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The creation of functionalized materials offers the advantage of chemically tailoring surfaces that are useful for tissue 
engineering (TE). For that purpose, the processing technique to produce such structures must be precise enough in order to 
recreate the topographical geometry of living tissues. 
Bearing in mind the need for this controlled surface engineering, it is hereby described the production of poly(ɛ-
caprolactone) scaffolds through melt electrospinning materials functionalized with cell-binding peptides and antifouling 
polymer for the creation of gliding surfaces. 
A hyaluronic acid–binding peptide (HA-BP) was synthesized using manual Fmoc solid-phase peptide synthesis, conjugated 
to PCL and processed by melt electrospinning to produce scaffolds. The same procedure was performed for another cell 
adhesion peptide, cRGDS. For polymer functionalization of materials, PCL was modified with an activators regenerated by 
electron transfer atom transfer radical polymerization (ARGET ATRP) initiator that was then melt electrospun and post-
polymerized to create a poly(oligo(ethylene glycol) methacrylate) (pOEGMA) bottle-brush system through ARGET ATRP. 
The presence of the functionalization elements on PCL surfaces was confirmed and the production of fibres was optimized 
to produce scaffolds aiming at the creation of platforms with different degrees of cell adherence.  
Gliding and cell-adhesive surfaces such as those found in synovial joints, and cartilage and bone, respectively, are of great 
potential for the demanding therapeutic procedures and regeneration for osteochondral injuries. 
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INTRODUCTION 

Osteochondral tissues are those that form the synovial joints, 
namely cartilage and bone, including elbow, knee, ankle and 
shoulder joints. Furthermore, it is an interfacial tissue that is 
extended from the superficial  cartilage to the underlying 
subchondral bone and, as such, is composed of hierarchical 
stratified zones.1 
It is then possible to understand the several complexities that this 
interfacial tissue comprises and the difficulty towards their 
regeneration. Beyond these histological complexities, the difficulty 
in producing constructs for osteochondral regeneration is 
exacerbated by the avascular, aneural and alymphatic character of 
cartilage which leads to its limited reparative properties when 
damaged. Bone, on the other hand, is a vascularized tissue with a 
nerve supply and constantly remodels through equilibrium 
between the deposition of new bone and resorption of the 
extracellular matrix (ECM) by osteoblasts and osteoclasts, 
respectively.2 Despite this advantageous characteristic, large bone 
defects, as observed after bone tumour resections and severe non-
union fractures, lack the template for an orchestrated regeneration 
and are not able to heal for themselves.3 
The biomechanical purpose of synovial joints is to provide 
lubricated contact between the moving surfaces with as little 
frictional forces as possible, which is achieved by separating the 
cartilage layers by a thin film of fluid, the synovial fluid.2 This fluid 
and its producer, the synovial membrane, then form the gliding 
surfaces responsible for lubrication. These specialized surfaces are 
delicate and can be easily disrupted through trauma, infection or 
inflammation. In turn, this may lead to the formation of scar tissue 
– adhesions – that result from cellular ingrowth and bridging 
between previously gliding surfaces, leading to the restriction of 
movement and, hence, causing pain and compromised function.  
On the other hand, cell-adhesion is a prerequisite for their 
subsequent proliferation and differentiation and, hence, for tissue 
regeneration.4                                                                                                                             
In light of the obstacles found in osteochondral tissues, the design 

