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Peptide-coated surfaces are widely employed in biomaterial design, but quantifiable

correlation between surface composition and biological response is challenging due

to, for example, instrumental limitations, a lack of suitable model surfaces or limita-

tions in quantitatively correlating data from different surface analytical techniques.

Here, we first establish a reference material that allows control over amino acid con-

tent. Reversible addition-fragmentation chain-transfer (RAFT) polymerisation is used

to prepare a copolymer containing alkyne and furan units with well-defined chain

length and composition. Huisgen Cu(I)-catalysed azide-alkyne cycloaddition reaction

is used to attach the model azido-polyethyleneglycol-amide-modified pentafluoro-L-

phenylalanine to the polymer. Different compositional ratios of the polymer provide

a surface with varying amino acid content that is analysed by X-ray photoelectron

spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS).

Nitrogen-related signals are compared with fluorine signals from both techniques.

Fluorine and nitrogen signals from both techniques are found to be related to the

copolymer compositions, but the homopolymer data deviate from this trend. The

approach is then translated to a heparin-binding peptide that supports cell adhesion.

Human embryonic stem cells cultured on copolymer surfaces presenting different

amounts of heparin-binding peptide show strong cell growth while maintaining

pluripotency after 72 h of culture. The early cell adhesion at 24 h can be correlated

to the logarithm of the normalised CH4N
+ ion intensity from ToF-SIMS data, which

is established as a suitable and generalisable marker ion for amino acids and peptides.

This work contributes to the ability to use ToF-SIMS in a more quantitative manner

for the analysis of amino acid and peptide surfaces.
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1 | INTRODUCTION

Controlling cell response by modification of the physicochemical

properties of the cellular environment is an attractive prospect in stem

cell research as it provides the means to control stem cell fate

(e.g., proliferation and differentiation). A cells' phenotypic response to

its environment may initiate the expression of specific genes1 or sig-

nalling pathways2,3 that influence cell response. For example, osteo-

genesis and adipogenesis may be promoted in human embryonic stem

cell (hESC) cultures by phosphate and t-butyl containing surfaces.4

Understanding and controlling such cell–material interactions remains

an active research area that requires improvement both in terms of

biomaterial design and surface characterisation.

Bioactive materials harvested from native extracellular matrix

such as laminin, fibrin and collagen are frequently used for cell-matrix

studies as they are highly cell adhesive5; however, these types of nat-

urally derived biomimetic materials (e.g., Matrigel6) suffer from non-

negligible batch-to-batch variations in chemical composition and

mechanical properties. Peptide sequences (e.g., RGD7, IKVAV8 and

heparin-binding peptide [HBP]9) are frequently used in synthetic bio-

mimetic materials to mimic a specific function in a controlled manner

such as cell attachment to surfaces10 or self-renewal of cells.11

HBPs possess the ability to bind heparin and other sulphated gly-

cosaminoglycans within the extracellular matrix. They have been used

on surfaces to bind and release cytokines and growth factors for

wound healing,9,12 and they have been shown to support long-term

hESC expansion.13 A systematic study that relates cell adhesion to

quantitative surface analysis data that parametrise the amount of

HBP on the surface has not yet been reported.

Quantitative surface analysis of peptide-coated surfaces is chal-

lenging, in part due to the compositional variability often inherent in

biomaterial surfaces, and in parts due to the lack of well-defined

model systems to provide a reference for analysis. Often, full surface

coverage with the amino acid or peptide is not required or

achieved14,15 as submonolayer coverage down to 2% can be sufficient

to modulate cell response.16 These low amounts impose additional

challenges on surface analysis methods as they require techniques

with sufficiently high sensitivity and low detection limits. It is not

uncommon in literature that successful surface modification is

inferred mainly based on an observed effect on cell response to the

material rather than a direct measurement.

A combination of surface analytical techniques is typically

employed for the analysis of peptides on surfaces to complement the

strengths and weaknesses of individual techniques. The quantitative

nature and low surface penetration of X-ray photoelectron spectros-

copy (XPS) and—in some instances—high sensitivity of time-of-flight

secondary ion mass spectrometry (ToF-SIMS) make these two tech-

niques a frequent choice for combined biomaterial surface analy-

sis.15,17 Other techniques such as infrared18 and surface-enhanced

Raman spectroscopy19 have also been explored, either alone or in

combination with XPS or ToF-SIMS.

