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A B S T R A C T   

Scaffold-free in vitro organogenesis exploits the innate ability of cells to synthesise and deposit their own 
extracellular matrix to fabricate tissue-like assemblies. Unfortunately, cell-assembled tissue engineered concepts 
require prolonged ex vivo culture periods of very high cell numbers for the development of a borderline three- 
dimensional implantable device, which are associated with phenotypic drift and high manufacturing costs, 
thus, hindering their clinical translation and commercialisation. Herein, we report the accelerated (10 days) 
development of a truly three-dimensional (338.1 ± 42.9 μm) scaffold-free tissue equivalent that promotes fast 
wound healing and induces formation of neotissue composed of mature collagen fibres, using human adipose 
derived stem cells seeded at only 50,000 cells/cm2 on an poly (N-isopropylacrylamide-co-N-tert-butylacrylamide 
(PNIPAM86-NTBA14) temperature-responsive electrospun scaffold and grown under macromolecular crowding 
conditions (50 μg/ml carrageenan). Our data pave the path for a new era in scaffold-free regenerative medicine.   

1. Introduction 

Cell-based therapies, either as cell-alone injections or as cell-scaffold 
combinations, are at the forefront of scientific research and technolog-
ical innovation in regenerative medicine to treat, augment or replace a 
lost, due to disease or injury, tissue function [1–5]. Despite the 
numerous positive preclinical and clinical results in a diverse range of 
clinical indications, the mode of administration of injected cell suspen-
sions offers poor control over cell protection and localisation at the site 
of implantation and the use of artificial scaffolds triggers adverse im-
mune responses [6–8]. To overcome these limitations, the concept of 

scaffold-free in vitro organogenesis has been pioneered that allows for 
the production of tissue-like assemblies in vitro, by exploiting the 
inherent ability of cells to synthesise and deposit their own extracellular 
matrix (ECM) [9–11]. 

Traditionally, the production of three-dimensional (3D) scaffold-free 
tissue equivalents for non-load-bearing tissues is a two-step process. 
Firstly, single cell sheets are produced using surfaces coated with 
temperature-responsive polymers, which upon reduction of the tem-
perature below the lower critical solution temperature (LCST) of the 
polymer allow for the detachment of intact cells and deposited ECM thin 
layers [12–15]. Then, by layering multiple cell sheets together and 
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culturing them for the required maturation time, 3D tissue-like assem-
blies are realised [16,17]. Despite the positive outcomes, with respect to 
safety and therapeutic efficacy, of scaffold-free in vitro organogenesis 
approaches in preclinical and clinical setting, only a handful of products 
have been commercialised [18]. This limited technology transfer from 
laboratories to clinics has been attributed to numerous factors. For 
example, it is still technically challenging to produce multi-layered cell 
sheets in reproducible fashion. The creation of thick enough 
multi-layered cell sheets not only requires millions of cells, frequently 
not available for autologous applications, but also is associated with 
limited nutrient, waste and oxygen transfer in the middle layers, which 
results in cell death [19] and delamination [20]. Consequently, multiple 
operations of up to 3 layers are recommended [21], which again require 
high cell numbers, are barely at the 3D range and are associated with 
prolonged patient distress and high healthcare expenditure. It is there-
fore eminent and timely to develop technologies that will allow for full 
exploitation of the in vitro organogenesis concept. 

Electrospinning produces 3D fibrous constructs that closely imitate 
native tissues architectural features and the high porosity of the resul-
tant scaffolds allows for appropriate nutrient, waste and oxygen trans-
port [22–24]. Although electrospinning of temperature-responsive 
polymers has enabled the development of scaffold-free cell layers [25, 
26], a commercially and clinically viable tissue-like surrogate is still 
onerous. This may be attributed to the large numbers of cells still 
required and the prolonged time in culture needed for the cells to de-
posit sufficient ECM that is associated with cell phenotype losses [27, 
28]. Considering that ECM is key modulator of cell fate [29–32], stra-
tegies that integrate enhanced and accelerated ECM synthesis and 
deposition in the developmental cycle of in vitro organogenesis concepts 
may be able to bridge the gap between positive therapeutic clinical ef-
ficacy and market success. 

Although various in vitro microenvironment modulators have been 
assessed over the years as a means to control cell fate in culture, only 
marginally (e.g. growth factor supplementation [33], oxygen tension 
[34–37], mechanical stimulation [38]), if at all (e.g. surface topography, 
substrate rigidity), enhance and accelerate ECM synthesis and deposi-
tion. To this end, the concept of macromolecular crowding (MMC) has 
been introduced that, following the principles of excluded volume effect, 
accelerates biochemical reactions and biological processes by several 
orders of magnitude [39–45]. Although MMC, by imitating the localised 
density of native tissues in vitro, has been shown to induce an up to 
120-fold increase in collagen and associated ECM deposition within 4–6 
days in differentiated [46–50] and stem [34,51–57] cell cultures, its 
safety and efficacy in regenerative medicine has yet to be assessed. 

Herein, we report the development of a truly 3D tissue substitute, 
using only a fraction of cells and time that customary in vitro organo-
genesis approaches utilise, by culturing human adipose derived stem 
cells (hADSCs) onto a temperature-responsive electrospun scaffold 
under MMC conditions. The therapeutic efficacy and safety of the pro-
duced tissue-like supramolecular assemblies were validated in a mouse 
excisional wound splinting model. 

2. Materials and methods 

2.1. Materials 

All chemicals, cell culture media and reagents were purchased from 
Sigma Aldrich (Ireland), and used as received, unless otherwise stated. 
Tissue culture consumables were purchased from Sarstedt (Ireland) and 
NUNC (Denmark). 

2.2. Synthesis and characterisation of temperature-responsive copolymers 

Poly (N-isopropylacrylamide-co-N-tert-butylacrylamide (PNIPAM- 
NTBA) copolymers were synthesised and characterised as has been 
described before [36,37]. N-isopropylacrylamide was recrystallized 

from n-hexane, N-tert-butylacrylamide (Acros, 97%) was recrystallized 
from acetone under argon atmosphere and 2,2′-azobisisobutyronitrile 
(Merck, >98%) was recrystallized from ethanol. The copolymers were 
prepared by free radical polymerisation using azobisisobutyronitrile as 
an initiator in benzene. After polymerisation at 60 ◦C for 24 h, the 
mixture was precipitated in n-hexane. The obtained copolymers were 
then purified by dissolving in acetone followed by precipitation in 
n-hexane for at least 3 times and the product was dried at 45 ◦C in a 
vacuum oven. Two copolymers were synthesised in this work containing 
14 mol % (PNIPAM86-NTBA14) and 32 mol % (PNIPAM68-NTBA32) of 
N-tert-butylacrylamide, respectively. The composition of copolymers 
was confirmed by 1H NMR spectroscopy. The number-average molecu-
lar weight and polydispersity were determined by size exclusion chro-
matography (SEC) in respect to poly (methylmethacrylate) standards. 
PNIPAM86-NTBA14: Mn = 179,400 g/mol; D = 4.5; 
PNIPAM68-NTBA32: Mn = 205,400 g/mol; D = 2.7. SEC of 
temperature-responsive copolymers was performed using an Ultimate 
3000 ThermoFisher Scientific chromatographic complex equipped with 
PLgel precolumn guard (size 7.5 × 50 mm, particle size 5 μm, Agilent, 
Ireland) and PLgel MIXED-C column (size 7.5 × 300 mm, particle size 5 
μm, Agilent, Ireland) thermostated at 50 ◦C. The elution was performed 
in the isocratic mode with dimethylformamide (HPLC isocratic grade, 
Carlo Erba, Spain) containing 0.10 M LiBr (99+ %, for analysis, anhy-
drous, Acros Organic, ThermoFisher Scientific, Ireland) at a flow rate of 
1 ml/min. SEC traces were recorded on the refractive index detector at 
40 ◦C. The molecular weight characteristics of the polymers were 
calculated using Chromeleon 7.0 program (Dionex™, ThermoFisher 
Scientific, Germany) based on poly (methylmethacrylate) standards 
(EasiCal™, Agilent, Ireland) with Mw/Mn ≤ 1.05.1H NMR (500 MHz) 
spectra were recorded in deuterated chloroform at 25 ◦C on a Bruker 
(UK) AC-500 spectrometer calibrated relative to the residual solvent 
resonance. 