of layered structures with both cell-adhesion (for tissue healing) 
and antifouling surfaces (to reduce cell ingrowth and allow the 
mobility between tissues) on opposing surfaces of scaffolds in a 
controlled fashion is extremely interesting for these tissues’ 
regeneration.  
Moreover, the modulation of characteristics such as roughness, 
porosity, chemical and biological composition allows the regulation 
of material integration within the body as well as the guidance of 
specific responses, such as cell adhesion, detachment, 
proliferation, differentiation, or metabolic activity.5  
Peptide6,7,8 and polymer-functionalized8 polymeric material fibres 
have been produced and shown to promote several levels of cell-
adhesion. For instance, Gentsch et al. 20117 demonstrated that 
solution electrospinning of polymer-peptide conjugates containing 
the canonical adhesion sequence RGDS resulted in RGDS-
functionalized poly(lactic-co-glycolic acid) (PLGA) scaffolds. This 
scaffolds showed the enrichment of the peptide motif on the PLGA 
scaffold’s surfaces and improved cell adhesion and migration of 
murine fluorescent kidney fibroblasts when compared to fibres of 
the material alone. Furthermore, Harrison et al. 20158 showed that 
the conjugation of the cyclised version of RGDS motif, cRGDS, with 
poly(ɛ-caprolactone) (PCL) also resulted in the production of 
surface-enriched electrospun scaffolds in the same motif, showing 
cell-adhesion of bovine tenocytes. The group included this design 
in a bilayer scaffold with an opposing antifouling surface enriched 
in Poly[oligo(ethylene glycol) methyl ether methacrylate] 
(pOEGMA) bottle-brushes, known for their antifouling properties. 
Indeed, this functionalization resulted in minimal adhesion by the 
same cells.  
In addition to being able to substitute for ECM proteins, short 
peptide sequences supply a less system variability then naturally 
derived proteins and, when considering synthetic sequences, they 
are simple to graft to a surface by introducing a range of functional 
groups.9 Therefore, short peptides are candidates for surface 
functionalization aiming at cell adhesion. The canonical peptide 
sequence used for cell adhesion is the arginine-glycine-aspartic 
acid, RGD. This general cell-adhesion sequence is widely found in 
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ECM proteins and recognized by integrins, transmembrane 
receptors that are bridges for cell-cell and cell-ECM interactions. In 
vivo studies performed in animal models have reported that 
implant materials coated with RGD containing peptides improve 
early bone formation around implants.10,11  
Another peptide, concerning cartilage engineering, is an hyaluronic 
acid-binding peptide (HA-BP) that specifically and non-covalently 
binds HA and is used in order to mimic the dynamic nature of native 
ECM and protein–glycosaminoglycans interactions. This peptide, of 
amino acid (aa) sequence RYPISRPRKR, was derived from the HA-
binding region of the link protein which stabilizes the interaction 
between HA and the proteoglycan aggrecan in articular cartilage. 
In the work performed by Harrison et al. 20158, pOEGMA bottle-
brushes where achieved by ARGET ATRP polymerization of OEGMA. 
This technique is part of controlled radical polymerizations (CRP) 
that are versatile and facile methods for surface functionalization, 
as most compounds with double bonds may be incorporated into 
the polymer in the presence of almost any other functional group.12 
Regarding the material for the bulk scaffold, polymers are of great 
interest in the area of TE, since they can be both bioactive and 
biodegradable and their properties such as mechanical strength 
can be tailored.13 
Natural polymers, of which hyaluronic acid and collagen are 
examples, are interesting options for TE since they provide innate 
biological information to cells so as to guide them towards cell 
attachment and chemotactic responses. These polymers are, 
however, limited in sourcing, potentially prone to disease 
transmission, poorly handled and possess weak mechanical 
properties.3 Regarding synthetic polymers, although they lack the 
innate biological information guidance to cells, they are often 
chosen over natural ones since they are flexible in being processed, 
easily tailored chemically and capable of degradation, with better 
lot-to-lot consistency14. Indeed, degradation of synthetic polymers 
such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(ɛ-
caprolactone) (PCL) produces monomers which are quickly 
removed by the natural physiological pathway. This allows, for 
instance, for osteoblasts to produce and substitute that volume 
with natural mineralization.15 
There are several methods extensively studied for the 
manufacturing of porous scaffolds, such as chemical/gas foaming16, 
solvent casting and particulate leaching17,18, freeze-drying19,20, 
thermally induced phase separation21,22,23, fibre meshing24 and sol-
gel25. However, these techniques do not allow the control of pore 
size, shape and its interconnectivity.26 
Aiming at overtaking these limitations, additive manufacturing 
(AM) approaches such as 3D printing (3DP), solid freeform 
fabrication (SFF), rapid prototyping (RP). AM is a broad term for an 
increasing number of techniques in which complex structures are 
constructed in a layer-by-layer fashion according to computer aided 
design (CAD).27 Each layer can be built to have a specific 
morphological configuration to achieve the desired micro and 
macrostructure of the scaffold. TE benefits from AM the possibility 
of manufacturing custom-shaped implants with controlled internal 
and external architecture based on medical imaging data.28 
However, these approaches are not able to achieve sub-micron 

fibres that are characteristic of living tissues. Furthermore, 
although solution electrospinning (SE) can achieve this nanometric 
fibres, it recurs to organic solvents, with the volatility and toxicity 
issues associated,29 and to electric fields that lead to a lack of 
control in fibre deposition, having  limited reproducible geometry.  
This uncontrolled fiber deposition fashion then leads to small pore 
sizes, which act as a barrier to cell infiltration rather than promoting 
it30,31. In this work, melt electrospinning, which shows a higher 
control over the deposition of fibers, is used. ME combines the cell-
scale topographical features of SE electrospinning with the spatial 
control and geometrical complexity of fused deposition modelling 
(FDM)32,31, by melting a polymer rather than using a polymer 
solution. Moreover, the higher viscosity and lower conductivity of 
melts when compared to solutions leads to a drastic decrease of 
whipping and other instabilities during the production of the fibres 
with voltage applied.27 This, associated to a computer controlled-
stage, allows for the fabrication of controlled deposition of 
polymeric fibres, making melt electrospinning more similar to other 
additive manufacturing technologies. Moreover, this technique 
was shown to achieve sub-micron average fibre diameters (AFD) by 
applying high electrical fields, low flow rates and small diameter 
spinnerets.39 
Bearing in mind the main obstacles in scaffold engineering, the 
main goal of this work is to produce geometrically-controlled and 
functionalized fibre meshes in order to promote several levels of 
cellular adhesion needed as tools for TE, with focus on 
osteochondral lesions. 
In order to do that, peptide and polymer bottle-brushes were 
fabricated so as to functionalize the surface of melt electrospun PCL 
scaffolds. 
The first part of the project consisted in producing the decorative 
motifs promoting cell adhesion – peptides – and promoting the 
creation of gliding surfaces with pOEGMA bottle-brushes, avoiding 
this feature.  
For the peptide functionalization of the PCL polymer, the hyaluronic 
acid binding-peptide (HA-BP) and a cyclised version of RGD, cRGDS, 
both used previously by the group with SE (Chow et al. 20146 for 
the HA-BP and Harrison et al. 20158 for cRGDS) were chosen. This 
version of the RGD peptide, cRGDS, was used has it has long been 
recognized that the RGD sequence loses affinity and specificity 
when presented outside the context of the native protein.35,36 The 
activity of the sequence can be improved by adding surrounding 
amino acids (aa) from the native sequence37, and by cyclizing the 
peptide, as this is most likely to exist in an exposed loop 
conformation in ECM proteins such as fibronectin.38,39 
After synthesized recurring to Fmoc SPPS, these peptides were 
conjugated to low molecular PCL. In order to produce the peptide-
polymer conjugates, the peptides comprised the bioactive 
sequence (cRGDS and HA-BP) and a CGGG (a cysteine, and three 
glycines) so as to link the bioactive sequence to the biomaterial. The 
glycines served as spacers and the cysteine on the N-terminus was 
coupled to the PCL by reacting the thiol side chain of the cysteine 
with the maleimide group of the linker molecule, p-
maleimidophenyl isocyanate (PMPI), in a Michael-type addition.40 

