polymers demonstrate a very rapid drug 
release with one study showing up to 100 % of drug released within 2 h, 
dependent on fibre diameter [47,56]. Utilising the coaxial method of 
electrospinning aimed to slow the release profile from water-soluble 
polymers to maintain a sustained release over several days, which was 

successfully achieved in this study as the VEGF release from the core 
layer was sustained for up to 7 days in vitro. 

3.5. Antibacterial assessment 

The efficacy of the scaffolds against both Gram-positive and Gram- 
negative bacteria which can be found in the wound bed of diabetic 
foot ulcers was tested using the disc diffusion assay. Many studies have 
shown that the diabetic foot ulcer environment fosters a diverse range of 
both Gram-positive and Gram-negative species [57], S. aureus has been 
identified as the main Gram-positive strain isolated from DFU [58]. 
Whilst P. mirabilis is not the most common Gram-negative bacteria 
present in DFUs it has been reported to seriously worsen the infection 
[59]. Therefore, these species were used for investigations into the anti- 
microbial efficacy of scaffolds for use in DFU treatment applications. 

A) B) C)

D) E) F)

G)

Fig. 6. Results of the disc diffusion assay using S. aureus as a model Gram-positive strain A–F) images showing zones of inhibition at A–C) 24 h and D–F) 7 days of 
incubation where A & D) show results of PLCL/PVA, B & E) show results of PLCL-Amox/PVA-VEGF and C & F) show results of scaffolds with LPs adhered G) a 
summary of the measured zone of inhibition diameter and statistical analysis. 
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After 24 h incubation of scaffolds on S. aureus inoculated agar, both the 
PLCL+Amox/PVA + VEGF and those with LPs adhered show antibac
terial efficacy with clear zones observed in Fig. 6, which were not 
evident in the control PLCL/PVA samples. Importantly, at the 24-h time 
point it was evident that the delivery of the bolus dose of Amox via 
liposomal adhesion enhanced the antibacterial efficacy of the scaffolds 
against S. aureus, as demonstrated by the significant increase of the 
mean diameter for inhibition zone from 26.4 ± 1.5 mm, in dual-loaded 
scaffolds, to 35.2 ± 1.3 mm, in the samples with LPs adhered (Fig. 6C). 
Similar results were obtained for the study conducted using P. mirabilis 
(Fig. 7), at 24 h the zone of inhibition was significantly increased from 
36.4 ± 1.1 mm to 41.6 ± 2.1 mm in samples with LPs adhered. Whilst 
virulence and antimicrobial resistance of P. mirabilis against many 
conventional antibacterial treatments has been attributed to the 
swarming growth phenomenon and flagellar motility, the drug delivery 

system fabricated potent antibacterial efficacy against this species [60]. 
Whilst it is unexpected for a β-lactam antibiotic to have increased effi
cacy against a Gram-negative strain, due to an extra layer of peptido
glycan rendering the cell wall more difficult for antibiotics to penetrate, 
the results presented in the current study show an increased efficacy 
towards the P. mirabilis [61]. However, during our previous studies, it 
was shown that amoxicillin, both free and encapsulated, had an 
increased potency against P. mirabilis demonstrated via a decreased 
minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) compared to S. aureus [43]. In both cases the zones 
of inhibition were maintained for 7 days in the in vitro study, high
lighting the potential of these scaffolds to be used in wound dressing 
applications as typically dressing are changed every 5–7 days [62]. 
Maintenance of antibacterial efficacy for this prolonged period is 
attributed to the sustained release of Amox for up to 7 days, which was 

A) B) C)

D) E) F)

G)

Fig. 7. Results of the disc diffusion assay using P. mirabilis as a model Gram-positive strain A–F) Images showing zones of inhibition at A–C) 24 h and D–F) 7 days of 
incubation where A & D) show results of PLCL/PVA, B & E) show results of PLCL-Amox/PVA-VEGF and C & F) show results of scaffolds with LPs adhered G) a 
summary of the measured zone of inhibition diameter and statistical analysis. 
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demonstrated previously during drug release studies (Fig. 4). The po
tential for antibacterial efficacy throughout the full time of wound 
dressing application is encouraging to ensure a reduction in bacterial 
colonisation at wound sites. Concerns have been previously described as 
to the effect organic solvents used in electrospinning processes may have 
on the efficacy of pharmaceutical agents [44,63]. This study proves that 
the Amox which was successfully incorporated into the electrospun fi
bres during the manufacturing process maintains its potency against 
both Gram-positive and Gram-negative bacteria despite exposure to 
such organic solvents during the manufacturing process. 

