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ABSTRACT: Electrospun biodegradable membranes have attracted great attention for a 

range of tissue engineering applications. Among them, poly (ε-caprolactone) (PCL) is one of 

the most widely used polymers, owing to its well-controlled biocompatibility and 

biodegradability. However, PCL also has a number of limitations, such as its hydrophobic 

nature and the lack of functional groups on its side chain, limiting its ability to interact with 

cells. Herein, we have designed and prepared a series of well-defined A2B-miktoarm 

copolymers with PCL and glycopolymer segments to address these limitations. Moreover, 

copolymers were electrospun to make membranes, which were studied in vitro to investigate 

cell affinity, toxicity, activity and adhesion with these materials. The results indicate that 

incorporating glucose moieties into miktoarm polymers have significantly reduced the 

toxicity of the PCL while increasing the cellular interaction with the membrane material. 

Keywords: PCL; glycopolymers; tenocyte; cell attachment, biocompatibility 
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Introduction 

Tissue regeneration is a major focus in the field of tissue engineering. Current approaches 

tend to adopt membranes or scaffolds to direct tissue repair, generally requiring cell-material 

interactions
1, 2

. Tissues like tendon
3
, skin

4
 and bone

5
, have a 3D hierarchical structure 

comprised of fibrils or fibres with a size range from nanometres to millimetres. Thus, nano-

scale 3D scaffolds have been extensively used to mimic the matrix of human tissue for 

biological applications
6, 7

. 3D scaffolds have been used in bone
8
, tendon

9
, skin

10
, cartilage

11
 

and blood vessel related applications
12

, and 3D scaffolds fabricated via electrospinning
13

, 

phase separation
14 

 or self-assembly
15

. Among those methods, electrospinning is the most 

widely used approach due to its simplicity and the formation of well-organised 3D porous 

structures
16

.  

With the advancement of polymer chemistry, well-defined polymer membranes have 

been increasingly used in biological applications
17-19

. Among biodegradable polymers, 

polyesters have been the most widely investigated and used. For example, poly(lactic acid) 

(PLA)
20

, poly(glycolic acid) (PGA)
21

, polycaprolactone (PCL)
22

 and their copolymers
23, 24

 

have all been used in clinical applications such as surgical sutures
25

, fixation devices
26

 and 

tissue regeneration scaffolds
27

. The popularity of these polymers stems not only from their 

biocompatibility and biodegradability, but also because they are some of the few synthetic 

polymers that are currently approved by the U.S. Food and Drug Administration (FDA) for 

human clinical applications. Of the polyester family, PCL is one of the most widely used 

biodegradable polymers, due to its long degradation time and well retained structure in vivo
28

. 

However, the use of PCL is limited by the high hydrophobicity of its polymer backbone, 

which lowers its ability to interact with cells
29

. To address this, many natural compounds, 

such as chitosan
30

, collagen
31, 32

and carbohydrates
33

 have been used to modify the surface of 

PCL to promote cell attachment. However, the fast release of the physically blended 

Page 2 of 30

ACS Paragon Plus Environment

Bioconjugate Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3 

bioactive molecules from PCL in vivo has limited the long-term applications
34

. Therefore, a 

number of recent studies have focused on incorporating carbohydrates into polymers by 

modifying the polymer backbone with functional groups. The resulting carbohydrate rich 

materials, often referred to as glycopolymers, interact more readily with cells
35

,offering 

potential applications in drug delivery nanoparticles
36

, capsules
37

, sponges
38

 and fibres
39

.  

It is known that the architecture of a polymer has a significant effect in biological 

applications. For instance, complex miktoarm star shaped polymers show significantly higher 

uptake of cells in drug delivery
40, 41

, or gene delivery
42, 43

 vehicles, and due to the 

improvement of the nano particle stability
44

, star polymers can even be used  for fluorescent 

tracking systems 
45, 46

. At the same time, glycopolymers have gained increasing interest due 

to their bioactive properties
47

 showing better interactions with cells when formed as 

nanoparticles 
48

as well as specific lectin recognition
49

. However, the interactions of miktoarm 

star shaped glycopolymers with cells have not been well investigated yet. 