 

Figure 1 - Chemical structure of the hyaluronic acid – binding peptide (HA-BP) – PCL conjugate with the specific binding sequence RYPISPRPKR. Adapted from Chow 
et al. 2014 6. 

RKPRPSIPYRGGGC 
(peptide sequence) 

PMPI 
(peptide-polymer 

linker) 
 

PCL 
(bulk scaffold’s 

material) 
  

CGGGRYPISPRPKR 
(peptide sequence) 

PMPI 
(peptide-polymer 

linker) 
  



3 

The representation of the final peptide-polymer conjugates in the 
case of HA-BP is shown in Figure 1.  It is worth noting that the 
reaction occurs in both ends of PCL chains and that low MW PCL 
(Mw  14 000) was selected to prevent water solubility of the 
conjugates and affectively anchor them to the bulk fibres.6  
 

MATERIALS AND METHODS 

Peptide synthesis and purification 

The 14-aa peptide sequence (CGGGRYPISRPRKR) was synthesized 
by manual Fmoc solid-phase peptide synthesis (SPPS), using a 50 
mL peptide synthesis vessel (Synthware Glass) and a nitrogen-
bubbling system (Schlenk line). Fmoc-Rink-Amide aminomethyl 
polystyrene resin (100-200 mesh, 0.56 mmol/g functionalization) 
the solid support for the synthesis, Fmoc-protected aa and 
Benzotriazole-N,N,N’,N’-tetramethyluronium-hexafluoro-
phosphate (HBTU), the coupling agent, were purchased from AGTC 
Bioproducts (UK), as well as diisopropylethylamine (DIPEA) and 
dithiothreitol (DTT). Solvents, dimethyl formamide (DMF) and 
dichlomethane (DCM) were purchased from Honeywell (Sweden). 
Trifluoracetic acid (TFA), triisopropyl silane (TIS) and Piperidine 
purchased from Sigma Aldrich (Sweden). All reagents were 
synthesis-grade.The protocol used was adapted from Chow et al. 
20146 for a 0.25 mM scale. Firstly, the resin was swollen for 30 min 
in DCM and deprotected by a 20% Piperidine in DMF solution and 
then washed with DCM and DMF. Each aa was, then, coupled to the 
growing peptide sequence by adding an activated solution of HBTU 
and DIPEA (3.95 and 6 eq., respectively, to 4 eq. of aa) for 1h30. 
After each deprotection and coupling, and to confirm if each of 
these steps worked, Nihydrin tests (NT, Kaiser tests) purchased 
from Sigma were performed at 100 °C to assess the presence of free 
amines. After finishing the peptide sequence, following the Fmoc-
deprotection of the last aa, the peptide was cleaved from the resin 
for 4h recurring to a 95% TFA, 2.5% TIS, 2.5% of Millipore water with 
2.5% (w/v) of DTT solution. TFA was, after recovery of the cleaving 
solution plus the peptide, removed by rotary evaporation. 
In order to recover and perform an intermediate purification, the 
peptide residue solution was precipitated with cold diethyl ether 
(DEE) and washed with DEE and Millipore water to allow the 
removal of residual aa and other reagents. After new washings with 
DEE, the precipitate was dried using a Nitrogen line and then let 
completely dry overnight in a vacuum desiccator until the polishing 
step. In the purification step, the peptide was dissolved in a solution 
of 5% acetonitrile (ACN, AGTC Bioproducts), 0.1% TFA and ultrapure 
water, which was passed through a 0.45 µm filter and injected into 
a reverse phase preparative high performance liquid 
chromatography (HPLC). The HPLC was performed by running a 
mobile phase gradient of 95% ultrapure water and 5% ACN to 100% 
ACN with 0.1% TFA. Lastly, the solution containing the purified 
peptide was rotary evaporated, frozen to -80°C and freeze dried. 
cRGDS peptide was kindly prepared and purified by Dr. Paresh 
Parmar (Stevens Group, Imperial College London, UK) using the 
same methodology. 

