UNIVERSITY OF LEEDS

This is a repository copy of Immobilisation of cell-binding peptides on
poly-epsilon-caprolactone (PCL) films: A comparative XPS study of two chemical surface
functionalisation methods.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/89326/

Version: Accepted Version

Article:

Stevens, JS, de Luca, AC, Downes, S et al. (2 more authors) (2014) Immobilisation of
cell-binding peptides on poly-epsilon-caprolactone (PCL) films: A comparative XPS study
of two chemical surface functionalisation methods. Surface and Interface Analysis, 46
(10-11). 673 - 678. ISSN 0142-2421

https://doi.org/10.1002/sia.5396

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

I mmobilisation of Cell-Binding Peptides on Poly-g-Caprolactone
(PCL) Films: A Comparative XPS Study of Two Chemical Surface

Functionalisation Methods

Joanna S. Stevensl, Alba C. de Lucaz‘j, Sandra Downes3, Giorgio T erenghiz, Sven L. M.

14
Schroeder”™ *

'School of Chemical Engineering and Analytical Science, The University of Manchester,
Oxford Road, Manchester, M13 9PL, UK

“Blond MclIndoe Laboratories, Regenerative Medicine, Institute of Inflammation and Repair,

The University of Manchester, Manchester Academic Health Science Centre, Oxford Road,
Manchester M13 9PTYK
3School of Materials, The University of Manchester, Grosvenor Street, Manchester M13 9PL,
UK
*School of Chemistry, The University of Manchester, Brunswick Street, Manchester, M13
9PL, UK

Email: s.schroeder@manchester.ac.uk

*Sven L.M. Schroeder: Tel. +44-161-306 4502; Fax: +44-161-306 8867

Abstract

Successful interaction between cells and biomaterial surfaces is crucial for biomedical
devices, and incorporation of peptides such as RGD (Arg-Gly-Asp) at the polymer interface
can substantially promote cell adhesion and proliferation. X-ray photoelectron spectroscopy
(XPS) has been used to characterise patgprolactone (PCL) films modified by aminolysis

and the introduction of RGD peptides via carbodiimide (CDI) and thiolgen ‘click’
chemistry. The nitrogen signal acts as an elemental indicator for successful attachment, and
changes in the chemical environment are reflected in the carbon and oxygen spectra. Chlorine
and sulphur provide additional chemical indicators of reaction progress in the thiol method,
with the selective nature of the CI-S reaction reflected in the complete loss of Cl signal and
appearance of S, avoiding potential amine-peptide side-reactions. Comparison of the XPS
elemental concentrations indicated an estimate of 2-3 % peptide functionalisation on the PCL
surface for both methods, correlating with the improvement in Schwann cell response
observed after peptide immobilisation. The enhanced selectivity of peptide attachment to the
polymer surface demonstrated with XPS for the novel method based on thiol chemistry

shows its potential for development as a biomimetic scaffold for peripheral nerve injury.
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Introduction

Limited availability of autografts means biomaterial substitutes are often needed to act as
scaffolds, such as for peripheral nerve injury (Figure 1), one of the most common tfaumas.
Cell-material interactions are crucial for cell adhesion and proliferation on biomaterial
surfaces, with immobilisation of biomolecules leading to the formation of biomimetic
substrates, improving cell response. RGD (Arg-Gly-Asp, Figure 2) is one of the most studied
peptides for biopolymer functionalisatiéfl and can trigger different cell lines to adhere and
proliferate on the surfad8. Characterising the chemical modification of polymer film
surfaces and therefore the extent of peptide attachment on the surface is critical, although the
surface nature of the functionalisation means monitoring the success of peptide
immobilisation through standard material characterisation techniques is not always feasible.

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique, with probing
depths of typically <5 nm for organic materilisthat provides element-specific chemical
state information. XPS chemical shifts vary as a function of the chemical state of an element
and its local chemical environméftand detailed characterisation of amino dtid¥! and
peptides, including RGBY has been carried out with XPS. In addition, XPS reveals the
relative elemental composition at the surface through the peak areas, providing an estimate of
the amount of peptide surface attachment. This makes the technique an ideal choice for
characterising the chemical modification of biodegradable gpalyprolactone (PCL) film
for use as peripheral nerve conduits, identifying whether RGD-peptides have been
successfully immobilised on the surface.

XPS was performed on PCL films functionalised with RGD peptides through the widely
used carbodiimide (CDI) chemistry (Figurg®2* *? and an innovative methtdl based on

41 designed to avoid potential amine-peptide side-reactions

thiol-halogen ‘click’ chemistry,
and increase selectivity. Analysis of the PCL films at each stage of theoreaats is
performed with the aim of providing details of chemical changes occurring at taeesarfd

the extent of peptide immobilisation on the substrate.



