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A B S T R A C T

Identifying suitable materials for additive manufacturing and 3D printing is a challenging task and there is a need 
to streamline the processes to achieve more rapid adoption of new feedstocks. We have developed a process of 
using modular supramolecular polymers where individual moieties can be modified in order to achieve a vari
ance in properties. We synthesised a library of 64 polymers and performed a systematic sequence of screening 
steps to identify preferred candidates for an exemplar printing modality and application. The library was 
screened for materials amenable to inkjet based 3D printing, then refined to those that had mechanical and 
biological performance suitable for use in articular cartilage repair, and supported chondrocyte growth. The lead 
candidate was fabricated into macroscopic architectures with intricate designs, including structure of knee 
cartilage as a demonstrator of potential application. This strategy for screening materials for specific applications 
could accelerate the translation of new materials for additive manufacture of novel devices.

1. Introduction

With the emerging acceptance and adoption of additive 
manufacturing the need for new materials that can be utilised within 
these technologies is growing [1,2]. Identifying suitable functional 
materials is a challenging task; not only is it necessary to ensure their 
functionality, but materials need to processable and these demands are 
often in opposition to each other [3]. Furthermore, in some areas of 
application (e.g., aerospace, healthcare) materials must meet regulatory 
constraints [4–6]. Therefore, selection criteria are multivariate, leading 
to time consuming iterative approaches to selection and optimisation, or 
a weakening of constraints resulting in a ‘best-compromise’ or 
sub-optimal performance and a significant bottleneck in developing and 
adopting materials for additive manufacturing [7,8].

Generally, the materials innovation research effort is focused on 
development of new chemical compounds or reformulation of existing 

compounds [9,10], and this has yielded promising solutions, but any 
minor alteration requires repetition of the full material development and 
characterization cycle. An alternative approach is to create a library of 
molecules with pre-designed opportunities for chemical variations to 
fine tune the physical, chemical or biological properties [11,12]. 
Emergent techniques, such as predictive statistical analysis and machine 
learning, could then guide the material design a priori in line, which 
were successfully integrated into additive manufacture of metals [13, 
14]. Identification of materials for biomedical applications is particu
larly challenging as they need to be biocompatible and processable 
whilst capable of satisfying the material integrity requirements [15–18]. 
High throughput screening approach has been employed successfully in 
other fields, such as rapid chemical synthesis and screening of materials 
against particular biological functions [19,20], and is beginning to be 
explored in additive manufacturing [21] [22].

Of particular interest are supramolecular polymer compounds, 
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which allow a greater diversity in network forming and may offer a 
facile route to tune the final properties of structures by controlling the 
self-assembly process during additive manufacture and post-processing 
through modulation of chemical moieties and solvent evaporation 
[23]. Among AM technologies, inkjet based additive manufacturing 
offers advantages for manufacture of polymers due to its inherent scal
ability for personalised mass manufacture[24–27].

Here, we develop a strategy for the design and screening of supra
molecular materials for inkjet based additive manufacturing, that has 
the potential to overcome the difficulties posed by current iterative 
approaches to identifying materials for additive manufacturing, and 
exemplify its potential by targeting cartilage repair applications (Fig. 1). 
Such an application is pertinent – many materials for cartilage repair 
have been investigated previously, but either suffer from poor me
chanical properties (e.g., naturally derived hydrogels such as collagen) 
or poor innate bioactivity (e.g., PEG, PCL or PLGA based materials) [28, 
29]. Being able to target materials that offer matched mechanical and 
biological performance will open up future avenues for adoption. Our 
approach began with the development of a supramolecular polymer li
brary (Fig. 1a) where the components of the polymer compounds, i.e. 
core, linker, oligomer and assembly motif, can be considered modular 
offering multiple options for assembly. Each of the options provides 
property variation, enabling opportunities for fine-tuning of mechanical 
and/or biological performance. A set of polymer compounds identified 
as suitable for scalable synthesis was screened to downselect for print
ability, mechanical performance, and compatibility with relevant cell 
types (Fig. 1b). A representative candidate material was used to 
demonstrate successful inkjet additive manufacturing of a cartilage 
patch for articular cartilage repair (Fig. 1c). This strategy for pre
screening materials and informed design of polymers with tailored 
properties could accelerate the translation of new materials for additive 
manufacture of novel devices, whilst also creating materials properties 
libraries ready for future mechanistic studies.