2.3. Fabrication of electrospun scaffolds 

Typical protocols for electrospinning were utilised [58,59]. Briefly, 
150 mg/ml of PNIPAM86-NTBA14 and PNIPAM68-NTBA32 were dis-
solved in methanol (Honeywell, Ireland) and the solution was extruded 
at 20 μl/min through an 18 G stainless steel blunt needle (EDF Nordson, 
Ireland). Upon application of high voltage (20 kV) between the needle 
and the aluminium collector (20 cm distance), the solvent evaporated 
and the electrospun fibres were collected on a rotating (50 revolutions 
per min) mandrel. All electrospinning experiments were carried out at 
room temperature (22 ◦C–26 ◦C) and 40–55% relative humidity. 

2.4. Electrospun scaffold fibre morphology analysis 

The electrospun scaffolds were mounted onto carbon disks, gold 
sputter coated and imaged with a Hitachi S-4700 scanning electron 
microscope (Hitachi High-Technologies Europe GmbH, Germany). Fibre 
diameter analysis was conducted using the ImageJ software (NIH, USA). 

2.5. Electrospun scaffold stability and swelling analyses 

The stability and swelling properties of the electrospun scaffolds 
were investigated using square samples (2 cm × 2 cm). For stability 
analysis, each sample was submerged in phosphate buffered saline (PBS) 
at 37 ◦C and after 1 h, images were taken using a digital camera (iPhone 
6, USA). For swelling analysis, each sample was weighed and then 
submerged in PBS at 37 ◦C to allow water uptake. At time intervals of 3, 
6, 24, 48 and 72 h, specimens were removed from PBS and prior to 
weighing of the samples, the excess PBS was removed with tissue paper. 
The swelling ratio was calculated using the following formula: Swelling 
Ratio % (S) = [(Ww – Wd)/Wd] x 100, where Ww stands for wet weight 
and Wd stands for dry weight of the samples. 
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2.6. Electrospun scaffold contact angle analysis 

Sessile-drop experiments were performed with a contact-angle 
measuring system (Acam D-2, Apex Instruments, India). During the 
entire test period, the samples were placed on a heated platform with 
moisture content level maintained at 70%. Deionised water was dropped 
onto the sample surface from a micro-syringe needle (volume: 10 μl, 
dispensing rate:15 μl/min). Droplet pictures were taken after the drop 
touched the sample with a periodicity of 5 s for 15 min. The contact 
angles were calculated by the instrument’s software through analysing 
the shape of the drop by the tangent fitting method. 

2.7. Cell culture 

The scaffolds were cut and fixed to the bottoms of 24-well cell culture 
plate using silicone O-rings. The sterilisation was conducted under UV 
light for 2 h. Human adipose derived stem cells (hADSCs, RoosterBio, 
USA) were cultured in alpha-Minimum Essential Medium (α-MEM) with 
Gibco® GlutaMAX™ (ThermoFisher Scientific, Ireland) supplemented 
with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin (P/ 
S) at 37 ◦C in a humidified atmosphere of 5% CO2. At passage 3–5, cells 
were seeded at 25,000 cells/cm2 in 24 well plates and at 50,000 cells/ 
cm2 on the temperature-responsive electrospun scaffolds and were 
allowed to attach. After 24 h, the media were changed to media 
without/with MMC (carrageenan at 50 μg/ml). Supplementation with 
100 μM of L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate 
was used to induce collagen synthesis. Media were changed every 3 
days. Samples were analysed at days 4, 7 and 10. 

2.8. Phase contrast microscopy analysis 

Phase contrast images were obtained using an inverted microscope 
(Leica Microsystems, Germany) at each timepoint. Images were pro-
cessed using ImageJ software (NIH, USA). 

2.9. Cell morphology analysis 

At each timepoint, cells were fixed with 4% paraformaldehyde, 
permeabilised with 0.2% Triton X-100 and stained with FITC-labelled 
phalloidin (ThermoFisher Scientific, UK) for the cytoskeleton and 
Hoechst for the nucleus. Samples were imaged in an inverted fluores-
cence microscope (Olympus IX81, Olympus Corporation, Japan). 

2.10. Cell viability analysis 

At each timepoint, cells were washed with PBS and a solution of 
Calcein AM (4 mM, ThermoFisher Scientific, UK) and ethidium homo-
dimer I (2 mM, ThermoFisher Scientific, UK) was added. Cells were 
incubated at 37 ◦C and 5% CO2 for 30 min after which, fluorescence 
images were obtained with an Olympus IX-81 inverted fluorescence 
microscope (Olympus Corporation, Japan). 

2.11. Cell metabolic activity analysis 

The alamarBlue® assay (Invitrogen, USA) was used to quantify cell 
metabolic activity as per manufacturer’s protocol. Briefly, at each 
timepoint, cells were washed with PBS and alamarBlue® solution (10% 
alamarBlue® in PBS) was added. After 4 h of incubation at 37 ◦C, 
absorbance was measured at excitation wavelength of 550 nm and 
emission wavelength of 595 nm using a Varioskan Flash spectral scan-
ning multimode reader (ThermoFisher Scientific, UK). Cell metabolic 
activity was expressed as % reduction of the alamarBlue® and normal-
ised to non-MMC control group. 

2.12. DNA quantification analysis 

DNA quantification was assessed using the Quant-iT™ PicoGreen® 
dSDNA assay kit (Invitrogen, Ireland) according to the manufacturer’s 
protocol. Briefly, DNA was extracted using a papain extraction reagent 
for 3 h at 65 ◦C. 28.7 μl were then transferred into 96-well plates. A 
standard curve was generated using 0, 100, 200, 375, 500, 1,000, 2000 
and 4000 ng/ml DNA concentrations. 71.3 μl of a 1:200 dilution of 
Quant-iT™ PicoGreen® reagent were added to each sample and the 
plate was read using a using a Varioskan Flash spectral scanning 
multimode reader (ThermoFisher Scientific, UK) with an excitation 
wavelength of 480 nm and an emission wavelength of 525 nm. 

2.13. Cell sheet detachment analysis 

At each timepoint, electrospun scaffolds with cells were rinsed with 
pre-warmed PBS. To induce detachment cold PBS (4 ◦C) was added and 
samples were left on a digitally controlled chilling/heating dry bath 
(Torrey Pines Scientific, USA) set to 4 ◦C. Additional washes with cold 
PBS were repeated in order to remove any excess of polymer. 