Experimental

PCL films

All chemicals and reagents were purchased from Sigma- Aldrich Ltd. (Dorset, UK) unless
otherwise stated.Schwann cells (SCs) were harvested and cultured as explained
previously™ PCL polymer pellets (Mn ~70,000-90,000) were dissolved in dichloromethane
(DCM) (Fisher Scientific, Leicestershire, UK) to yield the PCL solution (3% wigL
films were formed by casting the solution on glass cover&li®s 18 mni) and leaving the
solution to evaporate overnight at room temperature. RGD peptide sequences were then
immobilised on thePCL films using thecarbodiimide (CDI) chemistrand thiol-halogen

‘click’ chemistry methods andhe morphology and focal adhesion of Schwann cells was

monitored with fluorescence microscdpy.

CDI chemistry (HMD/RGD):

Step | — Aminolysis: PCL films were immersed in a 10% wt/v hexamethylenediamine
(HMD)/2-propanol solution (pH 7) for 3 h at 40°C, stirring continuously. Aminolyzed films
were then washed carefully in distilled water and left to dry overnight.

Step Il — Peptide immobilisation: 1-ethyl-3-(dimethylaminopropyl)carbodiimide (EDC)
was dissolved in 2-N-morpholino-ethanesulfonic acid (MES) buffer 0.1M (pH ~5.5) to
increase its reactivity. An EDC solution 0.1M was then applied on the aminolyzed PCL film
and left to react for 3 h at room temperature. The previous solution was then removed and a
new solution was prepared with tri-peptide RGD and N-hydroxysuccinimide (NHS) in MES
buffer 0.1M (pH ~5.5). The final peptide concentration to spread on film surface was 0.2
lg/mm22%! The peptide solution was left to react for 24 h at room temperature. Samples were

finally washed in distilled water and dried.

Thiol chemistry (CEA/RGDSC):

Step | — Aminolysis: PCL films were immersed in a 10% wt/v 2-chloroethylamine
hydrochloride (CEA)/water solution (pH 9) for 3 h at 40°C, stirring continuously.
Chlorinated films were then washed carefully in distilled water and left to dry overnight.

Step 11 — Peptide immobilisation: The pentapeptide RGDSC (Biomatik Corporation,
Cambridge, Canada) and tris(2 carboxyethyl)phosphine hydrochloride (TCEP) were
dissolved in MES buffer 0.1M (pH ~5.5) in a molar ratio of 1.5, to obtain again a final

peptide concentration of 0.2 Ig/mm2 on the film surfa®élhe solution was then applied on



chlorinated films and left to react for 24 h at room temperature. Samples were finally washed

in distilled water and dried.

X-ray Photoelectron Spectroscopy (XPS)

XP spectra were recorded with a Kratos Axis Ultra instrument employing a monochromatic
Al K, source (1486.69 eV: ** Surveys were measured with 80 eV pass energy in steps of
0.25 eV, with 300 ms dwell time per data point. High resolution spectra were measured
within the spectral range of interest (¢20 eV around core level emission peaks) with a 20
eV pass energy, 0.1 eV steps, and 300 ms dwell time per data point. For the functionalised
films, the dwell time was increased up to 500 ms for C 1s and O 1s and 2000 ms for N 1s, CI
2p, and S 2p spectra to increase the sensitivity of detection.

Analysis of the data was carried out with Casa XPS software using a linear background and
GL(30) line shapé&’ The elemental compositions (relative atomic %) were calculated using
an O 1s relative sensitivity factor (RSF) of 2.52 relative to €"1Samples were referenced
to adventitious hydrocarbon contamination at 285'&¥! Repeatability of the peak positions
was+0.1 eV. In the remaining text, when reporting binding energies for atoms in functional

groups the atom referred to is underlined.

