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Abstract: The introduction of microtopographies within biomaterial devices is a promising approach
that allows one to replicate to a degree the complex native environment in which human cells reside.
Previously, our group showed that by combining electrospun fibers and additive manufacturing it
is possible to replicate to an extent the stem cell microenvironment (rete ridges) located between
the epidermal and dermal layers. Our group has also explored the use of novel proangiogenic
compounds to improve the vascularization of skin constructs. Here, we combine our previous
approaches to fabricate innovative polycaprolactone fibrous microtopographical scaffolds loaded
with bioactive compounds (2-deoxy-D-ribose, 17β-estradiol, and aloe vera). Metabolic activity assay
showed that microstructured scaffolds can be used to deliver bioactive agents and that the chemical
relation between the working compound and the electrospinning solution is critical to replicate as
much as possible the targeted morphologies. We also reported that human skin cell lines have a
dose-dependent response to the bioactive compounds and that their inclusion has the potential to
improve cell activity, induce blood vessel formation and alter the expression of relevant epithelial
markers (collagen IV and integrin β1). In summary, we have developed fibrous matrixes containing
synthetic rete-ridge-like structures that can deliver key bioactive compounds that can enhance skin
regeneration and ultimately aid in the development of a complex wound healing device.

Keywords: topography; electrospinning; 2-deoxy-D-ribose; 17β-estradiol; aloe vera

1. Introduction

The regeneration of human skin is vital for its correct functioning as the first protective
barrier against the external environment. Skin injuries can be caused by constant wear,
exposure to chemical contamination and heat or high energy electromagnetic radiation
among others. Skin injuries are normally categorized in terms of the damage caused to
the skin structure (superficial, partial-thickness, or full-thickness) [1,2]. According to their
category, these injuries are normally treated using wound excision and skin grafting (for
mild to severe injuries) or by the use of skin substitutes and wound dressings for superficial
and partial thickness injuries [3,4].

The ideal wound dressing aids skin healing by restoring barrier function. The dressing
should have proper adhesion to the wound site, offer a 3D environment that allows cell-cell
and cell-extracellular matrix (ECM) interactions, enable cellular infiltration and encourage
vascularization [5–8]. Vascularization is critical to provide nutrients and oxygen, to avoid
infection or rejection and to preserve tissue function. The formation of new vasculature
(angiogenesis) plays a key role in the wound healing process [9,10], however, the slow
growth rate of neovasculature (approximately 5 µm/h) is normally insufficient for large
tissue constructs [11]. Therefore, introducing angiogenic agents into skin wound dressings
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has the potential to improve tissue regeneration when the microvasculature on the skin is
severely compromised.

A powerful approach for the introduction of biological agents within scaffolds for
skin tissue regeneration is the use of electrospinning [5,12–14]. Electrospinning is a ver-
satile advanced manufacturing technique that allows the creation of high-surface fibrous
membranes that can also be used as drug delivery carriers [15–17]. The combination of
manufacturing techniques such as microstereolithography and electrospinning has also
been explored to increase construct complexity by creating micropatterned fibrous mem-
branes [18,19]. These membranes have been used to recreate the microarchitecture of
the stem cell microenvironment including cornea [18] and bone [20] among other tissues.
Specifically for skin, the fabrication of constructs containing artificial microenvironments
that mimic the dermal-epidermal junction (DEJ) has recently attracted special attention
due to the potential to improve skin regeneration shown by this approach [21,22]. The 3D
microstructure of the DEJ consists of dermal papillae protrusions called rete ridges that
have mechanical and biological functions in the human skin [23–25].

The rete ridges create stem cell microenvironments that protect the epidermal stem cell
population that resides within and govern cell behavior by cell-cell, cytokine-cell, or cell-
ECM interactions [26,27]. The stem cell microenvironment uses structural (micropockets),
biological (integrin and non-integrin receptors), and chemical (soluble factors) cues to
protect and regulate populations of adult stem cells [28–32] that dictate tissue homeostatic
balance and regeneration [33–36]

Our group has recently reported that polycaprolactone (PCL) electrospun fibers can
be combined with 3D printed collectors to produce fibrous artificial microenvironments
that improve cell proliferation of human dermal keratinocytes, induce the production of
Iβ1 and can recreate to a degree the structures that mimic the rete ridges on a skin tissue
engineering model [21].