2. Materials and methods

2.1. Materials

Starting materials and reagents were purchased from Sigma Aldrich/ 
Merck UK and used as received unless otherwise stated. Synthesis and 
analysis are reported in the supplementary information.

2.2. Characterisation

1H NMR and 13C NMR spectra were recorded on either a Bruker 
Nanobay 400 or a Bruker DPX 400 spectrometer operating at 400 MHz 

for 1H NMR or 100 MHz for 13C NMR spectroscopic analysis. Data were 
processed using MestReNova Version 11.0.3–18688. Samples for NMR 
spectroscopic analysis were prepared in CDCl3, d6 DMSO or d8-THF, and 
dissolution of the sample was aided by gentle heating. Chemical shifts 
(δ) are reported in ppm relative to tetramethylsilane (δ 0.00 ppm) for 
CDCl3 and the residual solvent resonance (δ 2.50 ppm) for d6-DMSO and 
(δ 1.73 ppm) for d8-THF for 1H NMR spectroscopic analysis.

Infrared (IR) spectroscopic analysis was carried out using a Perkin 
Elmer 100 FT-IR (Fourier Transform Infrared) instrument with a 
diamond-ATR sampling accessory.

An Agilent Technologies 1260 Infinity system was used to obtain gel 
permeation chromatography (GPC) analysis in HPLC-grade THF at a 
flow rate of 1.0 mL/min. Calibration was achieved using a series of near 
monodisperse polystyrene standards, and samples were prepared at a 
concentration of 1 mg/mL.

2.3. Solubility and printability

The first step of the screening process saw each polymer dissolved in 
DMAC at 200 mg/mL. Any material that formed a gel or precipitate was 
deemed unfit for inkjet printing and discarded. Viscosity and surface 
tension were measured using a high throughput screening method pre
viously developed in order to calculate the Z parameter [30] 300 μL of 
each sample was added into a 96-well polypropylene plate containing 
1 mL wells (260252, Thermo Scientific), and maintained at 25 ◦C prior 
to determining viscosity and surface tension.

2.4. Microarray fabrication

Microarrays were fabricated using a Biodot XYZ3200 contact printer 
and super hydrophilic-super hydrophobic slide (Aqua Array GmbH, 
DMA Slide 2187, 500 μm square 3 fields). Polymer solutions were pre
pared in N,N-dimethylformamide (DMF) at 200 mg/mL. 20 µL of each 
formulation was deposited into a unique well of a 384 polypropylene 
well plate. A ceramic pin of 0.5 mm diameter was used for all pin 
printing.

2.5. Atomic force microscopy (AFM)

AFM measurements were conducted using a Dimension FastScan Bio 
AFM (Bruker Nano Surfaces Division, Santa Barbara, CA USA) equipped 
with a motorised xy stage as previously described [31]. Briefly, mea
surements were operated with a Nanoscope controller operated in a 
PeakForce Quantitative NanoMechanics (QNM) mode in air using a 
silicon tips with a resonant frequency of 150 kHz and a force constant of 
approximately 6 N/m (RTESPA-150, Bruker Nano Inc., Camarillo, CA 

Fig. 1. Schematic diagram of the material screening strategy for identifying a supramolecular material for cartilage repair: a) three-arm and four-arm star polymers 
comprised of a core, oligomer, linker, and assembly motif were synthesized to create a supramolecular polymer compound library; b) star polymer compounds were 
developed into ink formulations that can self-assemble after the inkjet based 3D printing process to construct solid structures; c) the screening process allowed us to 
identify a polymer candidate that is compatible with the inkjet printing process and suitable for cartilage repair.
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USA). 5 μm × 5 μm surface area scans were imaged. NanoScope Analysis 
software (v1.9) was used for data analysis.

2.6. Inkjet printing

Polymer 32 was printed using a Dimatix materials printer (DMP 
2830, Fujifilm) with a piezoelectric based jetting system equipped with a 
disposable 16 nozzle printhead with 10pL droplet size (DMC-11610, 
Fujifilm). Prior to printing, polymer 32 was dissolved in dimethylace
tamide:chloroform at a ratio of 2:1 at 60 ◦C to create an ink, which was 
added to the cartridge using a needle and syringe prior to insertion into 
the Dimatix printer. Printhead temperature was set at 60 ◦C and poly
ethylene naphthalene (PEN) maintained at 40 ̊C was used as a substrate.