2.14. Time lapse microscopy analysis 

A Linkam THMS600 Heating and Freezing microscope stage (Linkam 
Scientific Instruments, UK) was attached to a BX51 Olympus microscope 
(Olympus Corporation, Japan). Cell detachment was conducted as 
described above. Images were taken every 5 s until full dissolution of the 
electrospun scaffolds. 

2.15. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS- 
PAGE) analysis 

SDS-PAGE was conducted as has been described previously [60]. 
Briefly, at each timepoint cell layers were digested with pepsin from 
porcine gastric mucosa at 0.1 mg/ml in 0.5 M acetic acid for 2 h at 37 ◦C 
with continuous shaking and subsequent neutralisation with 1 N NaOH. 
The samples for SDS-PAGE were prepared using appropriate dilution 
with distilled water and 5x sample buffer. 10 μl per sample solution per 
well were loaded on the gel (5% running gel/3% stacking gel) after 5 
min heating at 95 ◦C. Electrophoresis was performed with a 
Mini-PROTEAN Tetra Electrophoresis System (Bio-Rad, Ireland) by 
applying a potential difference of 50 mV for the initial 30 min and 120 
mV for the remaining time (approximately 1 h). The gels were stained 
using a silver stain kit (SilverQuest™, Invitrogen, Ireland) according to 
the manufacturer’s protocol. Images of the gels were taken after brief 
washing with water. To quantify the cell-produced collagen type I 
deposition, the relative densities of collagen α1(I) and α2(I) chains were 
evaluated with ImageJ software (NIH, USA) and compared to the α1(I) 
and α2(I) chain bands densities of standard collagen type I (Symatese 
Biomateriaux, France). 

2.16. Histological analysis 

At each timepoint, the cell sheets were detached from the electro-
spun scaffolds, fixed in 4% paraformaldehyde for 24 h, washed with 
PBS, infiltrated with 15% sucrose in PBS for 12 h and in 30% sucrose in 
PBS overnight and embedded in Tissue Freezing Medium® (Leica Bio-
systems, Ireland). Subsequently, transverse cryosections of 5 μm in 
thickness were obtained using the CM1850 Cryostat (Leica Biosystems, 
Ireland). The samples were then stained with haematoxylin-eosin, 
Masson-Goldner’s trichrome stain (Carl Roth, Germany), Herovici’s 
polychrome stain and Picrosirius red stain according to the manufac-
turer’s guidelines and mounted using DPX mountant. Images were 
captured with an Olympus IX-81 inverted microscope (Olympus Cor-
poration, Tokyo, Japan). Cell sheet thicknesses were measured using the 
digitalised images and ImageJ software (NIH, USA). The same staining 
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protocols were applied for hADSCs grown in 2D culture on glass cov-
erslips as control. 

2.17. Immunocytochemistry analysis 

At each timepoint, cells were briefly washed with PBS and fixed with 
4% paraformaldehyde for 20 min at room temperature. Cells were 
washed again and non-specific binding sites were blocked with 3% 
bovine serum albumin (BSA) in PBS for 30 min. The cells were incubated 
overnight at 4 ◦C with one of the following primary antibodies: mouse 
anti-collagen type I, rabbit anti-collagen type III, rabbit anti-collagen 
type V and rabbit anti-fibronectin. Details of antibodies used for 
immunocytochemistry are provided in Supplementary Table S1. After 3 
washes in PBS, cells were incubated for 30 min at room temperature 
with the secondary antibody AlexaFluor® 488 goat anti-rabbit (Invi-
trogen, USA). The cell nuclei were stained with Hoechst. Images were 
taken with an Olympus IX-81 inverted fluorescence microscope 
(Olympus Corporation, Japan). The same staining protocol was applied 
on cryosections, which were mounted with Fluoromount™ Aqueous 
Mounting Medium and left for 2 h at room temperature to dry before 
imaging. 

2.18. Atomic force microscopy (AFM) analysis 

AFM analysis was performed as per previously published protocol 
[61]. Briefly, freshly cut 5 μm thick sections were attached directly onto 
13 mm diameter glass coverslips. Prior to imaging, the sections were 
thawed, air-dried, washed with water to remove the support medium 
and air-dried again. Samples were imaged by intermittent contact mode 
in air using a Dimension 3100 AFM (Veeco, UK) with a Nanoscope IIIa 
controller and a 12 μm × 12 μm × 3.2 μm (X, Y, Z dimension) E scanner. 
Height, amplitude and phase images at scan sizes of 1 μm or 5 μm were 
captured at an initial scan rate of 1.97 Hz and integral and proportional 
gain settings of 0.3 and 0.5, respectively. 

2.19. Trilineage differentiation analysis 

For all differentiation experiments cells at passage 5 were seeded at a 
density of 50,000 cells/cm2. Osteogenic, adipogenic and chondrogenic 
assays were performed without (− ) or with (+) MMC in the differenti-
ation media. Osteogenic, adipogenic and chondrogenic differentiations 
were initiated 24 h after seeding and cells were differentiated for 21 
days. As control, cells were grown on tissue culture plastic (TCP) for 
osteogenic and adipogenic differentiation and as pellets for chondro-
genic differentiation. 

Osteogenesis was induced using media composed of α-MEM with 
Gibco® GlutaMAX™ (ThermoFisher Scientific, Ireland) supplemented 
with 10% FBS, 1% P/S, 50 μM L-ascorbic acid 2-phosphate sesqui-
magnesium salt hydrate, 10 mM β-glycerophosphate, 100 μM dexa-
methasone, with or without MMC. 

Adipogenesis was induced through cycles by 7 days of induction 
media composed of Dulbecco’s modified Eagle medium high glucose 
(DMEM-HG), supplemented with 10% FBS, 1% P/S, 1 μM rosiglitazone, 
1 μM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, 10 μg/ml 
insulin, with or without MMC and subsequently with maintenance 
media composed of DMEM-HG, supplemented with 10% FBS, 1% P/S 
and 10 μg/ml insulin, with or without MMC. 

Chondrogenesis was induced using media composed of DMEM-HG, 
supplemented with 10 ng/ml transforming growth factor β3 (Promo-
Cell GmbH, Germany), 100 nM dexamethasone, 10% insulin-transferrin- 
selenium, 40 μg/ml L-proline, 100 μM L-ascorbic acid 2-phosphate ses-
quimagnesium salt hydrate, with or without MMC. 

2.20. Alizarin red staining analysis 

Samples were fixed with ice-cold methanol for 20 min, stained with 

2% alizarin red in deionised water for 10 min and washed with water. 
Images were acquired using an inverted microscope (Leica Micro-
systems, Germany). Semi-quantitative analysis of alizarin red staining 
was performed by dissolving the bound stain with 10% acetic acid. 
Samples were collected using a cell scraper and heated to 85 ◦C for 10 
min. Subsequently 10% solution of ammonium hydroxide was used to 
achieve a pH of 4.5. Finally, the absorbance was read at 405 nm using a 
micro-plate reader (Varioskan Flash, ThermoFisher Scientific, Ireland). 

2.21. Oil red O staining analysis 

Samples were fixed for 20 min with 4% paraformaldehyde, stained 
for 10 min with oil red O solution (oil red O 0.5% in isopropanol, diluted 
3:2 in distilled water) at room temperature and images were acquired 
using an inverted microscope (Leica Microsystems, Germany). For 
quantification of oil red O staining, the dye was extracted pipetting 
100% isopropanol over the surface of the wells. Then, the solution was 
centrifuged at 500×g for 2 min to remove debris and the absorbance was 
measured at 520 nm using a Varioskan Flash spectral scanning multi-
mode reader (ThermoFisher Scientific, Ireland). 