Peptide – PCL conjugation 

To prepare the conjugates, the terminal hydroxyl groups of PCL (Mw 
14 kDa) were modified with PMPI to generate a maleimide-
functionalized PCL. The peptides were, then, coupled to the PCL-
maleimide by reacting the thiol side chain of the cysteine with the 
maleimide group via Michael type addition.  
In this scheme for the conjugation, an adapted protocol from Chow 
et al. was used. In brief, PCL (Sigma, MW 14 kDa) was dissolved in 
anhydrous DMF at 250 mg/mL in a round bottom flask previously 
covered and sealed with a rubber septum. The solvent was added 
recurring to a syringe with a long needle and a nitrogen line with 
exhaustion needles to keep the pressure of the round bottom flask 
positive and prevent the entrance of water as the reaction of the 
PCL with PMPI can’t be performed in its presence. The dissolution 

of the PCL in the solvent was promoted by adding a small stir bar 
and by sonicating the solution.  
After complete dissolution, p-maleimidophenyl isocyanate (PMPI, 
Chem-Impex International, Inc.) at 15-fold molar excess to PCL was 
dissolved in anhydrous DMF and added drop-wise to the PCL 
solution. The resulting solution was bubbled with nitrogen for 15 
minutes and was allowed to react under low stirring rate over night. 
At the end of the reaction, the conjugation reaction was confirmed 
by 1H NMR and the product was precipitated and washed with cold 
DEE and then with water to remove the excess of unreacted PMPI. 
Finally, the purified product in water was frozen to -80°C, freeze-
dried and stored in the cold room.  
For both cRGDS and HA-BP, the purified peptides and PCL-PMPI 
were dissolved in anhydrous DMF separately with a 4 molar excess 
of peptide. Each peptide was then added to the PCL-PMPI solution 
a let react over low stirring overnight. The resulting conjugates 
were precipitated and washed with cold DEE and washed with 
water to remove the excess of peptide and then dried under 
vacuum. 

Assessment of HA-BP and cRGDS in the melt electrospun fibres’s 

surface 

The functionality of biotinylated HA-BP in the final melt electrospun 
fibres was assessed visually by binding HA-fluorescein 
isothiocyanate (FITC). Samples were first blocked in 0.1% (w/v) 
bovine serum albumin (Sigma Aldrich) in PBS, followed by 0.5 
mg/mL FITC-HA (Millipore, Sweden) in PBS for 1h at 37°C. Samples 
were washed in PBS to remove unbound FITC-HA and imaged on a 
Zeiss Axio Imager M2 upright epifluorescent microscope, relative to 
unfunctionalised and cRGDS-functionalized controls. 

End functionalization of PCL with polymerization initiator 

PCL-diol (50% w/w 45-80 kDa) was functionalized with the 
polymerization initiator BiBB using a protocol adapted from 
literature8 to produce PCL-Ini.  
Briefly, to produce 1 g of the PCL-Ini (17% (w/w) BiBB), 830 mg of a 
50% 45kDa-80kDa PCL blend (Sigma Aldrich) was diluted in 4 mL of 
anhydrous tetrahydrofuran (THF) in a glass vessel until complete 
dissolution. Afterwards, 170 mg of BiBB was added into the vessel 
and the reaction was let to react over night at room temperature. 
Finally, the final reaction mixture was reduced through vacuum 
rotary evaporation and precipitated into DEE and dried in a vacuum 
drier. 

Development of a biotinylated monomer for production of 
p(OEGMA-co-biotin) 

A 0.30 mM scale of biotinylated PEG monomer was synthesized by 
manual Fmoc-SPPS, as described in Harrison et al. 20158, and using 
the same equipment as for the HA-BP synthesis. Common reagents 
to both synthesis were purchased from the same distributors, 
unless otherwise stated. Succinctly, after swelling of the resin with 
DCM, it was deprotected and coupled to Fmoc-Lys(Mtt)-OH (4 eq., 
2h).  
As for the removal of the Mtt group, a solution of 1.5% (v/v) TFA in 
DCM was used to wash the resin (2x 15 min). The resin was further 
washed with DIPEA in DMF 1% (v/v) and DCM after which 
methacryloyl chloride (8 eq., 10 min) in DCM was coupled to the 
free amine. Three units of Fmoc-O2Oc-OH (2 eq., 3 h) were then 
coupled to the resin, followed by a biotin group after the final fmoc 
deprotection. All couplings were performed with HBTU (4 eq.) and 
DIPEA (8 eq.). The monomer was cleaved from the resin with a 
cocktail of TFA / triisopropyl silane / H2O (95/2.5/2.5 v/v/v, 2 h), 
precipitated in DEE and purified by HPLC (C18 column, H2O / 
acetonitrile gradient). 