Where a sacrificial ink was co-printed to allow channel formation 
was used, the water soluble ink was prepared by adding 2 wt% 2,4- 
diethyl-9H-thioxanthen-9-one (98 %) and 2 wt% ethyl 4-(dimethyla
mino)benzoate (99 wt%) to 4-acryloylmorpholine (97 %), stirring at 
room temperature (800 rpm) until all additives were fully dissolved, 
then filtering with a PTFE-based syringe filter prior to use. When using 
support materials, printed samples were immersed in deionized water 
for 10 min to fully remove the support.

2.7. Plasma treatment

A tabletop Diener plasma system was used for all plasma treatments. 
Samples were placed inside the chamber and the pressure reduced to 0.2 
mbar. The chamber was flushed 5 times with pure oxygen by cycling 
between 0.2 and 2.0 mbar before adjusting the pressure to 0.25 mbar to 
achieve a constant oxygen flow rate through the chamber. Oxygen 
plasma was generated at this flow rate for two minutes to treat samples.

2.8. Contact angle measurement

The sessile drop technique was used to measure the water contact 
angle on samples using a Kruss DSA 100 drop shape analyzer at room 
temperature. Contact angles were determined using the analyzer’s 
software. Two types of samples were prepared from polymer 32: inkjet 
printed and cast. The cast sample was made by dropping warm polymer 
32 ink onto a heated PEN substrate to create a flat film. Three layers of 
polymer 32 ink were printed in accordance with §2.6 to form an 
8 × 30 mm square. Contact angles were determined for both sample 
types with and without plasma treatment.

2.9. Biological studies

Biological assessment of suitability for cartilage repair was per
formed with primary ovine chondrocytes harvested and cultured from 
the articulating surface of the sheep chondyle as previously described 
[32]. Sheep condyles were collected from surplus tissue from a study 
being conducted at the University of Nottingham carried out in accor
dance with UK Home Office Regulations, and approved by the Univer
sity of Nottingham Animal Welfare and Ethical Review Body (AWERB). 
Chondrocytes cells were expanded in chondrocyte growth media (CGM, 
α-MEM (BioWhittaker Reagents, Lonza Walkerville Inc, United States), 
5 % FBS, 2 mM L-Glutamine, 50 µg/mL ascorbic acid 2-phosphate, 
50 µg/mL L-proline, 100 mg/mL penicillin-streptomycin, and 
0.25 mg/mL amphotericin B. For experiments, CGM was supplemented 
with 1 × Insulin-Transferrin-Selenium (ITS, ThermoFisher), 10 ng/mL 
TGF-β1, and 5 ng/mL FGF-2 (Peprotech).

Initial biocompatibility of candidate formulations was assessed via 
extract cytotoxicity testing in line with ISO 10993–5. Triplicates of casts 
of each formulation were made by dissolving the polymers in dime
thylacetamide in HPLC vials and then evaporating the solvent in a 
vacuum oven for 5 days. Polymers were washed twice with deionised 
water, UV sterilised (270 nm) for 20 min, then PBS rinsed before 
extraction at 0.1 g/mL in culture medium for 72 h at 37 ºC to allow 

leaching of any cytotoxic components. Chondrocytes were seeded at 
10,000 cellls per well in a 96 well plate in CGM and allowed to adhere 
for 24 h at 37 ºC, 5 % CO2 in air before applying 200 µL of extract for a 
further 24 h. CGM was incubated under the same conditions and was 
used as a live control. Exposure to 70 % (v/v) ethanol for 15 min 
immediately prior to analysis was used a dead control. Cytotoxicity was 
assessed by quantifying metabolic activity using PrestoBlue™ (Ther
moFisher, UK) in accordance with manufacturer instructions, with a 
greater than 30 % reduction versus the live control classed as toxic. 
Briefly, media was removed from wells, replaced with PrestoBlue™ 
diluted 1:10 in CGM, incubated for 1 h at 37 ◦C 5 % CO2 in air, then the 
solution transferred to a black 96-well plate and fluorescence read at λex: 
560 nm, λem: 590 nm in a plate reader (Tecan Infinite 200, Switzerland 
as a correlation with metabolic activity.