XPS is able to provide quantitative information on the relative

amount of amino acids or, in some cases, peptides present on the

surface. The elements or chemical functionalities of interest must,

however, be clearly resolved from the underlying material surface, not

overlap with each other and be present in sufficient amounts to be

detected (typical XPS detection limits are 1 to 0.1 at%, but can be bet-

ter than 0.01 at% for elements with high photoionisation cross sec-

tions in a light-element matrix, e.g., fluorine in organic materials20).

Using powder samples of the amino acids Gly, Asp, Glu, His and Arg

as references and the peptide sequences RGD, RGDS and RGDSC as

model samples, Stevens et al showed that both qualitative and quanti-

tative measurement of the amount and composition of peptide

sequences is possible by XPS if the amino acids are sufficiently dis-

tinct from each other.21 Although this represents a significant advance

in the data that can be extracted from XPS spectra of peptide sur-

faces, the approach is not universal for all amino acids. It requires cor-

rection for organic contaminants present on the surface and relies on

sufficient signal strength from the amino acids and the ability to

resolve and distinguish signal contributions from the substrate and

the peptide that will be more difficult to achieve on small amounts of

surface bound peptides than on powder samples.

ToF-SIMS has proven to be well suited to detect low amounts of

amino acids or peptides on surfaces. Low surface amounts (sub-

monolayer coverage) of single amino acids (e.g., Phe, Gly and Leu22)

and peptides such as RGD,23,24 RGDS25 and phosphorylated RGDS25

were detectable by ToF-SIMS and with the recent development of

MS–MS capabilities for SIMS, proteins can also be identified.26

Increasingly sophisticated tools such as machine learning algorithms27

emerge to aid qualitative SIMS data interpretation and identification

of amino acids and peptides. Due to the matrix effect, that is, the

dependence of secondary ion intensities on the presence of other

materials in the sample ion intensities derived from ToF-SIMS are

generally not considered quantitative.28 In some circumstances, it is

possible to use ToF-SIMS data quantitatively with the help of a cor-

rection parameter that can be determined from samples for which the

matrix effect is well understood to and accounts for the magnitude

and sign of the matrix effect on a specific ion.29

Attempts were made in the past to connect XPS data with ToF-

SIMS data to enable more reliable quantification via ToF-SIMS, for

example, to determine the relationship between thiol solution and

surface layer composition in the formation of mixed self-assembled

monolayers30 or to interrogate the internal chemical distribution of

submicron polymer-based particles.31 In a study that compares

selected ion intensity ratios from ToF-SIMS with the O/C ratio or the

%COOH obtained from oxidise polyethylene, no conclusive correla-

tions between XPS and ToF-SIMS data were found.32 In contrast, cali-

bration of principal components analysis (PCA) results from ToF-SIMS

with the C/O ratio obtained by XPS from a plasma-treated polypro-

pylene samples via partial least square regression showed some prom-

ising correlations.28 Beer et al investigated the performance of XPS,

ToF-SIMS and enzyme-linked immunosorbent assay (ELISA) for the

quantification of amino acid and peptide ligands on a polymer hydro-

gel film and found that ToF-SIMS demonstrates higher sensitivity than

XPS, allowing the use of ToF-SIMS to detect peptides at biologically

relevant, low quantities that are not accessible by XPS.33 The polymer
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system used was an end-chain functionalised three-arm polyether

that was formed into a hydrogel film, in which the amount of peptide

ligand was modulated by varying the relative solution composition of

polymer versus ligand.

In this study, we firstly address the challenge of developing a suit-

able amino acid-containing reference material to study XPS and ToF-

SIMS data correlation. As many polymer-based biomaterials employ

side-chain functionalisation in copolymers, we decided to develop a

random copolymer-based system where ligand functionalisation is not

solution controlled but modulated through the copolymer composi-

tion. Using controlled reversible addition-fragmentation chain-transfer

(RAFT) copolymerisation and copper-catalysed azide-alkyne cycload-

dition (CuAAC) click chemistry, we prepared a model surface that con-

tains the amino acid Fmoc-pentafluoro-L-phenylalanine (pf-F). This

amino acid contains fluorine atoms that are readily identifiable in both

XPS and ToF-SIMS spectra and serve as internal reference of the

model amino acid surface. Secondly, we used this model surface to

investigate if a correlation can be established between the XPS and

ToF-SIMS data from this model sample. Finally, the approach was

translated to a biologically relevant system, an HBP-containing copol-

ymer, to test the existence of quantifiable correlations between sur-

face analysis data (XPS and ToF-SIMS) and cell expansion.