Tendons connect and transfer the strain from muscle to bone, thus allowing muscles to 

withstand higher stress. However, tendon injuries are one of the biggest challenges across the 

world, which occur mostly because of high tendon loads, aging of tendon as well as 

laceration injuries for tendon in hand
50, 51

. Nonetheless, reconstruction of tendon after injury 

is still challenging due to the poor interaction between the scaffolds and tenocytes, which 

synthesize collagen and secret growth factors, restricts the healing of tendon. Thus a high cell 

affinity tissue engineering platform is demanding.  

 

In this study, a naturally abundant carbohydrate, glucose, was incorporated into PCL-

based copolymers by a combination of ring opening polymerization (ROP), atom transfer 

radical polymerization (ATRP) and thio-ene chemistry, to fabricate a 3-arm glycopolymer. 
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The PCL-block-glycopolymers were then electrospun to fabricate membranes, for which 

toxicity, cell attachment and cell activity were investigated, using bovine tenocytes as a cell 

source. 

Results and discussion 

Synthesis of PCL and PCL block copolymers. 

Star shape polymers can be achieved via arm first
52

 and core first
53

 strategy. By using a 

bifunctional initiator, different synthesis techniques can be used in one pot or in sequence to 

achieve block copolymers. Sn(Oct)2 is one of the most widely used catalyst for the synthesis 

of high molecule biodegradable polyesters.  Para fluorine substitution reaction is one of the 

most efficient reaction type that can be used to synthesize glycopolymers
54, 55

. Thus PCL 

homo polymer was synthesized using an initiator with two hydroxyl groups. Then PCL was 

used as a macro initiator to extend the polymer chain of styrene or PFS. Lastly, 1-Thio-β-D-

glucose was substituted onto PCL-mikto-PPFS block copolymer backbone. 

A schematic depicting the stages of the reactions is provided in Figure 1. The 

chemical structure of these polymers were investigated at each stage of this process, and the 

molecular weight, Đ and conversion of the different polymers shown in Table 1, while the 

GPC trace and NMR of each polymer is shown in Figure 2 and Figure S1. 
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Figure 1. Schematic representation of the synthesis of PCL, block copolymers PCL-mikto-PS, 

PCL-mikto-PPFS and PCL-mikto-PTFSGlc by ROP of ε-CL and Atom Transfer Radical 

Polymerization (ATRP) of styrene or PPFS and click reaction with thio-glucose. 

GPC analysis and NMR spectroscopy indicate the success of the reactions (Error! 

Reference source not found.). In the GPC traces, a clear shift towards the high molecular 

weight region was observed (Figure 2A). Meanwhile, 
1
H NMR spectroscopy showed the 

appearance of –CH-CH2- group in the range of 1.2-3.0 ppm after ATRP reactions, as well as 

sugar groups in the range of 4.1-6.0 ppm after the sugar moieties were click on to the 

polymer (Figure 2b). 
19

F NMR spectroscopy proved the total consumption of all para fluorine 

after the click reaction. In summary, data confirmed the successful synthesis of PCL, PCL-

mikto-PS, PCL-mikto-PPFS and PCL-mikto-PTFSGlc block copolymers (Figure 2, Figure S1).  

Table 1. Analysis of PCL, PCL-mikto-PS, PCL-mikto-PPFS and PCL-mikto-PTFSGlc. 

Composition
a
 Conversion 

[%] 

Mn,theo 

[g mol
-1
] 

Mn,GPC
d
 

[g mol
-1
] 

Đ
d
 

PCL160  CL 100
b
 11600 18190 1.46 

PCL160-mikto-PS85 Styrene 70
b
 22420 27350 1.29 

PCL160-mikto-PPFS59 PFS 65
b
 28280 29550 1.51 

PCL160-mikto-PTFSGlc59 Thio-glucose 100
c
 51410 56800 1.45 

a 
Calculated by GPC results;

 b
 Conversion (ρ) measured by 

1
 H NMR; 

c 
Conversion (ρ) 

measured by 
19

 F NMR; 
 d 

DMF eluent, PS standards. 