To assess the effects of plasma treatment, samples were place in a 24 
well plate and seeded at 100,000 cells/cm2 and maintained for either 
24 h or 72 h (as described above) before LIVE/DEAD (ThermoFisher, 
UK) quantification in accordance with manufacturer instructions. Live 
and dead controls were cultured on tissue culture plastic with dead cells 
killed by exposure to 70 % (v/v) ethanol for 15 min immediately prior to 
analysis. To perform the assay, media was replaced with 2 µM calcein 
AM and 4 µM ethidium homodimer-1 in PBS and incubated for 20 min at 
37 ◦C 5 % CO2 in air. Staining solution was replaced with PBS before 
imaging with a fluorescence microscope (Nikon Eclipse Ti). Image 
analysis was performed using CellProfiler (v2.2.0) by segmenting live 
(green) and dead (red) cells as primary objects to automate counting of 
cells (~3000 cells in conditions with the most cells) [9,33].

2.10. Statistical analysis

All data is presented as Mean±SD. Biological data visualisation and 
analysis was performed using GraphPad Prism and for materials char
acterisation using R using one-way or two-way analysis of variance 
(ANOVA) as appropriate with Tukey’s post-hoc test. p values < 0.05 
were considered significant. Factor analysis of mixed data was per
formed using R.

3. Results and discussion

3.1. Supramolecular polymer compound library

With the specific aim of generating a new biocompatible polymer 
suitable for deposition via inkjet printing methods, we started with a 
library of 64 potential ‘modular’ supramolecular polymers (1-64), each 
composed of the following components: core (C), oligomer (O), linker 
(L) and assembly motif (M) (see Fig. 2a, Table S1 in the Supplementary). 
To provide diversity, one from a range of up to four different moieties 
were chosen for each component: C: three or four arm stars; O: poly
caprolactone of four different molecular weights (5, 10, 15 and 20 kDa); 
L: four di-isocyanate reactive linkers including both aliphatic and aro
matic structures; M: two capping moieties (Fig. 2, Table S1), providing 
potential for either covalent or associative non-covalent bonding. As a 
note, two other capping moieties were also assessed: ureidopyrimidone 
was found to produce crystallinity when coupled to polycaprolactone 
(PCL) stars, and acrylate which was found to be difficult to purify and 
after preliminary tests were abandoned and not included in this 
screening experiment [34]. All of the polymers synthesised were char
acterised by NMR spectroscopy, and their structural integrity deter
mined (see the SI and Extended Data for details on the synthetic methods 
used and the analytical data for these polymers).

The 64 materials (1-64, Supplementary Table S1) were then 
formulated into inks screened for parameters that dictate their amena
bility to inkjet printing (Fig. 2b): (1) ability to form a stable solution 
when dissolved, (2) ability to form a solid material under standard 
temperature and pressure (STP) after solvent evaporation, and (3) a Z 
parameter within the range associated with inkjet printability. The Z 
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parameter, an inverse Ohnesorge number (Z = 1/Oh), is calculated from 
the viscosity and surface tension and classifies inks that fall within the 
range 1 > Z > 10 as suitable for standard inkjet printheads [21,35].

Of the 64 polymers, 12 were found to either form a precipitate or a 
gel when dissolution in DMAC was attempted, deeming them unsuitable. 
A further 16 were discarded due to being unable to form a solid material 
at STP, rendering them unusable for our downstream applications. 
Finally, we screened the polymers for printability by determining their Z 
parameter [21] with 2 polymer compounds found to have a Z value that 
falls outside of the recommended limit for successful inkjet printing.

It was noted that there were conditions where inks could be printed 
successfully outside of this range, and that some specialized printheads 
are more suitable for higher viscosity inks [36,37]. Whilst a further 
adjustment could have been made to reduce the viscosity by increasing 
the solvent content; the reduced concentration of the polymer would 
result in additional print time and longer extraction of the solvent. 
Therefore, the same DMAC concentration was retained throughout the 
tests. This screening process assigned 34 supramolecular polymers as 
suitable candidates to be taken forward for the subsequent screening 
step: assessment of mechanical and biofunctional properties (Fig. 2c and 
d)

3.2. Characterization of deposited supramolecular polymer compounds

To establish the range of mechanical properties achievable with our 
formulations, square shaped samples (500 × 500 µm) of each polymer 
compound were printed as an array onto superhydrophobic- 
superhydrophilic imprinted microslides. Atomic force microscopy 
(AFM) revealed that the generated library of materials have elastic 
moduli in the range of 0.8 MPa to 5 MPa.