OEGMA polymerization in solution and from 2D and 3D PCL-
initiated structures 

The protocol followed, adapted from Harrison et al. 20158, consists 
in three major procedures: removal of inhibitors from the OEGMA 
monomer, ARGET ATRP reaction and termination of the reaction. 
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The first step was performed by creating a column with a 20 mL 
syringe, filled 1/20 with cotton wool (to act as a filter), 7/20 with 
basic aluminium oxide purchased from Sigma Aldrich and 8/20 with 
inhibitor removal beads. Poly(ethylene glycol) monomethyl ether 
monomethacrylate (OEGMA) purchased from Polysciences 
(Germany) with a Mn of the poly(ethylene glycol) unit of 400 Da 
was then allowed to gravity filter though the column and aliquots 
were frozen at -20 °C until use. 
The ARGET ATRP reaction was performed in a glass flask (the 
reaction vessel) on ice, OEGMA (227 mg, 0.7 mmol, Polysciences, 
Germany), copper (II) chloride (Cu(II)Cl2, 0.42 mg, 0.0047 mmol), 
tris[(2-pyridyl)methyl]amine (TPMA, 1.37 mg, 0.0047 mmol), and 
ethyl α-bromoisobutyrate (EBiB, 0.92 mg, 0.0047 mmol) were 
added in 2 mL of 50% (v/v) isopropyl alcohol (IPA) aqueous solution.  
The vessel was then sealed and degassed with nitrogen for 30 min. 
An ascorbic acid solution (AscA 0.08 mg, 0.00047 mmol) was also 
degassed with nitrogen for 30 min and then added to the reaction 
with a syringe. The reactor was covered in aluminium foil, placed 
into a pre-warmed water bath at 31ºC and let react for 2h. After 
this time, the reaction was stopped by exposing the reaction to 
oxygen and confirmation of polymerization was assessed by size 
exclusion chromatography (SEC) using a 1260 Infinity Binary LC 
System (Agilent Technologies, UK).  

Assessment of the p(OEGMA-co-biotin) polymer brushes on PCL-
initiated printed scaffolds 

The FITC-streptavidin protocol followed was adapted from Harrison 
et. al 201547 and started by the blocking of the p(OEGMA-co-
biotin) polymerized scaffolds with a 1% (w/w) bovine serum 
albumin (BSA) and 0.1% (w/v) tween 20 in PBS solution for 30 
minutes. Afterwards, the samples were stained for 15 minutes with 
fluorescein-streptavidin diluted to 1 µg/mL in 1% (w/w) BSA in PBS 
at pH 8.4 and washed three times with PBS. The samples were 
imaged on a fluorescence microscope Axio Imager M2 (Zeiss). 

Preparation of the PCL blends for melt electrospinning 

45 kDa (Mn = 45 000) and 80 kDa (Mn = 80 000) poly-ε-caprolactone 
(PCL) were purchased from SigmaAldrich Co. LLC. In order to print 
the PCL fibers, a blend 50/50 (w/w) was made by dissolution of both 
MW PCL in chloroform (20% w/v), purchased also from 
SigmaAldrich, in a glass flask under moderate stirring. After 
complete dissolution (approximately 1h), the solvent was removed 
under nitrogen and vacuum drying. The blend was then loaded into 
a syringe and heated (85 °C, 5 mbar) before processing by MEW. 

Production of non-functionalized and functionalized PCL fibres by 
MEW  

PCL fibres were produced using a direct writing melt electrospinner 
engineered by the Hutmacher Laboratory (Queensland University 
of Technology, Australia). The movement of the stage was 
controlled using CNC software Mach3 Mill (Arsoft), which controls 
the motion of two stepper motors by processing a G-code program. 

Optimization of the diameter and geometry deposition of fibres 
by MEW 

For this optimization, five different pressures (0.12-0.30 MPa, in 
0.03 MPa intervals) and five different collector plate speeds (500-
1500 mm/min, in 250 mm/min intervals) were tested and the other 
parameters (temperature, T, and high voltage, HV) were kept 
constant (T = 75 °C, HV = 8 kV). In order to perform these tests in 
an efficient and uniform way, a G-code comprising five collector 
plate speeds was created and run for each pressure value. The G-
code was designed in order to print in two distinct areas: a 
stabilization area and a testing area. As the melt electrospinner 
starts printing with a new condition, the equipment needs time to 
reach stationary phase and print uniform fibers. Therefore, the 
program starts with the stabilization of the fibers by printing them 
in 80 passes in a part of the collector plate and then moves to the 
printing area to print in 8 passes in the testing area. These last fibers 

were the ones imaged and measured recurring to the fluorescence 
microscope. 

Production of non-functionalized and functionalized PCL scaffolds 
by MEW  

3x3 cm orthogonal grid scaffolds with 500 μm fibre spacing and 30 
double layers were produced using an appropriate G-code. 
 

RESULTS AND DISCUSSION 

Peptide functionalization 

In order to prove PCL surface-functionalization with the peptides, 
these and a PCL control were stained with HA – fluorescein. After 
the washing step, which washes out the HA that wasn’t bind to the 
peptides on the surface, scaffolds were imaged using fluorescent 
microscopy. Since HA – BP specifically binds to HA (it’s derived from 
the HA-binding region of the link protein) and RGDS is a general cell-
adhesion sequence, it is expected that the fluorescence intensity 
increases in the order, PCL control, PCL – cRGDS and PCL – HA – BP. 
 