Page 5 of 30

ACS Paragon Plus Environment

Bioconjugate Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6 

 

  

Figure 2. (a) GPC trace of PCL, PCL-mikto-PS, PCL-mikto-PPFS and PCL-mikto-PTFSGlc 

(left); (b) 
19

F NMR of PCL-mikto-PPFS and PCL-mikto-PTFSGlc (right). 

Characterization of polymer membranes. These polymer solutions were electron spun into 

four different groups of membranes (Table 1). The surface morphologies of the four different 

electrospun membranes are shown in Figure 3. The fibres formed a randomly interconnected 

structure, and appeared to possess a smooth surface at the macro-scale in all membranes. The 

overall fibre diameter ranged from 0.2-0.6 um, with the variability likely attributed to the 

solubility of each polymer type in the co-solvent. However, no significant differences in fibre 

diameters between materials were seen, with average values of 0.34 ± 0.20 µm, 0.33 ± 0.17 

µm, 0.32 ± 0.10 µm and 0.34 ± 0.14 µm for the P1-P4 materials, respectively. To clarify the 

effects of chemical composition on the surface properties of electrospun fibres, the water 

contact angle with each membrane was measured. Mean water contact angles were 117.42° ± 

0.78° for P1, 124.36° ± 0.22° for P2, 123.32° ± 0.36° for P3 and 0° for P4 respectively 

(Figure 3). Overall, data demonstrated that mixing block copolymers with homo PCL did not 

significantly influence the average diameter of fibres in electrospun membranes (Figure S2A), 

but did change the hydrophilicity of the surface significantly (Figure 3, Figure S2B). The 

incorporation of a hydrophobic block creates a surface, which behaves more hydrophobic and 

vice versa.  

Page 6 of 30

ACS Paragon Plus Environment

Bioconjugate Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org/action/showImage?doi=10.1021/acs.bioconjchem.7b00279&iName=master.img-141.jpg&w=393&h=137
http://pubs.acs.org/action/showImage?doi=10.1021/acs.bioconjchem.7b00279&iName=master.img-141.jpg&w=393&h=137
http://pubs.acs.org/action/showImage?doi=10.1021/acs.bioconjchem.7b00279&iName=master.img-141.jpg&w=393&h=137
http://pubs.acs.org/action/showImage?doi=10.1021/acs.bioconjchem.7b00279&iName=master.img-141.jpg&w=393&h=137
http://pubs.acs.org/action/showImage?doi=10.1021/acs.bioconjchem.7b00279&iName=master.img-141.jpg&w=393&h=137
http://pubs.acs.org/action/showImage?doi=10.1021/acs.bioconjchem.7b00279&iName=master.img-141.jpg&w=393&h=137


7 

 

Figure 3. A typical SEM image of each polymer membrane, with inset showing a matched 

typical water contact angle result. Scale bar represent 10 µm in all pictures. 

Results of cell viability and affinity on membranes Aiming at designing a platform which 

can interact promptly with tendon, which can improve the healing of injury tendon, tenocytes 

were used as cell line to carry all the in vitro tests. The toxicity of the different membranes 

towards tenocytes was characterised using calcein AM and ethidium homodimer (Figure 4), 

investigating both cell viability (Figure 5) and cell coverage on the materials (Figure 6). Cell 

viability was maintained above 60% in all test groups for up to 48 hrs of incubation (Figure 

5), No significant differences were evident between any of the test groups, nor between test 

groups and the positive control, of cells cultured on tissue culture plates.  

However, it was notable that cell coverage was significantly improved on P4 

membranes relative to P1-P3 membranes (Figure 4 and Figure 6), with coverage on P1-P3 

membranes below that seen in negative controls. Taken together, these data suggest that 

incorporating sugar molecules into the polymer, even at low percentages, can enhance its 
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interaction with cells. Sugar moieties have been proved to interact promptly with C type 

lectins
47

. The attraction of these lectins will lead to enhancement of cell attachment on the 

functional surfaces, which probably accounts for the increase of cell coverage on P4 group. 

 

Figure 4. Live/dead assay of tenocytes on different polymer membranes after 24 hours (left 

columns) and 48 hours (right columns). Viable cells are shown in green and dead cells in red. 