2.22. Sulphated glycosaminoglycan analysis 

Cell layers and culture media were digested for 3 h at 60 ◦C with 
0.1% crystallised papain in 0.2 M sodium phosphate buffer at pH 6.4, 
containing sodium acetate, ethylenediaminetetraacetic acid (EDTA), 
disodium salt and cysteine-HCl. For sulphated glycosaminoglycan 
(sGAG) quantification, the Blyscan™ Glycosaminoglycan Assay (Bio-
color, UK) was used, as per manufacturer’s protocol. 

2.23. Growth factors and matrix metalloproteinases analysis 

The expression of growth factors from conditioned media and cell 
layers of hADSCs cultured both on TCP and PNIPAM86-NTBA14 without 
and with MMC and the expression of matrix metalloproteinases (MMPs) 
from conditioned media and cell layers of hADSCs cultured on 
PNIPAM86-NTBA14 without and with MMC were assessed using anti-
body arrays (Abcam, UK), following the manufacturer’s protocol (the 
selected growth factor and MMP involvement in wound healing is listed 
in Supplementary Table S2 and Supplementary Table S3, respectively). 
Briefly, hADSCs were cultured for 10 days without and with MMC. For 
the protein extraction from the cell layers, radioimmunoprecipitation 
assay buffer with proteinase and phosphatase inhibitor cocktail was 
added to the cell layers and left to incubate at 4 ◦C for 30 min, after 
which cell layers were scratching collected, centrifuged and frozen at 
− 80 ◦C. 6 replicates were pooled prior to total protein quantification, 
which was performed using the Pierce™ BCA Protein Assay Kit (Ther-
moFisher Scientific, UK) following the manufacturer’s protocol. Protein 
concentration was determined using a BSA standard curve. For the 
conditioned media, at day 10, the culture media was removed and 
replaced with fresh media containing 0.2% FBS, which was subse-
quently collected after 3 days. 6 replicates were pooled prior to analysis. 
The antibody membranes were incubated overnight with 1 ml of 
conditioned media or 250 μg of proteins. The array membranes were 
developed using an enhanced chemiluminescence method according to 
the manufacturer’s protocol. The relative expression of the growth fac-
tors and the MMPs was determined by measuring the pixel intensity of 
each chemiluminescence image. 

2.24. Scratch and migration assays analysis 

To analyse the effect of MMC on cell migration, a scratch wound 
healing assay [62] and a migration assay [63] were performed. For the 
scratch assay, hADSCs were cultured for 10 days with and without MMC. 
Before starting the assay, cells were serum starve for 16 h with media 
containing 0.2% FBS. Two perpendicular scratches were created with a 
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P10 pipette tip. To remove detached cells and proteins after wound 
creation, cells were rinsed once with PBS and new media containing 
0.2% FBS was added. Images were obtained at 0, 24, 48 and 72 h. The 
migration assay was performed using a 2 well silicone insert with a 
defined cell-free gap (IBIDI, Germany). Values were reported as percent 
of wound closure and calculated as follows: [(area of original 
wound/gap – area of actual wound/gap)/area of original wound/gap] x 
100. 

2.25. Mouse excisional wound splinting model 

All animal experiments and procedures were conducted in accor-
dance to Irish laws on animal experimentation and were approved by the 
Animal Care and Research Ethics Committee of NUI Galway and the 
Irish Health Products Regulatory Authority (Licence Number: AE 
19125/P051). A total of 18 female athymic nude mice (6–7 weeks old), 
purchased from Charles River (UK), were included in the study. The 
mice were kept in individually ventilated cages with controlled tem-
perature and humidity and a 12 h light-dark cycle. All animals were 
housed in groups prior to surgery and were provided access to food and 
water ad libitum. Postoperatively, the animals were housed individually 
to avoid chewing of wounds and bandages. After one-week acclimati-
sation period, animals were randomly divided into the following three 
groups: non-treated control (n = 6), cell sheets without MMC (-MMC, n 
= 6) and cell sheets with MMC (+MMC, n = 6). Every animal received 
perioperative analgesia with a subcutaneous injection of buprenorphine 
(0.05 mg/kg, Bupaq®, Chanelle Pharma Group, Ireland) 1 h prior to 
surgical anaesthesia. Anaesthesia was induced and maintained with 
isoflurane (Iso-Vet®, Chanelle Pharma Group, Ireland). A splinted 
wound healing model was utilised [64]. Briefly, the surgical field at the 
back of each mouse was cleaned with iodine scrub and 70% ethanol 
solution. The skin was folded and two circular full thickness (epidermis, 
dermis, subcutaneous tissue and panniculus carnosus muscle) wounds of 
5 mm diameter were created with a single puncture using a punch bi-
opsy (KAI Medical, Italy). A silicone splint with internal and external 
diameter of 6 mm and 12 mm, respectively, and 0.5 mm thickness 
(Grace Bio-Labs, USA) was sutured around every wound to prevent 
contraction and promote healing by epithelisation. An identical treat-
ment was applied to both wounds of each mouse. Animals received twice 
per day a subcutaneous injection of buprenorphine (0.05 mg/kg) for 
post-operative analgesia and once per day a subcutaneous injection of 
enrofloxacin (5 mg/kg, Baytril®, Bayer, Germany) as antibiotic treat-
ment for 3 days. 

2.26. Cell labelling and in vivo cell tracking analysis 

Before implantation, cell sheets were incubated with 10 μM 
Vybrant™ DiD fluorescent dye (ThermoFisher Scientific, Ireland) over-
night at 37 ◦C and then washed 3 times for 5 min each with sterile PBS. 
Before imaging, animals were anesthetised with isoflurane. The wave-
lengths of absorption were set up at 644 nm excitation and 665 nm 
emission. Digital pictures of animals were taken immediately post- 
surgery and at days 3, 7, 10 and 14 with the Spectrum In Vivo Imag-
ing System IVIS® Lumina III (PerkinElmer, UK). Average radiant effi-
ciency was calculated with Living Image Software® (IVIS Imaging 
Systems, UK). 

2.27. Wound healing ratio analysis 

Wound closure rate was determined by taking digital pictures of the 
wounds with an iPad Pro (Apple, USA) immediately post-surgery and at 
days 3, 7, 10 and 14. The planimetric area of the open wounds was 
measured using the software WoundWise IQ (Med-Compliance IQ, 
USA). Values were reported as % of wound closure and calculated as 
follows: [(area of original wound – area of actual wound)/area of 
original wound] x 100. 

2.28. Histological analysis 

After euthanasia, skin tissue samples were harvested and fixed in 4% 
paraformaldehyde for paraffin embedding. 5 μm in thickness cross- 
sections were prepared from all paraffin blocks. The sections were 
deparaffinised with 2 immersions in xylene and re-hydrated with 
descending concentrations of ethanol (100%, 90%, 70%, 0% in distilled 
water). Sections were stained using haematoxylin-eosin, Masson-Gold-
ner’s trichrome stain (Carl Roth, Germany), Herovici’s polychrome stain 
and Picrosirius red according to the manufacturer’s protocols and 
mounted using DPX mountant. Slides were scanned and images were 
captured using an Olympus VS120 virtual slide microscope and OlyVIA 
software and an Olympus BX51 microscope for polarised microscopy 
analysis (all Olympus Corporation, Japan). 