2 | EXPERIMENTAL

2.1 | Materials

3-(Trimethylsilyl)prop-2-yn-1-ol was purchased from Alfa Aesar

(Haverhill, Massachusetts, US); methacryloyl chloride, 2-cyano-

2-propyl dodecyl trithiocarbonate, tetrabutylammonium fluoride

(TBAF), 202-bipyridine, Tin(II) 2-ethylhexanate, CuBr, triethylamine

(TEA), azobisisobutyronitrile (AIBN), 11-azido-3,6,9-trioxaundecan-

amine, N,N,N0 ,N0-tetramethyl-O-(1H-benzotriazol-1-yl)uronium

hexafluorophosphate (HBTU), N,N-diisopropylethylamine (DIPEA) and

furfuryl methacrylate were purchased from Sigma-Aldrich. Fmoc-

pentafluoro-L-phenylalanine and azide-modified HBP were purchased

from Bachem (Bubendorf, CH). Solvents (dichloromethane [DCM],

methanol [MeOH], hexafluoroisopropanol [HFIP], dimethyl sulfoxide

[DMSO] and dimethylformamide [DMF]) were purchased from Fisher

Scientific (Pittsburgh, Pennsylvania, USA).

2.2 | Synthesis and polymer film preparation

2.2.1 | 3-(Trimethylsilyl) propargyl methacrylate (1)

Synthesis of the monomer was carried out according to the litera-

ture.34 To a three-neck 250-ml round bottom flask,

3-(trimethylsilyl)prop-2-yn-1-ol (23.1 ml, 156 mmol), triethylamine

(21.7 ml, 156 mmol) and diethyl ether (75 ml) were added. The

mixture was then cooled down to �20�C before adding

methacryloyl chloride (13.7 ml, 142 mmol) dropwise. The mixture

was left stirring overnight at room temperature. Once the reaction

reached completion, the precipitate was removed by filtration, and

residual solvent was evaporated in vacuo. Purification by flash

chromatography (95:5 petroleum ether: ethyl acetate) resulted in a

colourless oil (23.7 g, 85%).
1H NMR (400 MHz, CDCl3) δ/ppm: 6.12 (m, 1H, C═CH2), 5.57

(m, 1H, C═CH2), 4.71 (s, 2H, O CH2), 1.92 (s, 3H, CH3), 0.13 (s, 9H,

Si CH3).
13C NMR (101 MHz, CDCl3) δ/ppm: 166.67 (1C, O C═O),

135.91 (1C, C COO), 126.48 (1C, C═CH2), 98.32 (1C, CH2 C C),

92.05 (1C, C C Si), 53.11 (1C, O CH2), 18.44 (1C, CH3) and�0.14

(3C, Si CH3).

ToF MS ES+ calculated for C10H16O2Si: 196.03. Found: 197.0

[M + H]+.

2.2.2 | 3-(Trimethylsilyl) propargyl methacrylate-
ran-furfuryl methacrylate (50:50 monomer ratio) (P1)

A Schlenk tube was charged with 1 (500 mg, 2.55 mmol) and

furfuryl methacrylate (424 mg, 2.55 mmol) and dissolved in toluene

(5 ml). AIBN (1.3 mg, 0.008 mmol) and 2-cyano-2-propyl dodecyl

trithiocarbonate (17.6 mg, 0.051 mmol) were then added to the

tube before degassing the solution with argon for 30 min. The

sealed Schlenk tube was then immersed into a preheated oil bath

(70�C) to initiate polymerisation. The reaction was stopped at

7.5 h by exposing the solution to air and immersing the reaction

vessel in ice. Purification was achieved by precipitation into cold

methanol. Conversion (NMR): 82%, 360 mg recovered as a white

powder.
1H NMR (400 MHz, CDCl3) δ/ppm: 7.41 (s, 1H), 6.37 (s, 1H), 6.33

(s, 1H), 4.94 (s, 2H), 4.56 (s, 2H), 1.81 (m, 4H), 0.83 (m, 6H), 0.17 (s,

9H).