In vitro cell adhesion and morphology. Tenocyte adhesion to each membrane type was 

assessed by characterising cell morphology on the materials, using phalloidin and DAPI to 

stain the cytoskeleton green and nucleus blue respectively (Figure 7). Images demonstrate 
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that tenocytes on the P4 membranes were better adhered, as greater cytoskeleton tension was 

observed relative to the rounder cells on P1 – P3 membranes. These data further support the 

hypothesis that the grafted sugar molecules provide the membrane with a functional group 

which facilitates cell attachment and migration.  

 

Figure 5. Comparison of cell viability between different membranes and the tissue plastic 

controls at different time points. Values represent the mean ± SD of all samples (n = 3). 

Statistical significance was calculated using a one way ANOVA followed by Tukey 

comparison of means method.  

 

Figure 6. Comparison of viable cell coverage between different membranes and tissue 

culture plastic controls at the (a) 24 h and (b) 48 h time points. Values represent the mean ± 

SD (n = 3). Statistical significance was calculated using the Kruskal-Wallis tests followed by 

Dunn’s tests method. 
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Figure 7. Typical images of tenocytes seeded onto each of the polymer membranes (P1 to P4) 

and on tissue culture plastic (control). Green staining represents the cytoskeleton while blue 

represents the nucleus of cells. Images show cells after 24 hours (left columns), and 48 hours 

(right columns). Two different magnifications are shown for each condition: the white scale 

bar represent 100 µm; the grey scale bar represent 25 µm. 
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Results of alamar blue assay. The influence of different membranes on cell activity was 

characterised using an alamar blue assay with cell activity calculated relative to that seen in 

control cells seeded on tissue culture plastic at equivalent time points (control cell activity 

shown in Figure S3). A trend towards reduced relative cell activity was observed on all the 

polymer membranes relative to the positive controls for the first 48 hours, after which activity 

on most membranes tended to increase to either match or surpass that on tissue culture plastic 

(Figure 8). The activity on PCL was notably lower than in all other materials, and 

consistently lower than seen in the cell culture plastic controls. It has been shown that 

incorporation of proteins or growth factors can increase cell activity on the surface
56

. P4 

membranes contains sugar moieties, which interact promptly with C-type lectins and then 

interact actively with cells, thus leads to an increase in cell activity. At the meantime, cells 

tends to behave more active when can not attach to a surface and try to proliferate off, thus 

there are also improved cell activity trend in P2-P3 groups. 

 

Figure 8. Comparison of cell activity between different membranes at different time points. 

Values represent the mean ± SD normalized to the activity of control cells (can be seen as 

dashed line) at the same time (Set as 1.0) (n = 3). The alamar blue results for cell activity of 
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the control group are shown in Figure S3. Statistical significance was calculated using the 

Kruskal-Wallis tests followed by Dunn’s tests. 

Conclusion and outlook 

As one of the most widely used materials for tissue engineering, PCL has received 

considerable attention. However, the interaction between PCL scaffolds and cells has always 

been poor, due to the hydrophobic nature of the PCL backbone. Studies have attempted to 

modify PCL to overcome this limitation, mostly focusing on mixing natural or synthetic 

substances with PCL. However, such blends have a limited use, as the added materials leech 

out of the PCL. Chemically modification of PCL to covalently bond the functional groups 

would provide more stable materials. However, to date, chemical modifications of PCL have 

mostly been limited to Cu-mediated or aminolysis click reactions, which have limited 

practical uses in biological applications.  

The current study aimed to address this, by chemically modifying PCL with glucose 

moieties, to provide functional sugar groups for cell attachment, through a combination of 

ROP, ATRP and subsequent thio-ene substitution reactions. 3D membranes of the modified 

PCL materials were successfully electrospun to make membranes with a tissue mimetic 

structure which could potentially be used in tissue engineering. The morphology and 

properties of the membranes were characterised by SEM and an assessment of water contact 

angle, showing that hydrophilicity of a membrane could be dramatically improved with the 

addition of sugar groups, without altering the fibre diameters. In vitro membrane 

biocompatibility tests with tenocytes showed that cell attachment capabilities of membranes 

were significantly improved by incorporating sugar molecules into PCL. 