2.29. Immunohistochemistry analysis 

Paraffin sections were dewaxed and re-hydrated as described above. 
Endogenous peroxidases were blocked by incubating the samples in 3% 
hydrogen peroxide in 100% methanol for 20 min. Antigen retrieval was 
carried out in a pressure cooker in 0.01 M Tris-EDTA (pH 9.0). The slides 
were then incubated for 30 min at room temperature in antigen blocking 
solution (5% normal goat serum and 0.1% Triton X-100 in PBS). Slides 
were incubated overnight at 4 ◦C with the following primary antibodies: 
rabbit anti-cytokeratin 5, rabbit anti-CD 31 and mouse anti-human nu-
clear antigen. Details of antibodies used for immunocytochemistry are 
provided in Supplementary Table S1. Secondary antibodies, biotinylated 
swine anti-rabbit and biotinylated rabbit anti-mouse (Dako, USA), were 
added and the slides were further incubated for 1 h at room temperature. 
For the detection, ABC horseradish peroxidase labelled Vectastain Elite 
ABC reagent (Vector, UK) was used. Binding sites of primary antibodies 
were visualised using diaminobenzidine (Dako, UK) as chromogen and 
all sections were counterstained with haematoxylin. Negative controls 
were prepared for each stain by omitting primary antibodies during 
incubation, which resulted in no staining. Human skin tissue sections 
were used as positive controls for anti-human nuclear antigen antibody. 
Images were captured using an Olympus VS120 digital scanner and 
OlyVIA software (both Olympus Corporation, Japan). 

2.30. Epidermal thickness analysis 

The thickness of the neo-formed epidermis was evaluated with 
ImageJ (NIH, USA) using Masson-Goldner’s trichrome stained histo-
logical sections. Beginning from the centre of the wound, 3 non- 
consecutive sections (100 μm distance from each another) per group, 
were analysed by randomly selecting 3 high-power fields and perform-
ing 5 measurements of the epidermal thickness per field. 

2.31. Scar size analysis 

Scar size analysis was performed as per established protocols [65]. 
Briefly, scar area was evaluated using Masson-Goldner’s trichrome 
stained histological sections. Beginning from the centre of the wound, 3 
non-consecutive sections per group, with a distance of 100 μm, were 
analysed by randomly selecting 3 high-power fields and performing 5 
measurements of the scar size per field. Scar tissue was outlined using 
the freeform outline tool in ImageJ (NIH, USA) to produce a pixel-based 
area measurement, which then converted to μm2. Scar area measure-
ments were performed extended to the panniculus carnosus. A positive 
and predictive relationship was established between dermal thickness 
and scar area. Scar size was determined by the scar index, which was 
calculated as follow: scar index (μm) = scar area (μm2)/average dermal 
thickness (μm). Dermal thickness measurements were obtained using 
ImageJ (NIH, USA) by drawing a line normal to the average orientation 
of the epidermal-dermal and dermal-subcutaneous tissue demarcations. 
4 dermal thickness measurements were taken per sample, two adjacent 
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to the wound site at 50 μm on either side, and two at a farther distance of 
700 μm on either side of the wound. 

2.32. Statistical analysis 

Data are expressed as mean ± standard deviation. Number of repli-
cates is indicated in each figure legend. Statistical analysis was per-
formed using MINITAB® version 19 (Minitab Inc, USA). One-way 
analysis of variance (ANOVA) was used for multiple comparisons and 
Tukey’s post hoc test was used for pairwise comparisons after con-
firming the samples followed a normal distribution (Anderson-Darling 
test) and had equal variances (Bartlett’s and Levene’s test for homoge-
neity of variances). When either or both assumptions were violated, non- 
parametric analysis was conducted using Kruskal-Wallis test for multiple 
comparisons and Mann-Whitney test for pairwise comparisons. Statis-
tical significance was accepted at p < 0.05. 

3. Results 

3.1. Morphology, stability, swelling, contact angle and dissolution 
analyses of temperature-responsive electrospun scaffolds 

Scanning electron microscopy analysis (PNIPAM Supplementary 
Figure S1A, PNIPAM86-NTBA14 Supplementary Figure S1B, 
PNIPAM68-NTBA32 Supplementary Figure S1C) revealed that all elec-
trospun scaffolds were composed of uniform (bead-free) randomly ori-
ented fibres. Fibre diameter distribution analysis showed that the 
PNIPAM scaffolds (Supplementary Figure S1D) were comprised of fibres 
with diameter range from 300 nm to 600 nm and the PNIPAM86- 
NTBA14 (Supplementary Figure S1E) and PNIPAM68-NTBA32 (Sup-
plementary Figure S1F) scaffolds were comprised of fibres with diameter 
range from 1,000 nm to 2,000 nm. 

Stability analysis (Supplementary Figure S2A) revealed that the 

PNIPAM (LCST 32 ◦C) electrospun scaffolds were completely soluble, 
whilst the PNIPAM86-NTBA14 (LCST 25 ◦C) and the PNIPAM68- 
NTBA32 (LCST 16 ◦C) electrospun scaffolds were stable in PBS at 37 ◦C. 

Swelling ratio analysis (Supplementary Figure S2B) showed that the 
PNIPAM86-NTBA14 electrospun scaffolds had swelling ratio of 5% up to 
24 h and then increased to 35% until the end of the experiment (72 h) 
and the swelling ratio of the PNIPAM68-NTBA32 electrospun scaffolds 
did not exceed the 4% for the duration of the experiment (72 h). 

Static contact angle measurements against deionised water (Sup-
plementary Figure S2C) made apparent that the PNIPAM86-NTBA14 
electrospun scaffolds had average contact angle of 74◦ ± 4◦ and the 
PNIPAM68-NTBA32 electrospun scaffolds had average contact angle of 
81◦ ± 2◦. 

Time-lapse microscopy revealed that the PNIPAM86-NTBA14 elec-
trospun scaffolds were dissolved in fast and uniform manner (Supple-
mentary Video S1) and the PNIPAM68-NTBA32 electrospun scaffolds 
were dissolved slowly in a layer-by-layer fashion (Supplementary Video 
S2). 

3.2. Cell attachment, spreading, viability, DNA concentration, metabolic 
activity analyses and cell sheet detachment analyses 

Qualitative rhodamine-phalloidin staining (Supplementary 
Figure S3) showed that at all timepoints and without and with MMC the 
PNIPAM86-NTBA14 and the PNIPAM68-NTBA32 electrospun scaffolds 
supported hADSC attachment and spreading in similar manner to the 
control TCP. 

Qualitative (Supplementary Figure S4A) and quantitative (Supple-
mentary Figure S4B) hADSC viability analyses revealed no apparent 
differences (p > 0.05) at any timepoint and without and with MMC 
between the control TCP and the PNIPAM86-NTBA14 and the 
PNIPAM68-NTBA32 electrospun scaffolds. 