Gel permeation chromatography (GPC) (CHCl3 5% TEA): DP

41, Mn: 14.5 kDa, Mw: 19.9 kDa, Mw/Mn 1.37.

2.2.3 | Propargyl methacrylate-ran-furfuryl
methacrylate (50:50 monomer ratio) (P2)

Copolymer P1 (300 mg, 0.97 mmol of the alkyne unit) was added to a

25-ml flask and dissolved in tetrahydrofuran (4 ml). Acetic acid

(0.08 ml, 1.46 mmol) was then added to the mixture. The solution was

degassed with argon for 10 min and cooled to �20�C. One mole of

solution TBAF in THF (1.5 ml, 1.46 mmol) was added dropwise via

syringe and the mixture was stirred at �20�C for 30 min. The reaction

was then allowed to warm up to room temperature and was stirred

overnight. Once complete deprotection was achieved, the copolymer

was purified by precipitation into cold methanol to obtain a white

solid (190 mg), (P2).
1H NMR (400 MHz, CDCl3) δ/ppm: 7.41 (s, 1H), 6.38 (s, 1H), 6.33

(s, 1H), 4.92 (s, 2H), 4.56 (s, 2H), 2.46 (s, 1H), 1.80 (m, 4H), 0.83 (m,

6H).
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GPC (CHCl3 5% TEA): DP 41, Mn: 12.7 kDa, Mw: 16.7 kDa, Mw/

Mn = 1.31.

2.2.4 | (9H-Fluoren-9-yl)methyl (S)-(1-azido-
13-oxo-15-(perfluorophenyl)-3,6,9-trioxa-
12-azapentadecan-14-yl)carbamate (2)

Fmoc-pentafluoro-L-phenylalanine (500 mg, 1.05 mmol) and 11-azido-

3,6,9-trioxaundecan-amine (200 μl, 0.87 mmol) were added to a 50-ml

round bottom flask and dissolved in N,N-dimethylformamide (10 ml).

HBTU (397 mg, 1.05 mmol) and DIPEA (282 mg, 2.18 mmol) were

subsequently added to the flask, and this was left to stir at room tem-

perature overnight. Once the reaction reached completion, the mix-

ture was diluted and extracted with dichloromethane (3 � 25 ml). The

organic phase was then washed with NaHCO3, brine and 1-M HCl

and dried over MgSO4. The subsequent crude product was then con-

centrated in vacuo and purified by column chromatography (99.5:0.5

DCM:MeOH) to obtain a yellow waxy solid (335 mg, 57%).
1H NMR (400 MHz, CDCl3) δ/ppm: 7.76 (d, J = 7.5 Hz, 1H), 7.55

(dd, J = 7.2, 3.8 Hz, 1H), 7.40 (t, J = 7.4 Hz, 1H), 7.35–7.26 (m, 1H),

5.63 (d, J = 8.3 Hz, 1H), 4.45 (dd, J = 13.7, 7.8 Hz, 1H), 4.36 (dt,

J = 25.8, 13.0 Hz, 1H), 4.27 (dd, J = 23.7, 13.2 Hz, 1H), 4.22–4.10 (m,

1H), 3.71–3.60 (m, 5H), 3.58–3.48 (m, 1H), 3.42 (dd, J = 39.0, 4.9 Hz,

2H), 3.35 (dd, J = 18.4, 13.5 Hz, 1H), 3.27 (dd, J = 14.1, 4.5 Hz, 1H),

3.08 (dd, J = 13.8, 8.2 Hz, 1H).
13C NMR (101 MHz, CDCl3) δ/ppm: 299.08, 291.66, 273.20,

270.85, 257.33, 257.30, 256.64, 254.56, 249.54, 200.22, 200.17,

200.04, 199.79, 199.53, 198.92, 196.76, 188.14, 183.56, 180.23,

176.58, 169.06, e168.18, 167.44, 155.87, 129.56.

IR (Neat)/cm�1: 3288, 3039, 2888, 2694, 2655, 2100, 1538,

1521, 1502, 1477, 1446, 1346, 1288, 1263, 1121, 1035, 973, 882,

726.

ToF MS ES + calculated for C32H32F5N5O6: 677.23. Found:

678.20 [M + H]+ and 700.21 [M + Na]+.