The sugar modified PCL characterised in this study has many potential applications in the 

tissue engineering field, however, the underlying mechanisms through which cells interact 
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with sugar molecules, and the influence of sugar content on cell metabolism needs further 

analysis.  

Materials and methods 

Materials. Tin(II) 2-ethylhexanoate(Sn(Oct)2, 92.5%-100%), DL-1,2-isopropylideneglycerol 

(98%), α-bromoisobutyryl bromide (98%), trimethylamine (TEA) (BioUltra, ≥99.5%), 1-

Thio-β-D-glucose sodium salt, aluminium oxide (Al2O3), toluene anhydrous, ethidium 

homodimer were purchased from Sigma Aldrich and used as received. N,N,N’,N’’,N’’-

Pentamethyldiethylenetriamine (PMDETA) was purchased from Acros Organics. DMEM, 

Dulbecco's phosphate-buffered saline, Alamar Blue® cell viability reagent, Alexa Fluor® 

488 Phalloidin, 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) were purchased 

from Thermo Fisher and used as received. Calcein AM was purchased from Biotium and 

used as received. ε-caprolactone (ε-CL) (97%) was purchased from Sigma Aldrich and 

distilled against calcium hydride before use. Styrene (99.5%, stab. with 4-tert-butylcatechol) 

was purchased from Alfa Aesar and passed over a basic aluminium oxide column to remove 

inhibitors prior to use.  2,3,4,5,6-pentafluorostyrene (PFS) was purchased from Sigma 

Aldrich and passed over a basic aluminium oxide column to remove inhibitors prior to use. 

Cu(I)Br was stirred in acetic acid for 4 h, then filtered and washed with ethanol and dried in 

vacuo prior to use. 

High molecular weight homopolymer of PCL (Capa
TM

 6500D) was kindly provided 

by Perstorp Winning Formulas Corporation. All other reagents and solvents were purchased 

from Sigma Aldrich or Fisher Scientific at the highest purity available and used without 

further purification unless stated otherwise. 

Measurements. 
1
H and 

19
F Nuclear Magnetic Resonance (NMR) spectra were recorded on a 

Bruker AVIII 400 using deuterated chloroform (CDCl3) or deuterated dimethyl sulfoxide 

(DMSO-d6). Gel Permeation Chromatography (GPC) measurements were carried on an 
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Agilent 1260 infinity system operating in dimethylformamide (DMF) with 5 mM Ammonium 

tetrafluoroborate at 40 °C and equipped with refractive index detectors and variable 

wavelength detectors, 2 PLgel 5 µm mixed-C columns (300 × 7.5mm), a PLgel 5 mm guard 

column (50 × 7.5mm) and an auto sampler. The instrument was calibrated with linear narrow 

poly styrene standards in range of 550 to 46 890 g/mol. Some samples were passed through 

the neutral aluminium oxide and a 0.2 µm Nylon filter before analysis.  

Polymer synthesis 

Ring opening polymerization of ε-caprolactone. PCL homo polymers were prepared by ring-

opening polymerization (ROP) of ε-CL initiated by 2,3-dihydroxpropyl 2-bromo-2-

methylpropionate using Sn(Oct)2 as the catalyst in anhydrous toluene following the procedure 

reported elsewhere
57

. The reaction mixture was added into a dried glass Schlenk tube, 

previously vacuumed and Argon purged 3 times, and then sealed to maintain an inert 

atmosphere. The reaction was carried out at 130 ºC for 13 h. The polymer was dissolved in 10 

mL of Tetrahydrofuran (THF) and precipitated twice in cold methanol, filtered and the final 

polymer was dried in vacuo at 40 °C overnight. The final PCL homo polymer was obtained 

as a white powder.  