Cell sheet detachment from the PNIPAM86-NTBA14 electrospun 

Fig. 1. Histological analysis of hADSCs grown without (− ) and with (+) MMC on two-dimensional TCP revealed that MMC increased ECM deposition (pink in 
haematoxylin-eosin), which was primarily collagenous (green in Masson-Goldner’s trichrome and bright red in Picrosirius red) and was maturing as a function of 
time in culture (young collagen blue and mature collagen pink to red in Herovici’s polychrome), but did not improve structural order (no signal in polarised mi-
croscopy). Histological analysis of hADSCs grown without (− ) and with (+) MMC on three-dimensional temperature-responsive electrospun scaffolds (the samples 
were obtained after dissolving the scaffolds by switching the temperature) revealed similar results, but now MMC allowed the development of a three-dimensional 
tissue-like structure and, importantly, polarised microscopy (stained bright red) made apparent that MMC induced a high organisational order. Scale bar: 100 μm. N 
= 3. (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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scaffolds ranged from 5 min to 10 min and from the PNIPAM68-NTBA32 
electrospun scaffolds ranged from 3 to 4 h (data not shown); for this 
reason, all subsequent experiments were conducted only with the 
PNIPAM86-NTBA14 electrospun scaffolds. 

Qualitative image analysis (Supplementary Figure S5A) made 
apparent that intact cell sheets without and with MMC were obtained 
from the PNIPAM86-NTBA14 electrospun scaffolds at all timepoints and 
qualitative phase contrast microscopy analysis (Supplementary 
Figure S5B) showed minimal cell sheet shrinkage after complete 
detachment. 

hADSC DNA concentration (Supplementary Figure S6A) on TCP was 
not significantly (p > 0.05) affected as a function of time in culture and 
absence or presence of MMC; on PNIPAM86-NTBA14 electrospun scaf-
folds was significantly (p < 0.05) increased as a function of time in 
culture, but not (p > 0.05) as a function of MMC. hADSC metabolic 
activity (Supplementary Figure S6B) was not significantly (p > 0.05) 
affected as a function of time in culture, absence or presence of MMC and 
culture substrate (TCP or PNIPAM86-NTBA14 electrospun scaffolds). 

3.3. SDS-PAGE, histology, immunocytochemistry and AFM analyses 

SDS-PAGE and corresponding densitometric analyses of hADSCs on 
TCP (Supplementary Figure S7A) and on PNIPAM86-NTBA14 electro-
spun scaffolds (Supplementary Figure S7B) revealed that MMC signifi-
cantly (p < 0.01) increased collagen type I deposition at all timepoints, 
which was matured as a function of time in culture, as evidenced by the 
presence of β- and γ-bands. 

Histological analysis (Fig. 1) of hADSCs grown on TCP and on 
PNIPAM86-NTBA14 electrospun scaffolds revealed abundant ECM 
deposition in the presence of MMC. In particular, in the case of cell 

sheets derived from culturing hADSCs on PNIPAM86-NTBA14 electro-
spun scaffolds, histological analysis (Fig. 1) using haematoxylin-eosin 
showed that cells assembled into multiple layers, across all timepoints 
both without and with MMC, with the MMC groups leading to thicker 
tissue-like assemblies; Masson-Goldner’s trichrome verified the pres-
ence of a collagen-rich ECM in the MMC groups at all timepoints; Her-
ovici’s polychrome and Picrosirius red indicated that the use of MMC 
resulted in cell sheets with densely packed mature collagen fibres; and 
polarised microscopy of Picrosirius red stained sections revealed a 
higher organisational order in the presence of MMC. Quantification of 
cell sheet thickness and estimation of micro tissue volume in the absence 
and presence of MMC (Supplementary Table S4) revealed that MMC 
resulted at day 4, in 2.7 and 3.9, at day 7, 3.4 and 4.4 and at day 10, 2.4 
and 5.3-fold increase in thickness and estimated volume in comparison 
to the non-MMC counterparts. 

Immunocytochemistry (Fig. 2) and complementary relative fluores-
cence intensity (Supplementary Figure S8) analyses made apparent that, 
in general, at all timepoints MMC significantly (p < 0.05) increased 
collagen type I, collagen type III, collagen type V and fibronectin 
deposition in hADSC cultures on PNIPAM86-NTBA14 electrospun scaf-
folds (apart from collagen type III at day 4) and on TCP (apart from 
collagen type III at day 7 and fibronectin at all timepoints). Further 
immunocytochemistry analysis of longitudinal sections of the cell sheets 
(Supplementary Figure S9) revealed a homogenous distribution of the 
collagen type I, collagen type III, collagen type V and fibronectin. 

AFM analysis of hADSCs on PNIPAM86-NTBA14 electrospun scaf-
folds (Supplementary Figure S10) further corroborated the abundantly 
deposited ECM when MMC was used and indicated physiological 
collagen assembly by the ample presence of quarter staggered (D- 
banded) fibrils. 

Fig. 2. Immunocytochemistry analysis of hADSCs grown without (− ) and with (+) MMC on two-dimensional TCP revealed that MMC increased collagen type I 
(green), collagen type III (green) and collagen type V (green) deposition, without affecting fibronectin (green) deposition. Histological analysis of hADSCs grown 
without (− ) and with (+) MMC on three-dimensional temperature-responsive electrospun scaffolds (the samples were obtained after dissolving the scaffolds by 
switching the temperature) revealed similar results, but now MMC allowed the development of a three-dimensional tissue-like structure. Nuclei: blue. Scale bar: 100 
μm. N = 3. (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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3.4. Trilineage differentiation analysis 

Alizarin red staining (Fig. 3A) and corresponding absorbance quan-
tification (Fig. 3B) revealed that on TCP, the highest (p < 0.05) level of 
osteogenesis was obtained when hADSCs were cultured with differen-
tiation media containing MMC and on PNIPAM86-NTBA14 electrospun 
scaffolds, osteogenesis was successfully obtained when hADSCs were 
cultured with osteogenic induction media both without and with MMC 
[no significant difference (p > 0.05) was observed between the -MMC 
and the +MMC groups during osteogenic induction], as evidenced by 
the significantly (p < 0.05) increase in calcium nodules deposition in 
comparison to non-differentiated control. 

Oil red O staining (Fig. 3C) and corresponding absorbance quanti-
fication (Fig. 3D) made apparent that on TCP, the highest (p < 0.05) 
level of adipogenesis was obtained when hADSCs were cultured without 
MMC during differentiation and on PNIPAM86-NTBA14 electrospun 
scaffolds, the adipogenesis was successfully obtained when hADSCs 
were cultured with adipogenic induction media both without and with 
MMC [no significant difference (p > 0.05) was observed between the 

-MMC and the +MMC groups during adipogenic induction], as evi-
denced by the significantly (p < 0.05) increase in lipid droplets accu-
mulation in comparison to non-differentiated control. 

Alcian blue staining (Fig. 3E) and GAG quantification (Fig. 3F) 
demonstrated that on pellet cultures and on PNIPAM86-NTBA14 elec-
trospun scaffolds, the highest (p < 0.05) level of chondrogenesis was 
obtained when hADSCs were cultured with MMC during chondrogenic 
induction. 

3.5. Growth factors and matrix metalloproteinases analyses 

Growth factor antibody array of hADSCs cultured on TCP (array 
setup: Supplementary Figure S11A, arrays for conditioned media and 
cell layers: Supplementary Figure S11B) and complementary overall 
(Supplementary Figure S11C) and ratio between soluble and matrix- 
bound growth factors (Supplementary Figure S11D) quantification an-
alyses revealed that MMC increased growth factor content in the cell 
layer. 