In this work, we have used our previously developed rete-ridge-like microfabricated
scaffolds with a focus on the capabilities of electrospun membranes to deliver angiogenic
agents. We have selected three relevant bioactive compounds that have been studied before
for their potential as angiogenic agents: 2-deoxy-D-ribose (2dDr), estradiol (E2), and aloe
vera (AV). 2dDr and E2 have been previously used by our group as potent proangiogenic
agents capable of inducing vascularization without some of the drawbacks of the current
gold standard VEGF (vascular endothelial growth factor) such as short half-life and high
fabrication cost [37–39]. Moreover, AV has been previously included within electrospun
membranes [40], its regenerative, anti-inflammatory, and angiogenic effects [41] make it a
promising compound to be used for skin regeneration applications.

The aim of our work was to evaluate the feasibility of including angiogenic agents
within microfabricated rete-ridge-like electrospun scaffolds. For this, we optimized the
manufacturing route to ensure the addition of the bioactive compounds as well as retention
of the desired rete-ridge-like morphology. Moreover, our constructs were tested in vitro
using relevant skin cell lines (epidermal keratinocytes and dermal fibroblasts) and we
also evaluated their angiogenic potential using the ex-ovo chick chorioallantoic membrane
(CAM) assay.

2. Materials and Methods
2.1. Polymer Solution Preparation

Polymer solutions of PCL (Mn = 80,000 g/mol) were prepared prior to the electrospin-
ning process. Solutions were made using a solvent system composed of dichloromethane
(DCM) and dimethylformaldehyde (DMF). 12% PCL weight/weight (w/w) solutions were
prepared by dissolving 1 g of polymer with their solvent system as specified. In the case
of AV, dimethyl sulfoxide (DMSO) was used to solubilize the compound. Table 1 shows
the polymer solutions prepared for the electrospinning process. Solutions were cover in
parafilm and left in a see-saw rocker (SSL4, Stuart™, Staffordshire, UK) for 24 h at room
temperature (RT) to homogenize the polymer solution.
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Table 1. PCL polymer solutions loaded with bioactive compounds.

Code Solvent System Bioactive Compound Bioactive Compound % wt.

S1

DCM:DMF
3:1

N/A N/A

S2

2dDr

8%

S3 10%

S4 15%

S5
E2

8%

S6 10%

S7
DCM:DMF + DMSO

(3:1) + 500 µL
AV

5%

S8 10%

S9 AV + 2dDr 10% + 8%

2.2. Electrospinning

A vertical electrospinning set-up was used to fabricate both random electrospun
scaffolds (RES) and topographically controlled electrospun scaffolds (TCES).

2.2.1. Fabrication of Random Electrospun Membranes (RES)

Fabrication of RES was carried out by using 1 mL syringes with 20 gauge 1′′ syringe
tips (8001213, Fisnar, Germantown, WI, USA) loaded with ~1.1 mL of the polymer solution.
The syringe was loaded into a syringe pump (PHD 22/2000, Harvard Apparatus, Holliston,
MA, USA) and the syringe cap was connected to a voltage supply. The static collector was
covered with silicon-coated paper and placed at a distance of 12 cm from the needle tip.
Flow rate and voltage are detailed for every solution using their code as a reference in
Table 2. Electrospun membranes were stored at 4 ◦C in sealable bags.

Table 2. Electrospinning process parameters for solutions loaded with bioactive compounds.

Code Voltage Flow Rate Code Voltage Flow Rate

S1 19–22 kV

1–4 mL/h

S6 19–21 kV

1–4 mL/hS2

20–22 kV

S7 19–21 kV

S3 S8 21–23 kV

S4 S9 18–19 kV 3–4 mL/h

S5 19–21 kV

2.2.2. Fabrication of Topographically Controlled Electrospun Scaffolds (TCES)

As we have described previously [18,21], the fabrication of TCES was carried out by
combining 3D printed pattern collectors and conventional electrospinning. To examine the
effects of loading bioactive compounds, a single patterned collector was used to fabricate
all scaffolds. Figure 1 shows the dimensions of the patterned collector. Table 3 shows the
flow rate and voltage used to fabricate TCES for each polymer solution. Approximately
200 µL of the polymer solution were electrospun on top for every collector. The resulted
TCESs were cut before being peeled from the patterned collector to avoid structural damage
to the scaffold.
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Figure 1. The patterned collector used to fabricate TCES loaded with bioactive compounds.

Table 3. Polymer solutions and electrospinning process parameters used to fabricate TCES.