Ring opening polymerization of caprolactone and atom transfer radical polymerization of 

Styrene or PFS. PCL-mikto-PS and PCL-mikto-PPFS block copolymers were synthesized by 

ROP of ε-CL and then ATRP of styrene or PFS, respectively. The typical procedure for the 

synthesis of PS or PPFS starts with degassing the ligand (PMDETA), and 50% of the total 

amount of anisole for 10 minutes. After degassing, the solution was transferred with a 

degassed syringe to a Schlenk tube, containing Cu(I)Br in an inert atmosphere. Cu and the 

ligand mixture in anisole were degassed for further 15 minutes. At the same time, styrene or 

PFS was purged by nitrogen for 15 minutes and then transferred with a degassed syringe to 

the catalyst complex mixture. Finally, the degassed macro initiator and solvent mixture were 
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transferred with a purged syringe to a Schlenk tube, and the mixture purged for another 15 

minutes before the reaction started.  

The reaction was started by placing the Schlenk tube into an oil bath. The reaction 

was stopped by bubbling the solution for 3 minutes with air followed by further dilution of 

the reaction mixture with THF. The final block copolymer was purified by passing the dilute 

solution through the basic Al2O3 column, to remove the Cu
0
 formed during reactions. The 

polymer was then precipitated in cold methanol (pH ≈ 3), filtered, and the final block 

copolymer was dried in vacuo at 40 °C overnight, from which a white powder was obtained.  

Click reaction of the block copolymer and 1-Thio-β-D-glucose. The general method for 

performing the click reaction has been reported elsewhere and was adopted here, with a 

modification to the reaction time only
55

. In brief, the click reaction mixed PCL-mikto-PPFS 

copolymer (1.00 g, 2.37 mmol) with the protected sugar (510 mg, 2.37 mmol) dissolved in 8 

mL of dry DMF. TEA (1.00 mL, 7.02 mmol) was added to the reagent solution as a catalyst. 

The reaction mixture was stirred for 20 h at 40 °C, concentrated to 2.5 mL, precipitated into 

cold methanol twice, and filtered. The final block copolymer PCL-mikto-PTFSGlc was dried 

in vacuo at 40 °C overnight and obtained as a white powder.  

Preparation of polymer electrospinning solution. PCL-mikto-PS, PCL-mikto-PPFS, PCL-

mikto-PTFSGlc were blend with PCL (Capa
TM

 6500D) in 1:4 ratio, to prepare four different 

solutions (P1 to P4) as outlined in Table 1, for electrospinning into membranes. 
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Table 2. Composition of solutions for electrospun membranes. 

Code Solution composition  Solvent ratio 

P1 PCL (Capa
TM

 6500D) CHCl3: DMF (w/w = 1:3) 

P2 PCL-mikto-PS: PCL (Capa
TM

 6500D)= (w/w = 1:4) CHCl3: DMF (w/w = 1:3) 

P3 PCL-mikto-PPFS: PCL (Capa
TM

 6500D)= (w/w = 1:4) CHCl3: DMF (w/w = 1:3) 

P4 PCL-mikto-PTFSGlc: PCL (Capa
TM

 6500D)= 

(w/w = 1:4) 

EF: DMF (w/w = 1:3) 

All the solutions were stirred for at least 6 h prior to electrospinning. EF: Ethyl formate 

Electrospinning. Each polymer blend solution was electrospun in turn. The solution was 

placed in a plastic syringe (5 ml, Injekt
®

, Braun, Germany) and connected to a metal syringe 

needle (0.8 mm diameter), and then Polytetrafluoroethylene (PTFE) syringe tube (20 gauge) 

on the pump (Genie, Kent Scientific Corporation, USA). Electrospinning was performed at a 

high voltage of 25 kV, supplied directly from a high DC voltage power supply (0-30kV, 

Glassman High Voltage, Inc., Whitehouse Station, NJ) and the resulting membranes were 

collected through a steel plate 10-15 cm away from the tip of the syringe needle on a static 

aluminium foil. Membranes were dried in a vacuum oven at 40 °C overnight before further 

use. In total, three membranes, approximately 300mm x200 mm were made for each sample 

solution (P1 to P4) for further analysis.  

Characterization of polymer membranes. The morphology of one sample of each 

electrospun membrane was observed by scanning electron microscopy (SEM) (Inspect F, FEI, 

Netherlands). Three discs (5mm diameter) were punched from the membrane, and prepared 

for SEM. For each disc, at least three images were taken at different random locations across 

the sample, and fibre diameter was characterised across these, by measuring the diameter of 

at least 100 fibres in total using Image J (ImageJ software, NIH Image, MD, U.S.A.). A 
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single value (mean ± standard deviation (SD)) is presented for fibre diameter in each 

membrane.  