 

  

 

Figure 2 – Fluorescence micrographs of PCL control (A), PCL-cRGDS (5% 
(w/w)) (B) and PCL-HA-BP (5% (w/w)) (C) with HA – fluorescein labelling 
(10x). 

 
In Figure 2 (A), one can observe that this PCL scaffold is showing 
minor auto fluorescence and negligible non-specific binding of HA-
FITC, as there are not specific fluorescence sites. Regarding Figure 
2 (B), the localized fluorescence on the fibres is more pronounced, 
indicating some non-specific binding to the charged cRGDS peptide. 
The HA – BP scaffold in Figure 2 (C) shows a significantly greater 

(A) 

(B) 

(C) 
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fluorescence intensity, indicating that the surface was successfully 
enriched in functional HA-binding peptide. The difference in 
intensity between the cRGDS and HA-BP scaffolds indicates that the 
HA-FITC binds with greater affinity to the HA – BP sequence. 

Polymer functionalization 

ARGET ATRP polymerization in solution and polymer brush grafting 
from PCL-initiated surfaces and from electrospun fibers were 
performed using the optimized reaction conditions found in 
Harrison et al. 2015. A typical polymerization (Figure 10, (A) – (C), 
Appendix I) achieved approximately Mn = 30 000, Mw = 40 000 and 
dispersity 1.2-1.3. 
In addition to the analysis of the free polymer in the reaction 
vessels, the presence of the polymer brushes were assessed using 
fluorescent labelling. The biotinylated PEG monomer was 
successfully polymerized together with OEGMA to produce 
p(OEGMA-co-biotin). The post-polymerized fibres (PCL control and 
PCL-Ini) were then labelled with fluorescein-streptavidin and the 
images collected from fluorescent microscopy are displayed in 
Figure 2. 
 

 

 
Figure 3 – Fluorescence micrographs of PCL-Ini (A) and PCL-p(OEGMA-
co-biotin) FITC-streptavidin  labelling (10x). 

 

The image shown in Figure 3 (B), a section of the p(OEGMA-co-
biotin) scaffold, show clear fluorescein conjugation when 

compared to the auto fluorescence of PCL-Ini scaffold shown in the 
same figure (A), which again corroborates the validation of the 
bottle-brush system. 

Melt electrospinning 

Melt electrospun fibre optimization 

To our knowledge, although there is an optimization for the AFD of 
50 kDa PCL, there is no optimized standard operating procedure 
(SOP) that correlates the conditions used in ME with the resulting 
geometry deposition of fibres neither with their resulting diameter 
for this 50% 45-80 kDa PCL blend. This way, with the purpose of 
creating a general protocol for the production of scaffolds with 
tailorable of both fibre geometry deposition and fibre diameter, the 
protocol described in the material and methods section was 
followed. After collecting the resulting 50% (w/w) 45-80 kDa PCL 
fibres, the samples were imaged using the bright field of the 
fluorescence microscope. For each amplification, two micrographs 
were taken and the ones showing the four extreme conditions of 
pressure and collector plate speed used are presented in Appendix 
II, in Figure 11. 10x micrographs were used to understand the 
geometry of fibres deposition and 40x micrographs were used for 
the measurement of the fibre diameters, for more accurate results. 
The geometry of fibre deposition was also analysed and is 
presented in Appendix III. 
By analysing Figure 11, one can conclude that for the highest 
collector speed rate, the fibres are deposited as straight lines 
(Figure 11 C,D,G,H) and, for the lowest values of this parameter, the 
fibres are deposited in an wave-like pattern (Figure 11 A, B, E, F), 
independently of the range of pressures tested. Moreover, Table 1 
present in appendix II shows that for collector speeds rates 
between 500 and 750 mm/min the geometry for fibre deposition 
happens in a wave-like pattern and that for speeds between 1000 
and 1500 mm/min the geometry turns into a linear fashion. In order 
to obtain coil-like patterns, the speeds applied should had been 
significantly lower. 
Two assays were performed for each temperature and pressure 
and three diameter measurements were performed per assay, 
resulting in a total of six measurements. After measuring the 
diameter of the fibres, the AFD was estimated and the standard 
deviation for the six values for each condition was calculated. These 
results can be found in Table 2, present in Appendix III. 
The AFD values were then plotted in a graphic (Figure 4) against the 
pressure with their respective error for each set of collector speeds. 
A trend-line was added and the mathematical relationship between 
P and AFD (with the correlation coefficient, R) was found in the 
form of 𝐴𝐹𝐷 = 𝑚𝑃 + 𝑏, where m and b are the slope of the curve 
and b the y-intercept value. 
As expected41, the biggest AFD value was achieved with the highest 
pressure and lowest collector speed rate. Conversely, the lowest 
AFD value was achieved with the lowest pressure and highest 
collector speed rate. 