I mmunocytochemistry and fluor escence microscopy

The morphology and the ability of Schwann cells to form focal adhesion on treated and
untreated PCL films were investigated through immunocytochemistry. 5,000 cells were
seeded on each film and cultured for 5 days. Afterwards, the medium was aspirated and the
cells were carefully fixed in 4% PFA for 20 min at room temperature. Cells were washed in
phosphate buffered saling®BS), permeabilized in 0.2% Triton-X/PBS and washed again in
PBS. Non-specific antigens were blocked with 1% (w/v) bovine serum albumin (BSA) for 1

h at room temperature. The primary antibody (Mouse Anti-S100 Antibody; 1:500 or Anti-
Vinculin antibody (hVIN-1, Abcam, UK); 1:400) was applied overnight at 4°C. Samples
were washed in PBS before the secondary antibody (Alexa Fluor 568 donkey anti-mouse
IgG, Life Technologies, UK; 1:1000) was applied for 1 h at room temperature in the dark.
Samples were washed again in PBS and incubated with phalloidin (Alexa Fluor 488, Life
Technologies, UK; 1:40) for 20 min at room temperature in the dark. Films were finally
washed again in PBS and mounted on glass slides with Vectashield containing DAPI. Images

were acquired at different magnification using a fluorescence microscope (Olympus BX60).



Quantification of the length of cellular processes using S100 staining and the cell spreading

expressed as cell area using Vinculin staining was performed with ImageJ software.

Results and Discussion

Comparison of the functionalised films requires characterisation of the substrate. Analysis
of the untreated PCL film (Figure 3, top row) shows an elemental composition close to that
expected from its known bulk compositiongfzoO,, Table 1). A carbon content slightly
higher than expected arises from adventitious hydrocarbon contamination that is ubiquitous
in any laboratory environment and a known feature of surface analysis of organic
materiald® PCL is solely comprised of carbon and oxygen, and the carbon 1s (C 1s)
emission spectrum of PCL wasttéd with four peaks corresponding to increasingly
electronegative chemical environmeli#§ These are (i) aliphatic-& at 285 eV, (ii) carbon
neighbouring ester groups-COO at 285.3 eV, (iii) €O species at 286.5 eV, and (iv) ester
groups O=CO0 at 289.0 eV (Figure 3, Table 2; note that the underlined element is the moiety
responsible for the observed emission feature). Two photoemission peaks are observed in the
O 1s spectrum, reflecting the different electron density in the two ester oxygen environments,
O=C-0 at 532.1 eV and O=@ at 533.5e V (Figure 3, Tabl¢.2

Aminolysis of PCL with either hexamethylenediamine (HMD) or 2-chloroethylamine
(CEA) through nucleophilic substitution at the ester bonds leads to formation of an amide
bond (PCL-HMD or PCL-CEA, Figure 2 step I). The resulting chemical modification of the
surface is observed by XPS through alteration in the elemental composition (Table 1), which
becomes evident through the additional carbon and nitrogen photoemission features (Table
2). The nitrogen 1s photoemission signal around 400 eV is characteristic of an amide bond
(Table 2)*® Broadening to low binding energy (~399 eV) occurs from the amine nitrogen of
the free-end of HMD, while the covalently bound chlorine at the free end of PCL-CEA gives
rise to a characteristic Cl 2p spin-orbit doublet at 200.2 and 202.0 eV (Figiteré)subtle
indicators of surface functionalisation are also evident in the C 1s photoemission (JTable 2
with slight increases in intensity around 288 eV stemming from the amide groups and at
286.6 eV from the_EN/C-OH contributions, along with a corresponding decrease in
intensity arising from the ester groups of the substrate. No significant changes are observed in
the O 1s signal. This is expected since every HMD or CEA attachment leads to the hydrolysis
of an ester group according to:

0=C-O0 — O=C-N + C-OH



and chemical shifts from oxygen moieties irC<O or X-C=0, with different substituents
X, are generally too close to be resolved.

The relative elemental composition for PCL-HMD indicates approximately 0.8 nitrogen
atomic % present on the polymer film (Table 1). Removing contributions from some
unreacted CEA hydrochloride (NH CI") signals for the PCL-CEA film leads to ~1 nitrogen
atomic %.

Functionalisation with the RGD peptide using the CDI method leads to further chemica
modification of the surface through reaction of the amine nitrogen of PCL-HMD with the
carboxylic acid of the aspartic acid terminus of RGD to form an amide bond (Figure 3
middle row). A significant increase in nitrogen results from attachment of the peptide (Table
1), with increased intensity at 400.1 eV (Figure 3) representative of the additional amide
peptide linkages and the arginine side-cH&inyhile the slight asymmetry to highs Balues
reflects the presence of NHat the free arginine N-terminus (Table!™).! Increased
intensity is also observed for amide-specific binding energies in the Cls and Ols spectra
(Figure 3) compared to PCL, along with the presence-® @xd COO from the peptide.