3.6. Cell studies 

3.6.1. Cell viability 
The MTT method is a standard method of determining relative 

cellular metabolic activity. Viability of a primary endothelial cell line, 
HUVEC, was measured using the MTT assay on both the native PLCL/ 
PVA coaxial scaffolds and the full system, PLCL+Amox/PVA + VEGF +
LP. The optical densities obtained for the two scaffold groups showed a 
significant increase in cell viability at all time-points investigated for the 
dual-loaded delivery system (Fig. 8). This suggests that the VEGF release 
is enhancing the potential for the support of vascular cells and may 
improve the potential for inducing angiogenesis at wound sites during 
healing responses. The results here correlate with the results from the 
VEGF release study, the cumulative VEGF release continues to increase 
up to 7 days in vitro (Fig. 5), thus it would be expected that the HUVEC 
viability would continually increase in the dual-loaded scaffolds 
compared to the PLCL/PVA scaffolds up to 7-days in vitro. Importantly, 
the inclusion of the Amox did not possess a cytotoxic effect on the cells. 
Typically, cytotoxicity is described as a decrease in viability below 50 % 
for a given substance. It was not expected that the Amox would have any 
effect on the cell viability as this is a beta-lactam antibiotic which works 
to break down and destroy the bacterial cell wall [64]. Without the cell 
wall the bacteria are susceptible to osmotic and molecular pressure 
causing rapid cell death. This mechanism of action means that Amox 
demonstrates good biocompatibility due to the lack of cell wall in 
mammalian cells, meaning treatment with this antibiotic is unlikely to 
have any detrimental effect on the patients' native tissue. Additionally, if 
the release profiles for Amox are considered, the burst release shows the 
majority of Amox release within the first 5–6 h of incubation, therefore it 
is expected that if there is to be any cytotoxicity induced by the presence 

of the Amox, it would be observed within this first 6 h of release. 

3.6.2. SEM cell study 
An SEM cell study was completed to investigate endothelial cell 

attachment and proliferation on each of the scaffold groups. Fig. 9A–B 
shows the attachment and initial proliferation of cells cultured for 7 days 
on the native and dual-loaded + LP scaffolds respectively. Whilst it is 
evident that the PLCL/PVA scaffold supported the attachment of the 
HUVEC-c cells clear morphological differences can be observed between 
these cells and those cultured on the scaffolds containing VEGF. Cells 
cultured on the native scaffolds displayed a rounded morphology 
indicative of early attachment stages with little evidence of spreading. 
However, from Fig. 9B it was observed the presence of cells which were 
beginning to spread out across the scaffold surface with a flatter 
morphology and demonstrates many cells in contact with adjacent 
neighbouring cells. Images obtained at 7 days of culture, Fig. 9C–F, show 
that the drug loaded scaffolds are enabled the formation of a complete 
monolayer whereas in the native scaffolds results at the same time point 
showed that the cells were still, by enlarge, in a proliferative stage as the 
monolayer was incomplete with many areas of underlying fibres 
remaining exposed. Additionally, cell morphologies such as those 
highlighted in Fig. 9E displayed rounded cells raising from the mono
later to facilitate mitotic activity. It was observed that across the surface 
of SEM images obtained for the drug loaded scaffolds at day seven, tube 
like structures were forming. Based on evidence presented in Fig. 9D & F 
it is proposed that this occurred via a curling of the cell monolayer to 
form a lumen structure such as that observed in vascular constituents. 

3.6.3. Immunocytochemistry 
An immunocytochemistry experiment was conducted to confirm the 

results of the SEM images obtained and provide additional detail on the 
tube-like structures which were previously observed. The immunofluo
rescent staining presented in Figs. 10 and 11 show that both of the 
scaffolds support the expression of CD31 and vWF, two key character
istic marker proteins of endothelial cells. Whilst the protein expression is 
observed in both sample groups there appear to be structural differences 
in the cell morphology between the native and drug loaded scaffolds. 
The CD31 expression appears diffuse throughout the cytoplasm of 
HUVEC cells. PLCL/PVA samples present with a cell monolayer whereas 
the drug loaded scaffolds show signs of vasculogenesis and angiogenesis. 
Figs. 10B and 11B, E and F displayed the formation of neovessels which 

Fig. 8. Results and statistical analysis of the MTT assay investigating cell viability using HUVEC-c cells when cultured on PLCL/PVA vs PLCL+Amox/PVA + VEGF +
LP scaffolds. 
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appear as circular structures within the cell monolayer, as highlighted 
by the red arrows. These neovessel like structures were also observed in 
the dual-loaded samples stained for vWF where the protein appears 
more condensed around the cell periphery than was observed in the 
control samples. Typically formed via de novo aggregation of endothelial 
progenitor cells these structures are required in the adaptation processes 
which are intrinsic to microvascular network formation and prevention 
of dysfunctional microcirculation [65,66]. Additionally, samples with 
drug loading presented with tube-like structures indicative of angio
genesis. In Fig. 10D it was observed that the HUVEC cells were involved 
in the formation of the tubules as nuclei were incorporated in the walls 
of the vessels. 