2.2.5 | Amino acid-polymer conjugate (P3 pf-F)

Copolymer P2 (138 mg, 0.45 mmol of the alkyne unit) and azide

2 (335 mg, 0.49 mmol) were added to a 50-ml round bottom flask

and dissolved in tetrahydrofuran (10 ml). The solution was

degassed in nitrogen for 20 min, and CuBr (12.9 mg, 0.09 mmol)

and 20 ,2-bipyridine (28.11 mg, 0.18 mmol) were then added to the

mixture under inert conditions. The reaction was stirred until the

alkyne unit was completely converted to a triazole (24 h) and con-

centrated in vacuo. The mixture was then redissolved in a minimal

volume of dichloromethane and precipitated into cold methanol

dropwise. The copolymer was dried in high vacuum at room tem-

perature overnight. A pale yellow solid (P3 pf-F) was recovered

(175 mg).

GPC (CHCl3 5% TEA): DP 41, Mn: 20.2 kDa, Mw: 40.3 kDa, Mw/

Mn = 1.99.

2.2.6 | Synthesis of HBP-polymer conjugate (10%
peptide) click chemistry (P3 (HBP 10%))

Azide-terminated HBP (2) (40 mg, 0.02 mmol) was added to a 50-ml

Schlenk flask and dissolved in dimethylsulfoxide (1.5 ml). Propargyl

methacrylate-ran-furfuryl methacrylate (P2) (22 mg, 0.02 mmol)

(10:90 monomer ratio) was added to the solution, which was

degassed with nitrogen for 20 min while stirring. CuBr (0.5 mg,

0.003 mmol) and tin(II) 2-ethylhexanate (6.9 mg, 0.02 mmol) reducing

agent were subsequently added. The solution was then stirred at

room temperature for 3 days. Purification was carried out by precipi-

tating the reaction crude dropwise onto cold diethyl ether. Residual

copper was removed by redissolving the purified material in DMSO

and passing the solution through a short column of neutral alumina.

Twenty-five milligrammes were obtained as a pale yellow gum.

GPC was not taken due to poor solubility. The compound was

characterised by NMR (Figure S18), and the films were analysed with

XPS and ToF-SIMS.

IR (HFIP)/cm�1: 3309, 3268, 2914, 2160, 1732, 1661, 1601,

1542, 1434, 1285, 1181, 1140, 1070, 957, 845, 678.

2.2.7 | Dip coating

Polymers were dissolved in chloroform or hexafluoroisopropanol

(10 mg/ml) for the single amino acid and HBP, respectively. Glass

cover slips were sonicated subsequently in water, acetone and metha-

nol (15 min each), then dipped in solution using a HO-TH-01 dip coat-

ing unit (Holmarc Optomechatronics PVT. Ltd., Kochi, India).

Retraction speed: 1 mm/s. Dip duration: 1 s. Dry duration: 60 s.

2.3 | Instrumentation

2.3.1 | Nuclear magnetic resonance

Spectra were acquired with a DPX400 UltraShield™ 400-MHz spec-

trometer (Bruker, Billerica, Massachusetts, USA). Spectra were

analysed using MestReNova v14.2.1 software. Polymer conversion

was calculated by monitoring peak integration ratios between a spe-

cific monomer peak and the correspondent polymer peak.

2.3.2 | Gel permeation chromatography

GPC was carried out with a GPC 50 (Polymer Laboratories Ltd.,

Church Stretton, UK) in a system equipped with two Polargel L 5-μm

Mix D columns (Agilent, Santa Clara, California, US) and refractive

index (RI) detector calibrated with Easivial polystyrene standards

(162–371, 100 g/mol) from Polymer Laboratories Ltd., Church

Stretton, UK, using chloroform/triethylamine 95:5 vol/vol as the

mobile phase. For the DMF mobile phase, the system was calibrated

with linear polymethylmethacrylate.
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2.3.3 | Mass spectrometry

Mass spectrometry was carried out using a Micromass LCT KC453

spectrometer and Shimadzu (Kyoto, JP) API 2000 LC/MS/MS with

Phenomex (Torrance, California, USA) Gemini NX 3-μm-110A C18

column. Compounds were dissolved in methanol at

20 mg/ml. Acetonitrile/water 98:2 vol/vol was used as the mobile

phase. Pre-equilibration was run for 1 min at 5% acetonitrile. Follow-

ing this, the mobile phase was ramped to 98% acetonitrile over 2 min.