This is particularly noticeabli@ the oxygen spectra (Figurg 3

Because nitrogen is not present in PCL, the relative atomic % of N found with XPS for the
RGD-functionalised film from the CDI method (2.5 %, Table 1) was used to estimate the
number of peptide moieties attached per PCL monomer unit, and thereby the surface
coverage. As both HMD and RGD contain nitrogen, the level of HMD attachment needs to
be determined first, and the XPS elemental composition for PCL-HMD (Table 1) corresponds
to 4.1 HMD molecules per 100 PCL monomer units. The experimental O:N ratio of 8.4:1 for
the peptide-modified surface, PCL-HMD-RGD (Table 1), is then compared to the O:N ratio
of 6.7:1 that would occur if every PCL-HMD amine reacted with RGD. Accounting for the
number of oxygen and nitrogen atoms in PCL-HMDQGeN6O,) and -RGD (GzH15NgOs)
units, this corresponds to 2.9+0.6 covalently bound RGD moieties per 100 PCL monomer
units, or 71 % of HMD amines reacwith RGD (Table 3).

Attachment of the RGDSC peptide with the thiol-halogelick” method also leads to
chemical modification of the aminolysed surface. The method of attachment is more directed
through the use of selective nucleophilic substitution of the chlorine of PCL-CEA with the
thiol sulphur of the cysteine residue of RGDSC (Figure 2), providing additional chemical
indicators of reaction progress in the form of S presence and loss of Cl (Figure 4, Table 1).

As with the CDI method, a significant increase in nitrogen along with alteration in carbon and



oxygen resulted from attachment of the peptide (Tables 1)afith@S 2p spin-orbit doublet
around 164.1 eV (Figure 4, Table 2) arises from the thiol sulphur linkage at the cysteine
residue of RGDSC (Figure 1), while the absence of a chlorine signal indicates no dnreacte
CEA residues on PCL within the sensitivity of detection (0.1 atomic %, 1 ppth). The
improvement in selectivity for the thibklogen ‘click” method over CDI is confirmed by the
complete loss of Cl signal with functionalisation (Table 1).

From the relative atomic % of nitrogen (2.0%, Table 1) and assuming one RGDSC
molecule reacts at each chlorine terminus of PCL-CEA (suggested by the complete loss of
chlorine signal with functionalisation) we obtain an experimental O:N ratio of 11.7:1 (Table
3) compared to the O:N ratio of 1.2:1 that would occur if every PCL ester group (monomer
unit) was functionalised. Accounting for the number of oxygen and nitrogen atoms in PCL (-
CeH1002-) and -CEA-RGDSC (&H31NgOgS) units, this corresponds to an estimate of
2.1+£0.4 covalently bound RGDSC moieties per 100 PCL monomer units (~2 % cqverage
Table 3). As sulphur is specific to the peptide, the O:S ratio (Table 1) could be used to
independently estimate the coverage of the functionalised film: this results in 2.9£1.0
RGDSC per 100 PCL monomer units, in good agreement with the estimate from the O:N
ratio.

The changes in surface chemistry monitored by XPS indicate successful aminolysi
followed by peptide attachment, with an estimate of 2-3 % peptide immobilisation for the
CDI and thiol methods. This correlates well with the improvement in Schwann cell responses
for the functionalised PCL films, with enhanced responses for the peptide-immobilised films
(detailed investigation into cell-material interactions reporteH%nwhere the positive cell
response was attributed to the modified surface chemistry as no remarkable changes in
surface topography and hydrophilicity were observed for the surface-modified PC). films
Both methods reswdd in increased cell attachment, proliferation and lengthened Schwann
cells relative to untreated PCL films, with incorporation of the peptides triggering focal
adhesion plaques (as defined by Vinculin staining, Fighfe!5The innovative thiol method
showed good comparison with the more conventional CDI method, with a slightly higher
number of focal adhesion plaques and larger cell area (195358.71um? and 1609.9&
123.04um2 for the thiol and CDI methods respectively), leading to some stabilisation of cell
attachment and proliferation rate over tiffeThe enhanced selectivity and reactivity for the

thiol-halogen ‘click” method, along with the good cell response akin to that observed for the



widely used CDI chemistry methdd! demonstrates its potential for use in peripheral nerve

repair.

Conclusions

XPS provides a powerful way to monitor the chemical modification of the polymer surface
with peptide functionalisation, with sufficient chemical and elemental sensitivity to detect
molecular species that cover only a small percentage of the organic substrate. For
immobilisation of the RGD peptide sequence via CDI or thadbbgen ‘click’ chemistry, the
nitrogen signal acts as an elemental indicator for successful attachment, along with more
subtle effects in the carbon and oxygen spectra. Comparison of the XPS elemental
concentrations indicates an estimate of 2-3 % peptide functionalisation on the PCL surface,
accounting for the improvement in cell response observed after peptide immobilisation. The
thiol-halogen ‘click’ surface chemistry approach to anchoring RGD peptides on PCL is more
selective, reflected in the complé@é S reaction indicated by XPS, eliciting an enhanced cell
response and making it suitable for development as a biomimetic scaffold for peripheral

nerve repair.
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Table 1: Relative elemental concentrations of the PCL films from XPS (atoramd%atios) and that
expected for stoichiometric PCL.