 

 
Figure 4 – Graphical representation of the influence of pressure and collector speed in the AFD of melt electrospun PCL fibres (T = 70 °C). After linearization of the 
data for each collector speed rate, AFD is given for 500 mm/min: 𝐴𝐹𝐷500 = 20.8𝑃 + 6.2, 𝑅2 = 0.90; for 1000 mm/min: 𝐴𝐹𝐷1000 = 25.8𝑃 + 3.6, 𝑅2 = 0.92 and 
for 1500 mm/min: 𝐴𝐹𝐷1500 = 24.5𝑃 + 3.4, 𝑅2 = 0.88. 
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This optimization study is important to know what conditions to use 
regarding P and SC to obtain a specific AFD in the production of 
scaffolds using the 50% 45/80 kDa PCL blend. 

Melt electrospinning writing for the production of functionalized 
scaffolds 

The fabrication of PCL fibers and scaffolds was successful after 
qualitative optimization of parameters such as temperature, 
pressure and voltage. To our knowledge, this is the first instance of 
end-functionalized polymers processed by ME. 
The 50% 45-80 kDa PCL blend was the one chosen for the peptide 
and initiator blends printing, as it displayed consistent printability, 
as shown in Figure 5.  
After end-functionalizing 14 kDa PCL with the decorating peptides 
(PCL-HA-BP and PCL-cRGDS) and the polymerization initiator (PCL-
Ini), 17% PCL-Ini, 5% PCL-cRGDS and 5% PCL-HA-BP in 50% 45-80 
kDa PCL blends were produced and their printing into 
geometrically-controlled scaffolds was attempted through 
optimization of temperature, pressure and collector speed rate. 
The printing of the PCL blend with the polymerization initiator, 
BiBB, as well as the operating conditions are shown in Figure 6. The 
produced scaffold seems to present several degrees of complexity 
that can be potentially important in mimicking the in vivo histology 
of tissues, as it can be seen larger fibers deposited perpendicularly 
in a mesh and smaller randomized fibers.  
 
 

 

 

Figure 5 - USB microscope images of a 50% (w/w) 45-80 kDa PCL 
double-layered scaffold. Printing parameters: Tring = Ttube = 70°C, 
P = 0.120 MPa, speed = 1000 mm/min, HV = 8kV, PS=0.50 mm. 

 

   

Figure 6 – USB microscope images of PCL-Ini 10 double-
layered scaffolds with 17% (w/w) BiBB. Printing 
parameters: Tring = 90°C, Ttube = 85°C, P = 0.250 MPa, 
speed = 1400 mm/min, HV=7kV, PS=0.50 mm. 

Figure 7 - USB microscope images of 30 double-
layered scaffolds with 5% HA-BP in PCL. Printing 
parameters: Tring = 80 °C 85°C, P = 0.250 MPa, 
speed = 850 mm/min, HV=8kV, PS=0.50 mm. 

Figure 8 – USB microscope images of PCL with 5% 
(w/w) cRGDS. Printing parameters: Tring = 90°C, 
Ttube = 85°C, P = 0.250 MPa, speed = 1400 mm/min, 
HV=7kV, PS=0.50 mm. 

Figure 7 shows the structures of the fibres that compose the PCL-
HA-BP scaffold obtained and this specific blend turned out to be the 
easiest to print, from the functionalized fibres. This is 
advantageous, as the scaffolds for cartilage regeneration benefit 
from smaller pore sizes, between 150 and 250 μm42. Since this 500 
μm spaced scaffold displays a consistent printability and since 
diminishing the pore size of a scaffold leads to the increase in the 
electric interactions between the molten filament being printed 
and the already printed fibres, which affects the control of fibre 
deposition, this blend shows potential to produce smaller pore-
sized scaffolds as the ones needed for cartilage engineering. 
Regarding Figure 8, it shows the PCL-cRGDS (5%) scaffold obtained. 
By observing this figure, one can notice that the fibres composing 
this scaffold are randomized instead of displaying an organized 
orthogonal grid mesh, in spite of the several attempts at optimizing 

this blend by using  pressures 0.20-0.30 MPa, HV 7-8 kV, speeds 
850-1000 mm/min and temperatures ranging from 80 to 110°C. The 
pore size was kept at 0.50 mm so as to avoid the effect of scaffold 
geometry in future cell assays and, hence, was not increased in 
order to obtain consistent printability. Moreover, pore size in bone 
scaffolds are optimal for successful diffusion of nutrients and 
oxygen, vascularization and continuous ingrowth of bone tissue in 
the range of 200 to 350 µm.43,44,45 
During the printing process for this functionalized PCL, it was 
observed that the fibres produced weren’t continuous and uniform. 
As a matter of fact, the flow coming out from the spinneret was 
frequently stopped by what it seemed to be small crystals, probably 
insoluble peptide, that were clogging the needle. For this reason, 
the speed of the collector plate could not be increased above 1000 
mm/min in order to straighten the fibres, as this would only result 
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in the heterogeneous printing of this blend. Several attempts were 
made aiming at the dissolution of the crystals, namely the 
sonication of the PCL blend dissolved in chloroform. Another 
possible solution would be the complete re-dissolution of the blend 
in chloroform, followed by a filtration in order to remove the 
crystals, task that wasn’t performed due to restrictions in time. 
 