Code Bioactive Compound and % wt Voltage Flow Rate

S1 N/A 19 kV

3–5 mL/h
S2 2dDr 8% 20–21 kV

S6 E2 10% 19 kV

S8 AV 10% 21–22 kV

2.3. Characterization of Electrospun Membranes
2.3.1. Scanning Electron Microscopy (SEM)

TCES and RES scaffolds were coated with a 10 nm gold layer (SC 500A, Emscope,
Heathfield, UK) and mounted on aluminum pin stubs (AGG301, agar scientific) with carbon
tabs (AGG3347N, Agar Scientific, Stansted, UK). Scaffolds were analyzed by scanning
electron microscopy (SEM) FE SEM, JSM-6500F (JEOL, Tokyo, Japan) and FE/VP SEM,
TM3030Plus (Hitachi, Tokyo, Japan ). Spot size and voltage were set up at 10 kV and
3.5 nm respectively for all samples. ImageJ software v. 1.48 from the National Institutes of
Health (NIH, Bethesda, MD, USA) [42] was used to measure fiber diameter on the SEM
micrographs. Three independent tests were performed for each material with 15 fibers
measured for each micrograph (N = 3, n = 15).

2.3.2. Uniaxial Tensile Testing

Mechanical testing on RES was performed using a motorized force tester MultiTest-dV
(Mecmesin, Slinfold, UK). A 25 N load cell (ELS 25 N, Mecmesin) was used to perform
a uniaxial tensile test. Vector Pro software (version 6.2.0, Mecmesin) was used to control
the force tester and for data analysis. Samples were cut as square pieces of 8 mm width
by 22 mm length to use 5 mm of each side to grip the samples and allowed a 12 mm gap
between the grips. The test speed was set up as 6 mm/min and the thickness of the samples
was measured to normalize the data. Maximum stress versus strain were recorded for each
material. Two independent tests were performed by triplicate for each material (N = 2, n = 3).

2.4. Differential Scanning Calorimetry and Contact Angle Analysis

The thermal performance of RES was evaluated by differential scanning calorimetry
(DSC). Thermograms of RES (N = 2, n = 3) were obtained using a PerkinElmer DSC 4000
(PerkinElmer, Waltham, MA, USA). Nitrogen gas flow was of 20 mL/min and a scanning
rate of 10 ◦C from 30 ◦C to 100 ◦C (holding 30 ◦C for 1 min). The weight of all the samples
was recorded before the DSC analysis. Additionally, to observe any changes in wettability
due to the incorporation of bioactive compounds, A drop shape analyzer DSA100E (KRÜSS,
Hamburg, Germany) was used to calculate the water contact angle. RES were cut as 8 by
8 mm square pieces and a 5 µL droplet of distilled water was placed on top. A digital
camera and KRÜSS software were used to capture and process the data. Two independent
tests were performed by triplicate for each material (N = 2, n = 3).
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2.5. In Vitro Cell Culture—Bioactive Compound in Solution

Skin human primary cell lines were used to study the effects in vitro of the 2dDr,
E2, or AV. Human dermal fibroblasts (HDF) and human epidermal keratinocytes (HDK)
were isolated from skin as described by Gosh et al. [43]. The skin used was obtained from
patients undergoing elective breast reductions and abdominoplasties who gave informed
consent for use of their excised skin for research purposes through the Sheffield hospital
directorate of Plastic, Reconstructive Hand and Burns surgery research ethics number
15/YH/0177 under the Human Tissue Authority 12179.

Metabolic activity and cell proliferation were evaluated for HDF and HDF + HDK when
culture with 2dDr, E2, or AV in solution. For the monoculture of HDF, 3000 cells were seeded
per well, whereas for HDF + HDK a ratio of 1:3 was followed with 750 HDF + 2250 HDK
seeded per well. Cells were seeded in 48-well plates using DMEM for HDF and Green’s
medium for HDF + HDK (see Supplementary Table S1 for all cell medium supplements).
Different concentrations of each bioactive compound were dissolved on their respective
media. The concentrations used were 50, 100, 500, and 1000 µM for 2dDr; 10, 50, 100, and
200 µM for E2; and 1, 5, 10, and 20 mg/mL for AV. Because of E2 low solubility in water,
DMSO was used to create the media solutions and a control was placed to compare any
changes in cell behavior. A resazurin reduction assay and DNA quantification Picogreen™
(P758, Fisher, Waltham, MA, USA) assay were performed on days 1, 4, and 6.

On the day of the experiment, a 10% resazurin solution in cell media was prepared from
a 1 mM in PBS resazurin stock (R7017) and incubated for 4 h before reading fluorescence
(λex = 540 nm, λem = 630 nm) using a FLx800 spectrophotometer (Bio-Tek Instruments
Inc., Winooski, VT, USA). The Picogreen™ assay was performed immediately after the
resazurin assay. The resazurin solution was removed and a 1× Tris-EDTA buffer was used
to induce cell lysis using the freeze–thaw method. Once completely defrosted, 250 µL of the
Picogreen™ working solution were added and the fluorescence signal for each sample was
read at λex = 480 nm and λem = 520 nm using the FLx800 spectrophotometer plate reader.
Three independent tests were performed by triplicate for each experiment (N = 3, n = 3).