Growth factor (array setup: Supplementary Figure S12A, arrays for 

Fig. 3. Osteogenic differentiation (A) and absorbance quantification of Alizarin red staining (B) revealed that MMC induced significantly (p < 0.05) higher amounts 
of calcium nodules of hADSCs grown on two-dimensional TCP, whilst no significant (p > 0.05) differences were observed between without (− ) and with (+) MMC 
when hADSCs were grown on three-dimensional temperature-responsive electrospun scaffolds (the samples were obtained after dissolving the scaffolds by switching 
the temperature). Adipogenic differentiation (C) and absorbance quantification of oil red O staining (D) revealed that MMC significantly (p < 0.05) reduced the 
adipogenic potential of hADSCs grown on two-dimensional TCP, whilst no significant (p > 0.05) differences were observed between without (− ) and with (+) MMC 
when hADSCs were grown on three-dimensional temperature-responsive electrospun scaffolds (the samples were obtained after dissolving the scaffolds by switching 
the temperature). Chondrogenic differentiation (E) and GAG quantification analysis (F) revealed that MMC significantly (p < 0.05) increased GAG content of hADSCs 
that were grown on both three-dimensional pellet culture and three-dimensional temperature-responsive electrospun scaffolds (the samples were obtained after 
dissolving the scaffolds by switching the temperature). * indicates statistically significant difference to the corresponding -induction control group (p < 0.05). # 
indicates statistically significant difference to -MMC (p < 0.05). Scale bar 100 μm. N = 3. (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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conditioned media and cell layers: Supplementary Figure S12B) and 
MMP (array setup: Supplementary Figure S13A, arrays for conditioned 
media and cell layers: Supplementary Figure S13B) antibody array of 
hADSCs cultured on PNIPAM86-NTBA14 electrospun scaffolds and 
complementary overall (for growth factors: Fig. 4A, for MMPs: Fig. 4B) 
and ratio between soluble and matrix-bound growth factors (Fig. 4C) 
and ratio between soluble and matrix-bound MMPs (Fig. 4D) quantifi-
cation analyses revealed that MMC increased growth factor content in 
the conditioned media and increased MMP content in the cell layers. 

3.6. Scratch and migration assay analyses 

Scratch wound healing assay (Supplementary Figure S14A) and 
corresponding quantification analysis (Supplementary Figure S14B) in 
hADSC cultures revealed that MMC induced significantly (p < 0.05) 
faster gap closure within 24 h, whilst in the absence of MMC 48 h were 
needed. Migration assay (Supplementary Figure S14C) and corre-
sponding quantification analysis (Supplementary Figure S14D) in 
hADSC cultures made apparent that MMC induced significantly (p <
0.05) slower gap closure after 48 h and 72 h than in the absence of MMC. 

3.7. Transplantation analysis 

In vivo cell tracking (Fig. 5A) and complementary average radiance 
efficiency (Fig. 5B) analyses revealed that the without and the with 
MMC groups retained the cells at the implantation site with no apparent 
differences (p > 0.05) between the groups. Qualitative (Fig. 5C) and 
quantitative (Fig. 5D) wound closure analysis revealed that at day 3, all 
conditions showed no significant difference (p > 0.05) in wound closure 
capacity; at day 7, the MMC group had the highest (p < 0.001) % of 
wound closure; at day 10, the MMC group had significantly (p < 0.05) 
higher wound closure capacity than the control, but no significant dif-
ference (p > 0.05) was observed between the control and the non MMC 
group and the non MMC and the MMC group in wound closure capacity; 

and at day 14, all conditions reached total wound closure with no sig-
nificant difference (p > 0.05) between them. 

Haematoxylin-eosin staining (Fig. 6A) showed complete re- 
epithelisation in all groups after 14 days. Masson’s trichrome staining 
(Fig. 6B) revealed dense collagenous tissue formation in the cell sheet 
groups (without and with MMC), but not in the sham group. Herovici’s 
polychrome staining (Fig. 6C) showed that the cell sheet groups, in 
particular the MMC group, induced a neotissue composed primarily of 
mature collagen, whilst the sham group formed neodermis primarily 
composed of immature collagen. Picrosirius red staining (Fig. 6D) and 
complementary polarised microscopy (Fig. 6E) analyses further 
corroborated that the cell sheet groups, especially the MMC group, had 
an ECM mainly composed of densely packed mature collagen fibres, 
whilst the sham group was composed of a loosely packed immature 
collagen network. 

Immunohistochemical analysis of cytokeratin 5 (Fig. 6F) revealed 
that in the without and with MMC groups, its expression was evidenced 
in both epidermal and dermal layers, whilst in the sham group, its 
expression was restricted only to the epidermal layer and the MMC 
group appeared to substantially increase the number of hair follicles, in 
comparison to the without MMC and sham groups. The MMC group, as 
opposed to the without MMC and the sham groups, appeared to promote 
neovascularisation, as evidenced by immunohistochemical analysis of 
CD31 positive cells responsible for new blood vessel formation (Fig. 6G). 
The cell sheet groups (both without and with MMC) retained the 
transplanted cells in the wounds up to 14 days (longest timepoint 
assessed), as evidenced by immunohistochemical staining of human 
nuclear antigen (Fig. 6H). 

Epidermal thickness analysis (Supplementary Figure S15A) revealed 
no statistically significant differences (p > 0.05) between the groups and 
scar index analysis (Supplementary Figure S15B) indicated that the 
MMC group induced the lowest (p < 0.05) scar index. 

Fig. 4. Growth factor (A) and MMPs (B) antibody array quantification analyses and ratio between soluble and matrix-bound growth factors (C) and MMPs (D) of 
hADSCs cultured on PNIPAM86-NTBA14 electrospun scaffolds revealed that MMC increased growth factor content in the conditioned media and increased MMP 
content in the cell layers. N = 1 (6 replicates were pooled in one membrane). 
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4. Discussion 

Scaffold-free tissue engineering aspires to develop 3D tissue surro-
gates capitalising on the inherent capacity of cells to build tissues and 
organs. Despite the significant strides that have been achieved over the 
years and the positive (with respect to both safety and efficacy) pre-
clinical and clinical data, issues associated with very high cell number 
required that is frequently not available in autologous therapies and the 
time required to develop a 3D implantable device that not only associ-
ated the cell to phenotypic drift, but also the produced device is not 
really 3D, have jeopardised their wide acceptance and commercialisa-
tion. Considering that MMC has been shown to dramatically accelerate 
ECM deposition in eukaryotic cell culture and to control cell fate during 
in vitro culture, herein, we ventured to assess whether MMC coupled 
with a temperature-responsive electrospun scaffold can develop safe and 
functional 3D tissue equivalents using only a fraction of cells and time 
that conventional scaffold-free approaches utilise. 

Starting with the scaffold fabrication element of this work, we 
demonstrated that the use of the hydrophobic NTBA monomer, at an 
optimal ratio of 14%, not only decreased the phase transition temper-
ature of the PNIPAM-based electrospun scaffold, but also decreased its 
response to temperature shift, being stable in wet state, without 

jeopardising cell attachment and basic cellular functions, as it has been 
previously demonstrated for PNIPAM-NTBA temperature-responsive 
films [66,67]. It is also worth noting that commercially available 
PNIPAM-based temperature-responsive dishes need relatively long time 
to detach cell sheets (30–60 min) [68,69], which rapidly fold and shrink, 
requiring substantial infrastructure investment for cell sheet manipula-
tion and transplantation [70,71] and the enhanced ECM deposition (due 
to MMC), prohibits the release of intact ECM-rich cell layers [47,48]. 
Herein, not only we fabricated for first time PNIPAM-NTBA electrospun 
scaffolds, but we also demonstrated that the produced scaffolds, with a 
simple temperature shift (from 37 ◦C to 4 ◦C), allowed fast (5–10 min), 
detachment of intact cell sheets without shrinkage, even in the presence 
of abundant ECM (due to MMC). 