To demonstrate applicability of this process to guide the selection of 
new materials for specific additive manufacturing applications, we 
chose an exemplar application of cartilage repair. Native articular 
cartilage has an elastic modulus of approximately 1 MPa, although 
significant variability is observed [15–18]. Therefore, 10 candidates 
with the elastic modulus below 2.2 MPa were selected, of which 9 
candidates had Z parameter suitable for inkjet printing, and were 

advanced to biological screening (Green highlighted region, Fig. 2c).
An extract test consistent with ISO 10993–5 that identifies non- 

cytotoxic materials revealed six polymers on which cells exhibited 
metabolic activities above 70 % of the live control, classifying them as 
non-cytotoxic (15, 20, 30, 32, 46, 54). Cells on four polymers (16, 33, 
43, 54) showed a metabolic activity significantly below 100 % of the 
live control. The four leading candidates (15, 20, 32, 46) were taken 
forward for subsequent screening experiments (Fig. 3a).

3.3. Printing trial and fabrication of cartilage replacement structure

To demonstrate the feasibility of using the four leading biocompat
ible supramolecular polymers for 3D printing of cartilage support 
structures (15, 20, 32, 46) (Table 1), we examined their uniform film 
forming ability and cell attachment. Films were generated by depositing 
a drop of each ink formulation onto a glass slide and observing with 
optical microscopy. Significant coffee ring effects and crack formation 
was observed for two of the samples (15, 20), while 46 formed a rough 
and uneven film with minor cracks observed after drying. Only 32 (TMP 
(C)-PCL5(O)-HDI(L)-Benz-AM(M)) formed a macroscopically uniform 
film and supported cell attachment (Fig. 3b), and therefore was the 
selected candidate material for subsequent experiments.

The candidate material 32 was successfully inkjet printed into 
complex geometries with good fidelity (Fig. 2d) and as scaffold-like 
mesh structure with 162 µm strut size and 362 µm square voids with a 
deviation of ca. 10 % from the original design (Fig. 4a). A University 
logo design over 5.5 mm × 7.5 mm (Fig. 4b) and a structure replicating 
features of a cartilage patch (10 mm wide, Fig. 4c) were printed 
demonstrating reliable manufacture over larger areas. The moon-shaped 
patch designed with two tiers of internal channels to increase the surface 
area, was co-printed using candidate 32 with a UV curable and water- 
soluble sacrificial material to allow overhanging features (Fig. 4c).

3.4. Performance optimisation of printed samples

Initially, it was found that cell adhesion was poor and insufficient to 
allow proliferation of chondrocytes and coverage of the inkjet printed 

Fig. 2. a) The star polymer compounds were synthesized by stepwise attachment of the selected moieties to the oligomer core; b) A library of 64 star polymers was 
synthesized from the combination of two cores, four assembly motifs, chain extenders of four lengths, and four linkers; c) A printability screening process revealed 34 
suitable candidates, of which 9 had an elastic modulus (green highlighted region) appropriate for cartilage repair and; d) printability of polymer 32.
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structure, with cells preferring to form agglomerates with themselves 
rather than spreading over the surface. To address this, we subjected 
both the cast and inkjet printed structures to oxygen plasma treatment, 
reducing the water contact angle (Fig. 5a and b) and facilitating greater 
cell adhesion and proliferation (Fig. 5c), as confirmed by LIVE/DEAD™ 
staining assay. In line with other studies where plasma-treatment has 
been used to improve cell attachment to hydrophobic materials [38,39], 
plasma treated samples had significantly more live chondrocytes and a 
lower percentage of dead cells than their non-treated counterparts at 
both 24 h and 72 h after seeding (Fig. 5d). With the observation that 
plasma treatment resulted in a significant reduction in contact angle, we 

propose that the increased viability of cells was likely due to the 
enhanced wettability permitting superior protein adsorption and thus 
cell adhesion and normal cell spreading [40].