2.6. Air Plasma Treatment for TCES and RES

Air plasma surface treatment was performed to enhance cell adhesion on both TCES
and RES. Prior to cell culture, the scaffolds were cut into 15 × 15 mm square pieces and
placed into a Zepto plasma cleaner (Diener Electronic, Ebhausen, Germany) set with low-
power parameters of 10 W–40 KHz and exposure time of 2 min. TCES and RES were stored
at 4 ◦C in sealable bags to avoid any degradation of the plasma coating.

2.7. In Vitro Cell Culture—Bioactive Compound in Loaded in TCES and RES

Metabolic activity of HDF on RES, and HDF + HDK seeded on TCES was evaluated
using the resazurin reduction assay described before on days 1, 4, and 6. On the day of cell
culture, a metal ring was placed on top of each scaffold to hold 500 µL of a cell suspension
containing 300,000 HDK + 100,000 HDF for TCES and 100,000 HDF for RES. Samples were
cultured at 37 ◦C in a 5% CO2 humidified atmosphere. After 24 h, the metal ring was
removed, and the scaffolds were transferred to a new 6-well plate to perform the metabolic
assay. Two independent tests were performed by triplicate per experiment (N = 2, n = 3).
TCES and RES were fixed at day 6 using 3.7% paraformaldehyde solution incubated for
1 h. Samples were stored in PBS at 4 ◦C for further analysis.

2.8. Immnolabelling and Cell Imaging

Sample preparation for lightsheet microscopy (Lightsheet Z.1, Carl Zeiss, Baden-
Württemberg, Germany) was performed as described in our previous work [21]. RES
and TCES seeded with HDF + HDK were stained for cell nuclei using 4′,6-diamidino-2-
phenylindole (DAPI) and immunostained for COL IV (ab6586, abcam, Cambridge, UK)
and integrin β1 (Iβ1) (ab24693, abcam). Anti-rabbit Alexa Fluor® 488 (ab150077, abcam)
and anti-mouse Alexa Fluor® 647 (ab150115, abcam) secondary antibodies were incu-
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bated for COL IV and Iβ1 respectively at concentrations of 1:500 in 1% BSA for 4 h at
room temperature.

TCES and RES were mounted into a 2.15 mm glass capillary using a 1% w/v agarose
solution (A9414, Sigma, St Louis, MO, USA). A Zeiss W Plan-Apochromat 10×/NA 0.5 lens
was used for detection and a Zeiss LSFM 5×/NA 0.1 lens for illumination. Lasers 638 nm,
488 nm, and 405 nm were used for excitation of Alexa Fluor® 647, Alexa Fluor® 488,
and DAPI respectively. For emission, band pass 545–590, low pass 660, and short band
550 filters were used. The ZEN 3.0 SR (black) (version 16.0.2.306) software (2012, Carl Zeiss)
was used for image acquisition and processing.

2.9. Chick Chorioallantoic Membrane (CAM) Assay

The performance of RES as carriers of 2dDr, E2, and AV was studied using the ex-ovo
chick chorioallantoic membrane (CAM) assay as described by Mangir et al. [44]. Pathogen-
free fertilized white leghorn chicken eggs (Gallus gallus domesticus) obtained from Henry
Stewart Co. Ltd. (Fakenham, UK) were incubated and handled under the guidelines of the
Home Office, UK.

On embryonic development day (EDD) 0, eggs were incubated in a humidified hatch-
ing incubator (Rcom King Suro Max-20, P&T Poultry, Wichita, KS, USA) at 38 ◦C. Cracking
of the eggshells on square weigh boats was executed on EDD 3. The weighting boats were
placed inside sterile petri dishes and filled with 3 mL of PBS + 1% penicillin–streptomycin
solution (100 IU/mL–100 mg/Ml). The eggs were cracked inside the weighting boats and
placed immediately after inside a humidified incubator (Binder, Tuttlingen, Germany) at
38 ◦C. The embryos were left inside the incubator for the rest of the experiment (from EDD 3
to EDD 12). Embryos were checked daily for any malformation or infection. Electrospun
scaffolds were implanted on EDD 7. For implantation, 8 mm disks were cut from the
electrospun mats and implanted within the boundaries of the CAM. Two independent tests
were performed with five samples per experiment (N = 2, n = 5).