Surface wettability was also determined from a small region of all three of each type 

of electrospun membrane (P1-P4). Three discs (5 mm diameter) were cut from each three of 

the electrospun membranes. Surface wettability of each material was evaluated by the water 

contact angle (WCA) method at room temperature. Water contact angle of a sessile drop was 

measured with a Kruss DSA100 (Hamburg, Germany) using the inbuilt with DSA 1.9 

software. For each disc, at least five measurements were taken at different locations across 

the surface area, giving a total of 15 measures of water contact angle per membrane with the 

results presented as mean ± SD. 

Polymer membrane and cell preparation for in vitro tests. 45 discs (15mm diameter) were 

cut from the remaining two membranes using a punch for the different in vitro cell 

biocompatibility tests. All discs were sterilized by immersion in 70% ethanol overnight, and 

irradiated under UV light, after which they were washed repeatedly with sterile PBS to 

remove residual ethanol prior to cell seeding. 

Tenocytes isolated from bovine extensor tendons via tissue digestion (1 U/mL dispase 

and 2 mg/mL collagenase type II for 24 h at 37 °C)
 
were adopted as a cell source

58
. 

Tenocytes were cultured in Dulbecco's Modified Eagle Medium (DMEM) (low glucose, 

pyruvate) supplemented with 10% (v/v) bovine serum, 100 U/mL penicillin, 1 % (v/v) 

nonessential amino acids, 2% (v/v) N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid 

(HEPES), 0.37% (w/v) sodium bicarbonate and 1% (v/v) L-glutamine, at 37 °C, 5% CO2 in a 

humidified incubator. The culture medium was changed every 2 days and cells maintained 

until use at passage 3, when they were harvested using trypsin-EDTA (0.25% trypsin)
 58

.
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Cell viability and affinity on membranes. Six sterilized discs of each membrane material 

(P1-P4) were placed, one disc per well, into the wells of a non cell culture-treated 24-well 

plate, and  cell solution pipetted directly onto the discs, in order to seed them at a density of  

1 × 10
4
 cells/cm

2
. Six positive control and six negative control wells were additionally 

prepared, pipetting cells at the same density directly into cell culture-treated and non cell 

culture-treated 24-well plates respectively. Discs and controls were then incubated in 

complete culture medium for up to 48 hours. 

The toxicity of membranes was investigated by comparing cell viability on the 

membranes with that on the positive control standard tissue-culture treated plates. In addition, 

cell affinity with each material was investigate by comparing the percentage of area covered 

by live cells on each membrane, with that on both positive and negative controls.  

Both cell viability and cell coverage were determined at 24 h and 48 h (three discs of 

each material or control wells per time point). At the relevant time point, 2 µM/ml calcein 

AM and 10 µM/ml ethidium homodimer were added to each well for 30 min at 37 °C. 

Stained cells were observed under a fluorescence microscope, under 2.5x and 10x 

magnification at an excitation/emission of 488/526 nm (calcein AM) and 568/612 nm 

(ethidium homodimer) (Leica DM4000 B LED, Heidelberg, Germany). Matched images of 

samples were taken at the two wavelengths, in which calcein AM produced an intense 

uniform green fluorescence in live cells, while ethidium homodimer produced a bright red 

fluorescence in dead cells. At least three pictures were taken at random locations across the 

surface of each disc at each time point. The number of live cells (Lm) and dead cells (Dm) on 

the membrane disc, and live cells (Lw) and dead cells (Dw) in the well were counted in 

Image J (ImageJ software, NIH Image, MD, U.S.A.) and cell viability calculated using Eq. 1.  

����	����	�	
�� =

�+
�


�+
�+��+��
       Eq. 1 
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Cell coverage was also calculated using Image J (ImageJ software, NIH Image, MD, 

U.S.A.), dividing the area covered with cells by the whole area of the well. The cell viability 

and cell affinity analyses were repeated three times, with three different sets of membranes 

and controls, and tenocytes from three different bovine donors. 