A statistical analysis was performed to assess the relationship be
tween compound composition and performance. A linear model with 
Tukey post-hoc test was constructed to test the relationship between 
supramolecular polymer composition and modulus, printability and 
biocompatibility, using four variables (C, O, L, M) associated with each 
of the modular components of our polymer compounds, with levels 
representing variation within each of those categories. This indicated 
that the only statistical significance that could ascribed was between end 
group and modulus (with AM-Morph resulting in a higher modulus than 
Benz-AM). A further analysis was then conducted to elucidate any un
derlying trends not easily identifiable. This used factorial analysis of 
mixed data to undertake an analysis similar to principal component 
analysis. The results of this analysis suggested three main trends that 
could potentially be significant: 1) the length of the PCL based oligomer; 
2) the details of the linker, e.g., linear or aromatic, could be influential; 
and 3) three or four arm polymer compounds may result in different 
properties. Although more detailed work examining the assembly 

Fig. 3. Screening step to identify biocompatible polymers from available candidates: a) 24 h extract cytotoxicity testing from the 9 candidate materials was per
formed on chondrocytes (mean±SD, n = 9). Cells cultured in extracts from polymer candidates 16, 33, 43 and 54 showed metabolic activities significantly below the 
live control, whilst 15, 20, 30, 32 and 46 showed no significant difference in metabolic activity versus the live control (purple dashed line). b) of the four leading 
candidates, only 32 was able to form a uniform film of material, with all others showing defects under optical microscopy. Chondrocytes showed normal cellular 
morphology and viability (green; LIVE/DEAD™ staining) 24 h after seeding on 32 when assessed by fluorescence microscopy.

Table 1 
Composition of the supramolecular compounds used for cartilage structures.

No. CORE (C) Oligomer (O) Linker (L) Assembly Motif (M)

15 TMP PCL15 HMDI Benz-Am
20 TMP PCL10 HDI Am-Morph
32 TMP PCL5 HDI Benz-Am
46 Ptol PCL15 TDI Benz-Am

Fig. 4. Structures fabricated via inkjet based 3D printing from the lead candidate material, polymer 32: a) square mesh structure; b) inkjet printed castle logo of 
University of Nottingham; c) cartilage patch scaffold containing through channels achieved by co-printing with water soluble support materials.
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behaviour and its effect on e.g., microstructure is required [41–43], we 
draw the following indicators from our analysis. First, since the mor
pholine end group can hydrogen bond (unlike the benzyl unit), this 
likely reinforces the material and creates differences in modulus. Sec
ond, the length of the oligomer and the choice of linear or aromatic 
linkers will likely influence the self-assembly though hydrogen bonding 
and phase separation, e.g., the longer PCL chains will be more flexible, 
and there will be a lower entropic cost associated with assembly of 
networks with more rigid linkers, such as TDI. Finally, the number of 
arms will have an influence on self assembly through the available end 
groups, and the number and accessibility of available hydrogen bonding 
sites [44]. However, the assembly relationships are likely to be 
non-linear and not easily understood in terms of their link with prop
erties of interest for our application – the link between microstructure 
and cellular response is not trivial to unpick, and a more sophisticated 
approach may be needed to determine precise mechanisms in the future.

4. Conclusions

We have demonstrated that it is possible to use a modular approach 
to identify lead candidates for additively manufactured biomedical de
vices. A library of supramolecular polymer compounds was synthesised, 
and using a screening approach, we were able to identify an inkjet- 
printable compound as a suitable candidate for supporting chon
drocyte growth. Using this candidate we were able to undertake further 
optimisations and demonstrate its usefulness as a material for additive 

manufacturing, recreating an articular cartilage repair support struc
ture. This modular approach gives a rapid way of producing diverse 
materials libraries, and can be used for other target devices, potentially 
employing the same library and assessing materials discarded in this 
paper for other applications.
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to the surface. Scale bar 50 µm; d) results of LIVE/DEAD™ assay performed at 24 h (left) and 72 h (right) after seeding showed plasma treated samples supported 
significantly more live chondrocytes than non-treated at both time points with a lower percentage of dead cells (results are shown as mean±SD of up to ~3000 
cells analysed).
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