Images were captured on EDD 12 using a digital camera and MicroCapture software
(version 2.0). To increase the contrast between the blood vessels and the sample, a white
hydrating body cream (Neutrogena, Notthingham, UK) was injected into the surrounding
area of the sample. After imaging, embryos were sacrificed by either decapitation or
bleeding. ImageJ software v. 1.52 [42] was used to process and analyze blood vessel
formation. The image was split in intro its RBG components, preserving the green channel
for “Mexican Hat” filtering, contrast-enhancing, and unmask filtering. The resulting image
was then transformed to binary and processed using the vessel analysis tool [45] to quantify
vascular density.

2.10. Statistical Analysis

GraphPad Prism software (version 9.10, San Diego, CA, USA) was used to performed
statistical analyses using one-way analysis of variance (ANOVA) following by Tukey’s
multiple comparisons tests. In all cases, p values < 0.05 were considered as statistically
significant.

3. Results
3.1. Characterization of RES Physiochemical Properties

Fiber diameter, tensile strength, DSC, and wettability characterization were performed
for PCL RES. The fiber diameter of PCL RES and air plasma treated PCL RES was measured
E2, 2dDr, and AV-loaded scaffolds. Fiber diameter increased significantly in PCL RES that
contained E2 and 2dDr after air plasma treatment. On the other hand, the fiber diameter
of PCL RES loaded with AV was not significantly different after air plasma treatment
(Figure 2A). Furthermore, tensile strength of air plasma-treated PCL RES was significantly
higher in comparison to other test groups (Figure 2B). Interestingly, the tensile strength of
PCL RES control (DCM:DMF) was not significantly different in comparison to PCL RES
loaded with bioactive compounds. Regarding DCS, the melting point of PCL RES ranged
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between 57.2 ◦C and 60.4 ◦C. PCL RES loaded with AV + 2dDr registered the lowest melting
point, whereas PCL RES air plasma control had the highest melting point (Figure 2C). The
wettability of PCL RES was different depending on which bioactive compound was loaded.
PCL RES loaded with 2dDr 8% has the lowest contact angle when compared to other PCL
RES. In addition, contact angle PCL RES control (DCM:DMF) was significantly different
in comparison to other groups, except to PCL RES E2. However, after PCL RES were air
plasma treated, the contact angle of all groups was 0◦ (Figure 2D).

Figure 2. Physicochemical characterization of PCL RES. (A) Fiber diameter of PCL RES before and
after air plasma treatment (N = 3, n = 15). (B) Tensile strength of PCL RES controls and loaded with
bioactive compounds. (C) DCS of PCL RES loaded with bioactive compounds. (D) Contact angle
of PCL RES loaded with bioactive compounds, before and after air plasma treatment. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001. N = 2, n = 3.

3.2. Characterization of TCES Loaded with Bioactive Compounds

Fabrication of TCES loaded with bioactive compounds is shown in Figure 3. SEM
micrographs of TCES fabricated with the same patterned collector showed the effects of
introducing bioactive compounds on the capacity of the electrospun fibers to mimic the
microstructure of the collector. Compared to the pure TCES PCL control, only the TCES
loaded with 10% wt. E2 were able to preserve the ridged morphology of the collector,
with AV 10% wt. and 2dDr 8% wt. showing only small features that resemble the tip
of the collectors. Average fiber diameter was about 1.5 µm for all TCES except for the
scaffolds loaded with 10% wt. E2 showed an increase in average fiber diameter up to
3.5 µm. Furthermore, all scaffolds showed smaller fiber diameters when electrospun as
RES with the E2 showing a similar trend of increase in fiber diameter as with the TCES.
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Figure 3. SEM micrographs of PCL TCES fabricated using the same patterned collector. (A) Control,
(B) 8% 2dDr, (C) 10% E2, and (D) 10% AV. (E) Box plot of the TCES fiber diameter. SEM micrographs
of PCL RES. (F) Control, (G) 8% 2dDr, (H) 10% E2, and (I) 10% AV. (J) Box plot of the RES fiber
diameter. ns = no significance, * p < 0.05, **** p < 0.0001. N = 3, n = 15.

3.3. In Vitro Cell Response of HDF and HDK to Solubilized Bioactive Compounds

The effects of the bioactive compounds on cell metabolic activity and proliferation
were evaluated by exposing HDF to different concentrations of the solubilized bioactive
compounds. Figure 4 shows that low concentrations of both 2dDr and AV have a positive
effect on HDF cell proliferation and metabolic activity when compared to the control group.
However, E2 did not show any significant increase in metabolic activity or proliferation
when used in low concentrations. In comparison to E2 and AV, 2dDr showed an increase
in cell proliferation and metabolic activity at all tested concentrations, while higher con-
centrations of AV or E2 reduced HDF cell activity. The co-culture of HDK + HDF showed
similar behavior in the presence of solubilized E2 but not an increase in either metabolic
activity or proliferation when exposed to 2dDr or AV as observed for HDF (Figure 5).
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Figure 4. HDF metabolic activity and proliferation in the presence of solubilized 2dDr (A,B), E2 (C,D), and AV (E,F) at
different concentrations. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. N = 3, n = 3.
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Figure 5. HDK + HDF metabolic activity and proliferation in the presence of solubilized 2dDr (A,B), E2 (C,D), and AV (E,F)
at different concentrations. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. N = 3, n = 3.