Moving into the scaffold-free device development and characterisa-
tion, MMC maintained physiological cell function, as judged by basic 
cell function, growth factor, MMP, SDS-PAGE, immunocytochemistry 
and histological analyses, as has been shown before for various perma-
nently differentiated [35,38] and stem [38,51] cell populations. The 
significance of this work lays on the fact that using only 50,000 
cells/cm2 and 10 days of MMC culture time, we developed in one step 
process a living substitute of more than 300 μm in thickness. To sub-
stantiate this, one should consider that traditional 

Fig. 5. In vivo cell tracking (A) and complementary average radiance efficiency analysis (B) revealed no significant (p > 0.05) differences in hADSC retention at the 
site of implantation between the without (− ) and with (+) MMC groups. Qualitative (C) and quantitative (D) wound closure analysis revealed that at day 7 and day 
10, the MMC group induced the highest (p < 0.001) % of wound closure. * indicates statistically significant difference to the control group (p < 0.001). # indicates 
statistically significant difference to -MMC group (p < 0.001). N = 6 for both experiments. 
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temperature-responsive film-derived single cell layer scaffold-free sys-
tems require a significantly higher cell number and/or days in culture to 
produce a significantly thinner device (e.g. subject to cell type, 50, 
000–612,000 cells/cm2 require 4–28 days in culture to produce devices 
of 10–50 μm in thickness [72–79]; Supplementary Table S5 provides the 
details of single layer scaffold-free systems derived from human cells). 
To increase the thickness of the produced devices, multi-layer cell sheet 
stacking is used, but this is a multistep process that is notoriously 

difficult to scale up in reproducible fashion and again requires high cell 
numbers and prolonged culture times to produce a barely 3D implant-
able device (e.g. subject to cell type, 3–5 layers of 50,000–1,000,000 
cells/cm2/layer require 5–25 days in culture to produce devices of 
20–100 μm in thickness [80–83]; Supplementary Table S6 provides the 
details of multi-layer scaffold-free systems derived from human cells). It 
is worth noting that a 350 μm in thickness device has been produced 
after 7–10 days in culture using 9 layers of 200,000 cells/cm2/layer 

Fig. 6. (A) Haematoxylin-eosin staining showed complete re-epithelisation in all groups. (B) Masson-Goldner’s trichrome staining revealed dense collagenous tissue 
formation in the without (− ) and with (+) MMC groups, but not in the control group. (C) Herovici’s polychrome staining showed that the without (− ) and, in 
particular, the with (+) MMC groups formed neotissue composed of mature collagen, whilst the control group formed neotissue composed of immature collagen. (D) 
Picrosirius red staining and (E) complementary polarised microscopy revealed that the without (− ) and, in particular, the with (+) MMC groups formed neotissue 
with ECM mainly composed of densely packed mature collagen fibres, whilst the control group formed neotissue mainly composed of loosely packed immature 
collagen network. (F) Immunohistochemical analysis of cytokeratin 5 showed increased number of hair follicles in the +MMC group in comparison to the -MMC and 
control groups. (G) Immunohistochemical analysis of CD31 positive cells showed the presence of a higher number of neo-formed blood vessels in the +MMC group in 
comparison to the -MMC and control groups. (H) Immunohistochemical staining of human nuclear antigen revealed that the without (− ) and with (+) MMC groups 
retained hADSCs at the site of implantation. All images are at 14 days post-implantation. Scale bar 200 μm. N = 6. (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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[83]. However, in the absence of sufficient ECM, the very compact 
conformation of the stacked cell layers results in poor vascularisation, 
cell death and delamination [19,20,75] and polysurgeries (x10) of up to 
3 layers (~80 μm in thickness) are recommended [21] to ultimately 
result in a neotissue of ~840 μm in thickness. Of course, such work was 
conducted in an animal model, as patient distress and healthcare 
expenditure completely negates such approach in humans. With respect 
to PNIPAM-based temperature-responsive electrospun-derived scaf-
fold-free systems, again our work is of significant importance, as pre-
vious studies have only achieved enzyme-free cell separation and failed 
to produce intact cell sheets [84,85]. Only one study has reported intact 
cell (human mesenchymal stem cells) sheet detachment from a 
temperature-responsive electrospun hydroxybutyl-chitosan-collagen 
(the use of collagen avoided shrinkage and increased cell attachment) 
scaffold after 14 days in culture [25]; however, cell density/cm2 and cell 
sheet thickness were not reported and in the absence of a follow up 
study, we cannot correlate our data to this work. It is also worth noting, 
that in our case, cells and de novo synthesised and deposited ECM were 
distributed throughout the thickness of the tissue surrogate. This is again 
of significant importance, considering that conventional electrospinning 
setups (like the one used herein) result in very compact electrospun 
scaffolds with limited cell and tissue infiltration capacity, which gave 
rise to sacrificial electrospinning [86,87]. We attribute this 3D in vitro 
neotissue formation to the enhanced ECM deposition, due to MMC, that 
infiltrated the electrospun scaffold and encouraged cell migration. After 
all, in developing tissues, ECM provides paths that support and coordi-
nate cell migration [88] via integrin adhesion complexes that generate 
traction forces and are responsible for cell migration to interstitial parts 
of tissues [89,90]. 

With respect to safety and efficacy, using a humanised wound 
healing model, we demonstrated that the MMC derived scaffold-free 
devices resulted in accelerated wound closure, collagen-rich neotissue 
formation and reduced scar area, as judged by histochemical and 
immunohistochemical analysis. We attribute this significantly improved 
wound closure to the enhanced, due to MMC, ECM deposition that 
protected and localised cells and their rich in tropic and reparative 
factors secretome at the side of implantation. This can be further verified 
by our in vitro growth factor and MMPs data that demonstrated that 
MMC created a balance between enhanced growth factor release from 
the ECM-rich cellular constructs and increased MMP activity (Supple-
mentary Figure S16 graphically illustrates this activity), which is in 
agreement with previous publications showing that the release and 
activation of matrix-embedded growth factors depends on MMP- 
mediated proteolysis, which ultimately leads to neo-angiogenesis and 
tissue regeneration [91–94]. It is also worth noting that this is the only 
scaffold-free device that has resulted in such positive therapeutic effi-
ciency with such low number of cells and short culture period. For 
example, other studies that utilised the same humanised model and 
hADSCs, showed slower wound closure using 3 layers of 104,000 
cells/cm2/layer (for unspecified period of time in culture) [95] or 3 
layers of 300,000 cells/cm2/layer cultured for 5 days [81]. Similarly, 
using the same model, 3 layers of 50,000 human bone marrow stem 
cells/cm2/layer cultured for 7 days (20 μm in thickness) also resulted in 
slower wound closure [96]. 

5. Conclusions 

In vitro organogenesis approaches have failed to produce clinically 
and commercially relevant implantable devices, largely attributed to the 
prolonged ex vivo culture periods required to develop a barely three- 
dimensional tissue-like construct that are associated with cell pheno-
typic drift, loss of cellular function and high manufacturing costs. 
Herein, macromolecular crowding coupled with a temperature- 
responsive electrospun scaffold allowed the accelerated development 
of functional and truly three-dimensional tissue-like surrogates. The 
proposed approach has the potential to transform cell-assembled 

regenerative medicine. 
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