C 0] N Cl S C/O O/N 0O/S
PCL expected 75.0 25.0 / / / 3.0 / /
PCL 77.7 22.3 / / / 3.49 / /
PCL-HMD 78.9 20.3 0.8 / / 3.89 25.38 /
PCL-HMD-RGD  76.4 21.1 2.5 / / 3.62 8.44 /
PCL-CEA 79.9 18.1 1.0 1.0 / 441 18.10 /
PCL-CEA-RGDSC 74.3 234 2.0 / 0.3 3.18 11.70 78.00

Table 2: XPS Chemical shifts and assignments of the untreated and treated PCL films.

PCL PCL-HMD  PCL-HMD-RGD PCL-CEA PCL-CEA-RGDSC

Cc-C 285.0 285.0 285.0 285.0 285.0
C-COO 285.3 285.4 285.4 285.4 285.4
C-N / 286.6 286.6 286.6 286.6
C-0 286.5 286.6 286.6 286.6 286.6
0=C-N / 287.9 287.9 287.8 287.8
COO™ / / 289.0 / 289.1
0=C-0 289.0 289.0 289.0 289.1 289.1
C-N / ~399 / / /
0=C-N / 400.1 400.1 399.9 400.1
NH; / / 400.1 / 400.1
H2N+’I'\ H
C-NH;" / / 401.7 401.7 401.7
COO / / 532.1 / 531.0
O=C-0 532.1 532.1 532.1 532.1 532.0
0O=C-N / 532.1 532.1 532.1 532.0
c-0 / 533.5 533.4 533.5 533.4
0=C-0 533.5 533.5 533.4 533.5 533.4
C—Clan. 1) / / / 200.2, 202.0 /
Cl 6o 1) / / / 197.8,199.3 /

C-S—Cpn1n / / / / 163.6, 164.9




Table 3: Comparison of peptide-attachment methods.

M ethod XPS % Peptide surface
O/Nratio reaction coverage

CDI 8.44 71.3 2.9+0.6%

(PCL-HMD-RGD)

Thiol 11.7 ~100 21104 %

(PCL-CEA-RGDSC t02.9+1.0%




PCL Conduit

Figure 1: Artificial conduit for peripheral nerve repair.
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Figure 2: Functionalisation of PCL film with RGD peptides through (left, grey) CDI
chemistry and (right) thiokalogen ‘click’ chemistry. Step | for both methods involves
aminolysis (reaction of amine of HMD/CEA with ester bond of PCL to form an amide link).
Step Il involves immobilisation of the peptide. For the CDI method, this involves linking the
aspartic acid carboxylic acid terminus of the RGD peptide with the amine of HMD (requiring
activation of the carboxylic acid with a diimide to facilitate the reactiom, leading to the
potential for further undesired side-reactioh)The thiolhalogen ‘click” method involves

selective nucleophilic substitution of the chlorine atom of CEA with sulphur of the cysteine



residue of RGDSC (using an oxygen scavenger to avoid the formation of disulfide bonds

during functionalisation

Binding Energy (eV)

Figure 3: XPS elemental survey, N 1s, O 1s, and C1ls spectra fpruftvpated PCL,
(middle) PCL after peptide functionalisation by CDI chemistry (step II, PCL-HMD-RGD),
and (bottom) PCL after peptide functionalisation by thiol chemistry (step 1l, PCL-CEA-
RGDSCO). There is some slight degradation/X-ray damage visible towards low binding energy
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Figure 4. XPS Cl and S indicators of reaction progress in thelthliegen‘click’ method:
(left) CI 2p spectrum for step | (aminolysis to give PCL-CEA) and (right) S 2p spectrum for
step Il (peptide immobilisation to give PCL-CEA-RGDSC).
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Thiol
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Figure 5 Schwann cells on untreated PCL and peptide-immobilised films (RGD from CDI
method and RGDSC from thiol method), stained with Vinculin (red), phalloidin (green), and
DAPI (blue)*® Left column: merged images. Right column: Vinculin staining in grey scale.
100x magnification. [Colour figure available online.]