3.4. In Vitro Cell Culture of RES and TCES Loaded with Bioactive Compounds

The effects of electrospun scaffolds loaded with bioactive compounds were evaluated
by measuring the metabolic activity of HDF when seeded in RES and HDK + HDF when
seeded on TCES. Figure 6 shows that RES scaffolds loaded with 8% 2dDr and 10% AV did
not cause any significant changes in HDF metabolic activity by day 6. In contrast, cells
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seeded on RES loaded with 10% E2 and 10% AV + 8% 2dDr showed a decrease in metabolic
activity compared to the control group. Furthermore, all groups of HDK + HDF seeded
on TCES loaded with bioactive compounds showed a decrease in metabolic activity when
compared with the control group.

Figure 6. Cell metabolic activity of (A) HDF seeded on PCL RES loaded with different bioactive
compounds and (B) HDF + HDK seeded on PCL TCES loaded with 2dDr, E2, or AV. *** p < 0.001,
**** p < 0.0001. N = 2, n = 3.

Figure 7 shows Lightsheet microscopy images of HDK + HDF seeded on TCES at
day 6. The immunostaining of cell nuclei, Iβ1, and COLIV shows that clusters of dermal
cells are well defined on the scaffolds that better preserve the microstructure of the collector.
Moreover, TCES loaded with 2dDr and AV showed expression of Iβ1 and proliferation of
cells without any distinctive pattern when compared with the E2 and control groups.
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Figure 7. Lightsheet microscopy images of TCES seeded with HDF + HDK and fabricated with
(A) PCL control, (B) 8% 2dDr, (C) 10% E2, and (D) 10% AV. RES seeded with HDF + HDK and
fabricated with (E) PCL control, (F) 8% 2dDr, (G) 10% E2, and (H) 10% AV are also shown. Samples
were immunostained for Iβ1 (red), COL IV (green), and DAPI (blue). Scale bar = 200 µm.

3.5. Evaluation of Angiogenic Potential by CAM Assay

The ability of the RES scaffolds to produce an angiogenic response was evaluated by
analyzing the vascular density around the sample implanted on the CAM. Figure 8 shows
that RES loaded with 8% wt. 2dDr, 10% wt. E2 and 10% wt. AV showed a significant
increase in vessel formation in comparison with the control group. PCL scaffolds loaded
with 10% wt. AV showed the highest angiogenic response compared to the control.
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Figure 8. Evaluation of angiogenic potential for PCL scaffolds loaded with bioactive compounds.
Negative images of the vessel formation (left) and the % vascular density (right) for each bioactive
compound and combination tested are shown. ns = no significance, ** p < 0.01, **** p < 0.0001. N = 2,
n = 5.

4. Discussion

The fabrication of basic PCL microfabricated scaffolds for mimicking aspects of the
rete ridge environments has been recently described by our group [22]. In this study, we
present different strategies to develop microfabricated scaffolds with increased biofunc-
tionality via using the delivery of angiogenic agents 2dDr, E2, or AV. The inclusion of
biofunctional agents within the electrospinning process required careful optimization of
the parameters and in some cases, the desired microstructure cannot be achieved without
significantly changing the polymer solution properties [16,46,47]. To fabricate the TCES
it is critical to control the directionality of the electrospinning jet to force the electrospun
fibers to populate the microfeatures of the collector. Although the fabrication of electrospun
scaffolds to deliver bioactive compounds has been explored and tested before by several
authors [16,48,49], the need for a stable and directed jet to fabricate TCES requires further
optimization of the electrospinning parameters.

Concentrations higher than the ones used here (8% wt. 2dDr, 10% wt. E2, or 10% wt. AV)
failed to produce microtopographical cues on the scaffolds due to the formation of non-
beaded fibers and aggregates that limited the production of microfeatures. This behavior
can be related to disturbances of the electrohydrodynamic forces (surface tension, viscosity,
and electrostatic repulsion) that interact when the Taylor cone is being formed [17].