FINAL REMARKS AND FUTURE DIRECTIONS 

This work allowed for the confirmation that ME can be used for the 
production of geometrically-controlled fibres composed of 
biofunctionalized PCL with polymers and peptides, as has been 
proved before with SE.8,6,7 Indeed, HA-BP and the canonical 
adhesion sequence cRGDS were successfully conjugated to PCL and 
located on the surface of PCL scaffolds after melt electrospinning. 
Also, PCL was successfully end-functionalized with the ARGET ATRP 
initiator, BiBB, and melt electrospun into scaffolds that were post-
polymerized with ARGET ATRP on their surfaces.  
Melt electrospinning technique was also optimized for the 
production of controlled diameter and geometry deposition of pure 
PCL fibres. 
This work shows potential applications not only in osteochondral 
regeneration but in other fields of TE as the techniques used are 
versatile and capable of corresponding to the histological needs of 
different tissues. 
Further work following this project would begin with the 
assessment of the cell adhesion and proliferation capacity of each 
functionalized scaffold with human mesenchymal stem cells 
(hMSCs), capable to differentiate into osteoblasts and 
chondrocytes, as cell adhesion is a key event for cell proliferation 
and differentiation, needed for regeneration of tissues.  
Following this work, further cell assays should be performed to 
assess the differentiation capacity of each peptide-functionalized 
scaffold. This would hopefully show the enhanced differentiation of 
hMSCs into chondrocyte and osteoblastic lineages, in HA-BP and 
cRGDS functionalised scaffolds, respectively.  
At the same with this experimental cell work, the printing of the 
functionalized blends should be further optimized to construct 
multi-layered scaffolds, which would be achieved by sequential ME 
of PCL-cRGDS (for the bone area), PCL-HA-BP (for the cartilage area) 
and PCL-p(OEGMA) (for the mobility of the joint). This way, a 
printing scheme as the one shown in Figure 9 could be attempted.  
 

 
Figure 9 – Schematic representation of the idealised multi-layered 
osteochondral scaffold. 

 
For accurate geometrical/histological recreation of osteochondral 
tissues, computed tomography from healthy patients could be used 
to obtain a CAD file with Materialise Mimics® software, for 
instance, and then this CAD file could be converted into G-code 
with Slic3r software, that would be used for ME printing of the 
osteochondral scaffold.  
In sum, the systems here established will hopefully help to create 
efficient ways to ease the fabrication of porous scaffolds with 
appropriate biomimetic cues for osteochondral regeneration. 
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Appendix I 

 

Figure 10 – SEC chromatograms of OEGMA 2 hour (except for (D), 24h) polymerization into pOEGMA by ARGET ATRP. (A) solution polymerization. (B) pOEGMA grafting from a PCL-initiated surface. (C) pOEGMA grafting from PCL-initiated 

electrospun fibers. (D) solution polymerization 24 hour assay. (E) p(OEGMA-co-biotin) grafting from PCL-initiated electrospun fibers. Blue points represent the molecular weights within the calibration range, and red points represent 

extrapolated estimates beyond the calibration.  Peaks are identified as OEGMA monomer (M), pOEGMA brushes (P) and unreacted biotinylated monomer (BM). 
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Appendix II 

 

  

  

  

  
Figure 11 – FM photographs of single layer printed for  0.12 MPa and 500 mm/min: (A) 10x, (B) 40 x; and 1500 mm/min: (C) 10x, (D) 40 x. 0.30 
MPa and 500 mm/min: (E) 10x, (F) 40 x; and 1500 mm/min: (G) 10x; (H) 40 x. 
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Appendix III 

 

Table 1 – Analysis of the fibre deposition geometry (linear, wave-like, coil-like) 

 Speed (mm/min) 

500 750 1000 1250 1500 

Pressure (Mpa) Linear/wave-like/coil-like 

0.12 Wave-like Wave-like Linear Linear Linear 

0.15 Wave-like Wave-like Linear Linear Linear 

0.18 Wave-like Wave-like Linear Linear Linear 

0.21 Wave-like Wave-like Linear Linear Linear 

0.24 Wave-like Wave-like Linear Linear Linear 

0.27 Wave-like Wave-like Linear Linear Linear 

0.30 Wave-like Wave-like Linear Linear Linear 

 

Table 2 – Average diameter measurements with the respective errors for each pressure and collector speed values. Cells are coloured with red gradients 
according to increases and decreases of values, in order to highlight the evolution of AFD with the two parameters in study. 

 Speed (mm/min) 

500 1000 1500 

Pressure (Mpa) Average diameter ± σ (µm) 

0.12 8.4 ± 
0,6 

6,9 ± 
0.4 

5,7 ± 
0.1 

0.15 9.3 ± 
0,5 

7,2 ± 
0.2 

7,7 ± 
0.3 

0.18 9.9 ± 
0,9 

8,7 ± 
0.1 

7,7 ± 
0.5 

0.21 11.2 ± 
0,4 

8,8 ± 
0.3 

8,5 ± 
0.4 

0.24 11,9 ± 
0,9 

9,0 ± 
0.3 

10,1 ± 
1.3 

0.27 11.5 ± 
1,1 

11,2 ± 
0.3 

9,3 ± 
0.3 

0.30 12.1 ± 
0,4 

11,3 ± 
0.2 

10,7 ± 
0.5 

 