In vitro cell adhesion and morphology assay. Six sterilized discs of each membrane material 

(P1-P4), and six media-coated glass slides (positive controls) were placed, one disc per well, 

into two non cell culture-treated 24-well plates. Cell solution was pipetted directly onto the 

discs and slides, in order to seed them at a density of 4 × 10
4
 cells/cm

2
, and all samples 

incubated in complete culture medium for up to 48 hours. The cytoskeleton of cells on each 

electrospun membrane was compared with that of tenocytes cultured on media-coated glass 

slide surfaces (positive control) after 24 h and 48 h.  

To visualise the cytoskeletal arrangement, cell coated discs and glass slides were 

washed twice in PBS, and then fixed in 4% paraformaldehyde for 10 minutes. After removing 

the fixative, cells were washed repeatedly in PBS, permeabilized with 0.1% Triton X-100 for 

10 minutes, and then washed twice more in PBS. The actin cytoskeleton was then stained 

with Alexa Fluor 488 phalloidin (20 µg/mL) in PBS with 1% (wt) bovine serum albumin for 

30 minutes, after which, cells were washed twice in PBS and the cell nucleus stained with 

DAPI (1 µg/mL) in PBS with 1%(wt) bovine serum albumin for 1 minute before a final wash 

in PBS. Samples were imaged under a confocal laser scanning microscope (Leica TCS SP2; 

Leica Microsystems, Heidelberg, Germany) at an excitation/emission of 488/526 nm 

(phalloidin) and 358/468 nm (DAPI). At least 3 matched pictures at each wavelength were 

taken for each sample at 40x magnification, and an additional picture digitally zoomed 3 

times was taken, to show the morphology of a single cell.  

Page 19 of 30

ACS Paragon Plus Environment

Bioconjugate Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20 

The cytoskeletal analysis was repeated three times with three different sets of 

membranes and controls, and tenocytes from three different bovine donors. 

Alamar blue assay. Three sterilized discs of each membrane were placed, one disc per well, 

into a cell culture-treated 24-well plate, and the 12 wells with membranes plus an additional 

three control wells were seeded with cells as previously described. Cell activity on each 

membrane and control well was investigated using an alamar blue assay after 24, 48 and 96 h. 

At the 24 hour time point, a 1/10 volume ratio of alamar blue reagent was added to the 

culture media of each well, and plates returned to the incubator for another 4 h. At this point, 

100 µL of the alamar blue media mixture was taken from each sample well and its 

fluorescence was detected using a Fluo Star plate reader (BMG LABTECH
®

). At least 3 

technical repeats were performed for each sample. After obtaining a reading, all media was 

discarded from each sample and control well, and fresh media was added, after which the 

plate was returned to the incubator. The same samples and control were subjected to repeat 

alamar blue assays at 48 h and 96 h following the same procedure, to monitor the cell activity 

over time. Activity of cells membranes was displayed normalized to the activity of the 

control samples. The alamar blue assay was repeated for three sets of membranes and 

controls, using tenocytes from three different bovine donors. 

Statistical Analyses. Results are expressed either as mean ± SD or box whisker plots. The 

normality of the data was characterised using Shapiro-Wilk normality tests. For the live and 

dead assay, a one way ANOVA was performed followed by Tukey comparison of means, 

while for viable cell coverage and alamar blue analysis, due to the  non-normal distribution of 

the data, Kruskal-Wallis tests were performed followed  by Dunn’s tests using  statistical 

analysis software Graphpad Prism 6.0 (GraphPad Software, San Diego, CA). Unless 

otherwise stated, p < 0.05 was considered significant. 
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Supporting Information 

1
H NMR of the polymers, the comparison between fibre diameters and water contact angles 

of different membranes, and the comparison of cell activity between different membranes and 

at different time points are provided in the supporting information.  
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dimethylformamide; THF, Tetrahydrofuran; PTFE, Polytetrafluoroethylene; SEM, scanning 

electron microscopy; SD, standard deviation; WCA, water contact angle; DMEM, Dulbecco's 
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