Previously, we studied the differences in electrospinability and cell behavior across sev-
eral topographies. However, we have now focused our efforts on using a single micropat-
terned collector to fabricate bioactive microfabricated scaffolds that include angiogenic
agents [21]. Our results showed that solutions loaded with the non-polar hydrophobic
E2 produced scaffolds with well-defined microfeatures. This behavior is related to the
chemical composition of the bioactive compound and thus its solubility with the solvent
DCM:DMF. Because E2 is completely solubilized within the electrospinning solution the
electrospun fibers were able to completely populate the patterned collector as the PCL
control. In contrast, the polar hydrophilic 2dDr induced a more spread fiber deposition
that resulted in less defined microfeatures. Because AV is a complex mixture of polar and
non-polar compounds [50], the fabricated microfeatures within the fibrous scaffolds were
more defined than those produced by 2dDr but less efficient than E2.
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There were no significant changes in mechanical or thermal properties among the
PCL scaffolds loaded with bioactive compounds as shown by the tensile testing and DSC
analysis, respectively. The slight change in Tm indicates that the bioactive compounds
are causing a change in the semi-crystalline structure of the PCL as has been reported be-
fore [51]. Regarding fiber diameter, TCES showed higher values than their RES counterpart.
This change in diameter is primarily related to the increase in flow rate needed to fabricate
the TCES [21,48]. However, upon plasma treatment, the scaffolds showed a change not
only in tensile strength but in fiber diameter and most importantly in hydrophobicity
(when water contact angle was measured). Because hydrophilic scaffolds allow for rapid
cell attachment this aspect is critical for most tissue engineering applications [52].

Our data showed that although small changes in surface contact angle are possible
by loading the bioactive compounds on the electrospun scaffolds, plasma treatment of
hydrophobic polymers such as PCL is critical to achieve rapid cell attachment. However,
as it happens with the mechanical properties, the differences in contact angle between RES
and TCES would need to be fully characterized to determine any differences caused by the
fabrication method or the morphology of the scaffolds.

An increase in cell metabolic activity and proliferation in the presence of low con-
centrations of 2dDr in solution has been shown before for aortic endothelial cells [53].
Furthermore, its potential as an angiogenic agent has been recently explored using in vitro
and in vivo models [37,38,44,54]. Our results showed that this behavior can also be ob-
served for HDF, further proving the versatility of 2dDr for tissue engineering applications.
E2 has also been studied for its effects in wound healing, HDF migration, HDF proliferation,
collagen synthesis, and production of TFG-β1 [55–57]. The mild change in metabolic activ-
ity and proliferation of HDF cultured with solubilized E2 indicates that nM concentrations
are required to induce a higher cell activity [39].

The culture of dermal cells with AV has proved to increase the production of TGF and
bFGF, both key factors in the wound healing process that mediate collagen deposition, HDF
proliferation, and angiogenesis [58]. Our results showed that AV concentrations lower than
5 mg/mL had a significant increase in both metabolic activity and proliferation for HDF,
with concentrations above 5 mg/mL having a negative effect on cell behavior. The effects
of AV improving cell response at low concentrations had been reported before by Hormozi
et al. and Zandit et al. in which µg/mL concentrations of AV showed to increase cell
metabolic activity of embryonic mouse fibroblasts and ovine fibroblasts respectively [58,59].
Additionally, AV has been found to stimulate the expression of vascular endothelial growth
factor and keratinocyte growth factor-1, both key components of the wound healing
process [60].

Based on our in vitro data on tissue culture plastic, we have demonstrated that the
HDK + HDF co-culture is less sensitive to the concentrations tested as shown by our
preliminary experiments with HDK + HDF seeded on RES (Supplementary Materials
Figure S1). Therefore, we used the HDF culture to study the changes in cell viability when
seeded on RES loaded with bioactive compounds. Our cell activity data indicated that
similar concentrations loaded into electrospun scaffolds have the potential to stimulate a
similar increase in metabolic activity. However, there was no increase in HDF cell viability
among the RES scaffolds loaded with bioactive compounds when compared with the PCL
control. In contrast with the increase in metabolic activity of 3T3-L1 fibroblasts reported
by Unnithan et al. [61], the high concentration of E2 (approximately 1 mg per scaffold)
hindered the metabolic activity when compared with the AV and 2dDr scaffolds that
recovered at day 6.

Although the potential of delivering two bioactive compounds within the same con-
struct is an attractive approach that we would continue to explore in the future, the present
TCES fabrication method did not allow the inclusion of more than one compound within
the electrospun fibers. Our previous work showed that HDF seeded on TCES had no
significant changes in metabolic activity. In contrast, HDK + HDF are susceptible to micro-



Bioengineering 2021, 8, 105 15 of 19

tographical cues present on the scaffolds and thus a better model to study the effects of the
TCES loaded with bioactive compounds [21].