The vWF-stained samples were used to analyse the tubule formation 
by HUVEC-c cells as shown in Fig. 12A–B. Representative images are 
shown to demonstrate the analysis conducted to quantify total tubule 
length, total branching points and total number of tubes as previously 
described by Kim et al. [65]. In agreement with the immunofluorescent 
imaging, results showed that the samples with VEGF incorporation 

provided improved in vitro formation of vascular constituents such as 
those described above. Fig. 12C–E presents the quantification of these 
constituent vascular elements of angiogenesis in each group, statistical 
analysis confirmed that there was significantly increased formation of 
angiogenic and vasculogenic features in samples containing VEGF. In 
the analysis of mean total tubule length, 328.25μm in the control PLCL/ 
PVA, and 2760.34μm in the dual-loaded group confirmed that the in
clusion of VEGF in the scaffold formulation significantly enhanced the 
potential for vasculogenic responses. Additionally, the average number 
of tubules was significantly increased in samples containing VEGF, 
however the mean tube length was not significantly changed due to the 
drug loading with mean lengths calculated as 97.20 and 108.40 μm in 
the PLCL/PVA and PLCL-Amox/PVA-VEGF + LP scaffolds respectively. 
These results suggest that the potential for vasculogenesis is supported 
by both scaffold groups with the tubules formed reaching similar lengths 
in both. The drug loaded scaffold however enhanced this potential 
presenting with more branching points and a higher number of tubules. 
Based on these results, it is suggested the dual-loaded scaffold may allow 

A) B)

C) D)

E) F)

Fig. 9. SEM images showing A–B) HUVEC-c cell attachment after 6 h on A) control and B) dual-loaded + LP electrospun scaffolds C–F) HUVEC-c cell proliferation 
and viability after 7 days of culture on C & E) PLCL/PVA and D & F) PLCL+Amox/PVA + VEGF + LP. Red arrows in A–B demonstrate cell attachment and spreading 
respectively whilst those in E highlight the rounded morphology of mitotic cells. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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Fig. 10. Immunofluorescent images showing the expression of CD31 by primary HUVEC-c cells when cultured on the control PLCL/PVA scaffolds and PLCL+Amox/ 
PVA + VEGF + LPs scaffolds. A & C) PLCL/PVA B & D) PLCL+Amox/PVA + VEGF + LP. Red arrows indicate vasculogenic and angiogenic features. (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Immunofluorescent images showing the expression of vWF by primary HUVEC-c cells when cultured on the control PLCL/PVA scaffolds and PLCL+Amox/ 
PVA + VEGF + LPs scaffolds. A & D) PLCL/PVA B, C, E & F) PLCL+Amox/PVA + VEGF + LP. Red arrows indicate vasculogenic and angiogenic features. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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a more rapid angiogenic response and vessel maturation, thereby 
enabling more rapid wound healing. 

4. Conclusions 

The work performed in this study has demonstrated the synergy 
between two emerging nanotherapeutic drug delivery systems: 
microfluidic-produced nanoparticles and electrospun nanofibers. The 
capacity to enhance the therapeutic efficacy of the API-loaded Electro
spun fibres by adhering a loaded liposomal formulation, poses the op
portunity to provide a more effective level of treatment to diabetic 
patients experiencing complications relating to wound healing. 

Further benefits of the study propose that the use of localised de
livery of Amox, such as via the proposed dressing could help combat the 
growing issue of antimicrobial resistance, due to restricting off-target 
activity. The capacity to simultaneously promote vascularisation and 
prevent infection overall reduces the healing time for diabetic wounds. 
From the efficacy profile displayed, the dressings could allow a weekly 
change of dressings for diabetic patients, instead of the daily change 
which can be common for many suffering from this ailment. 

An additional finding of the study identified a novel sample pro
cessing method to allow the SEM imaging of adhered liposomes without 
the requirement for cryo-SEM. 

The dressings have shown to possess antimicrobial and angiogenic 
activity in vitro, however, further characterisation via differential scan
ning calorimetry (DSC), or X-ray diffraction (XRD). These techniques 
would assist in highlighting the dressings as a more-comprehensively 
studied medical device. Whilst these in vitro studies provided encour
aging results as a proof-of-concept for a novel wound dressing material, 

in order to confirm the potential for improved vascularisation and 
antibacterial efficacy, a relevant in vivo model should be designed. 
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Fig. 12. Analysis of the fluorescent images to quantify vascular constituents formed by HUVEC-c cells in vitro on the scaffolds A–B) showing representative analytical 
images of A) PLCL/PVA, control scaffolds B) PLCL-Amox/PVA-VEGF+LP scaffolds C–E) quantification of mean C) total number of tubules D) total length of tubules 
and E) number of branching points. 
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