Interestingly, HDK + HDF showed the highest metabolic avidity among the bioactive
compounds when seeded on TCES loaded with E2. Whereas the presence of 2dDr and AV
showed a significant decrease in metabolic activity. Although the presence of E2 has proved
to be beneficial for keratinocyte cell survival and proliferation [62–64], the PCL control
showed higher metabolic activity than the 10% E2 group, suggesting that a lower dosage
might be needed to further improve cell behavior. A similar hypothesis of a high dosage
can explain the decrease in HDK metabolic activity when exposed to 2dDr, however, the
effects of 2dDr on HDK proliferation, migration, and cell metabolic activity that had not
been reported before and are yet to be fully characterized.

Moreover, µM concentrations of some AV components have been identified as in-
hibitors of HDK proliferation [65], while other studies have shown that AV accelerates
migration and proliferation of HDK [66–68], highlighting the synergistic interaction of the
AV compounds [69]. Furthermore, AV has been used to treat psoriasis; a dermal condition
characterized by the elongation of the rete ridges. Our work here shows the potential
alternative to reintroduce the rete ridges dermal microenvironment while delivering a drug
that inhibits the abnormal proliferation of HDK [70].

Lightsheet images showed that the TCES control and E2 groups preserved the mi-
crostructure even after 6 days in cell culture. Furthermore, the expression of Iβ1 was
localized at the tip or base of the microfeatures for the TCES control and E2 groups, suggest-
ing that HDK behavior was affected by the introduction of the microenvironments and that
the bioactive compounds influence the expression of relevant biomolecules. In comparison,
there is no distinct expression pattern of Iβ1 for cells seeded on RES regardless of the
bioactive compound loaded into the scaffold. Although differences in cell proliferation
can be observed among RES and TCES groups, a future immunohistochemical analysis
would be needed to quantify the expression of markers as a function of location within
the scaffold.

Our data from the CAM assay showed similar results to those reported before re-
garding the angiogenic potential of 2dDr, E2, and AV [37–39,71]. Although there was
no statistical significance among the bioactive compounds, all of them showed a higher
vascular density around the scaffold compared to the pure PCL control. In the case of
2dDr, Dicki et al. has shown that concentrations as high as 50% wt. can induce a mild
angiogenic response. Our data further demonstrated the dosage-dependent nature of
2dDr, as our lower 10% wt. concentration induced a higher angiogenic response than the
50% wt. concentration [38]. In contrast, lower 5% wt. concentrations of E2 have proved
to be enough to induce blood vessel formation on CAM with concentrations above that
threshold generating a lower angiogenic response [38,39].

Interestingly, to the best of our knowledge, this is the first time that AV is loaded into
electrospun scaffolds and studied under the CAM assay, as other studies have focused
on the effects of individual compounds or the entire AV gel [71]. Our data showed the
potential of these AV-loaded scaffolds to induce blood vessel formation using a reliable
delivery method. However, characterizing the release kinetics of the RES as well as
studying any differences compared to the TCES is key to fully understand the angiogenic
capabilities of our scaffolds. In this research, we have demonstrated the potential of using
our angiogenic microfabricated scaffolds as tools for the development of future complex
skin tissue engineering devices.

5. Conclusions

In this study we have explored how to enhance the bioactivity of PCL electrospun
scaffolds via the addition of key angiogenic compounds for then increase the complexity of
these scaffolds via the inclusion of rete ridge-like structures that emulate to an extent the
morphology of the stem cell niche in the skin. Furthermore, the dose-dependent response
of the compounds was confirmed using HDF and HDF + HDK in vitro cultures.
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Our methodology shows that it is possible to fabricate reproducible TCES with well-
defined fibrous microenvironments that are also biofunctionalized with E2 as an angiogenic
agent. Although fibers loaded with 2dDr and AV produced TCES with less-defined mi-
croenvironments, these membranes showed no decrease in cell proliferation when observed
under the Lightsheet microscope. Our research demonstrates that the manufactured RES
loaded with bioactive compounds can affect cell proliferation and induce blood vessel for-
mation on the CAM assay making them a potential tool to be used in the future fabrication
of complex skin tissue engineering devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/bioengineering8080105/s1. Supplementary Table S1: Supplements used to prepare DMEM
and Green’s cell culture media. Reagents were purchased from Sigma (UK) unless specified. Supple-
mentary Figure S1: Cell metabolic activity of HDF + HDK seeded on PCL RES loaded with 2dDr.
ns = no significance. n = 3.
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