2.3.4 | Infrared spectroscopy

Infrared analysis was carried out using a Nicolet IR 200 FT-IR (Thermo

Fisher Scientific, Waltham, Massachusetts, USA), using 32 scans at

8-cm�1 resolution. The spectra were analysed with Omnic 8.0©

1992–2008.

2.3.5 | X-ray photoelectron spectroscopy

Surfaces were analysed using a Kratos (Manchester, UK) Axis Ultra

XPS instrument featuring a monochromated Al Kα X-ray source pro-

ducing photons of 1486-eV energy and operated at 75 W. Three wide

scans (step size 1 eV, pass energy 160 eV and dwell time 200 ms) and

three high-resolution scans (step size 100 meV, pass energy 20 eV

and dwell time 500 ms) with two sweeps each were recorded from

each sample using charge neutralisation. Each surface was measured

in duplicates with three repeat measurements per sample for pf-F sur-

faces and at least two repeat measurements per sample for HBP sur-

face. The data were processed with CasaXPS (v2.3.12) using a

previously established transmission function35 and average matrix rel-

ative sensitivity factors. Wide scan and high-resolution C1s spectra

were energy referenced to the F1s signal (688 eV) or, in the absence

of a F1s signal in the sample, the C1s signal (285 eV). Peak fitting was

performed using five components: aromatic carbons (C═C; varied shift

constraints, see Table S2); aliphatic carbons (C C/C H; set at

285 eV); amines and esters (C N/ C O C, varied shift constraints,

see Table S2); fluorinated carbons (C F; no constraints) and carbox-

ylic acids/esters and amides (C(═O)OX/ C(═O)N where X is either H

or C; no constraints). All peaks were fitted using a GL (30) function.

Peak fits carried out on the homopolymers (P3 (pf-F 0%) and P3 (pf-F

100%)) showed that the binding energy shift of aromatic carbons and

amines/esters depended on the polymer composition. Although the

energy separation between the C C/C H and C═C components is

small such that these components would normally be fitted using a

single peak, here we found that use of a single C C/C H/C═C peak

reduces reproducibility of the fitting procedure. Fitting C C/C H

and C═C in separate peaks increased reproducibility and allowed

application of the same fitting parameters and constraints to all poly-

mer surfaces. For the copolymers, the peak position for the C═C and

C N/C O C components was therefore fixed to binding shifts that

were determined by weighting the binding shift contribution using the

binding energy shifts of the homopolymers and the theoretical com-

position of the copolymers. The resulting shifts are reported in

Table S2, and the results of the fitting were tested by plotting the per-

centage of fluorinated carbons (C F) against the percentage of fluo-

rine detected on the wide scans (Figure S7).

2.3.6 | Time-of-flight secondary ion mass
spectrometry

Nineteen millimetres dip-coated polymer cover slips were analysed on

a ToF-SIMS IV time-of-flight instrument by IONTOF (Münster,

Germany) using a Bi3
+ liquid metal ion gun in bunch mode at 25 keV

(approximately 0.3-pA pulsed target current with a total primary ion

dose of 9.2 � 1010 ions/cm2). A flux of low energy electrons (20 eV)

was used for charge compensation. For each condition, three separate

areas were measured on a single sample. Samples used for ToF-SIMS

were different from those used for XPS but prepared in the same

batch. Data processing was done with the commercial IONTOF soft-

ware, SurfaceLab 6. Images were obtained by rastering the primary

ion beam over 200 � 200 μm areas for pf-F samples (512 � 512

pixels) or 1 � 1 mm areas for HBP samples (256 � 256 pixels). Sec-

ondary ion assignments were selected by referring to a reference

database36 of secondary ions related to the components of the mate-

rial analysed.

2.4 | Embryonic stem cell attachment and
expansion

Substrates in 24-well plate format were washed three times with

70% ethanol followed by three sterile PBS washes. Following air

drying, substrates were exposed to mouse embryonic fibroblast

(MEF) conditioned media containing 10% foetal bovine serum and

1% penicillin/streptomycin, for 1 h at 37�C with 5% CO2 prior to

cell seeding. The hESC line HUES7 was cultured on Matrigel

(BD Biosciences, Franklin Lakes, New Jersey, US) substrates in MEF

conditioned media, for no higher than passage 35, prior to seeding

on samples. Passaging of cells was achieved by incubation with

Accutase (Invitrogen, Waltham, Massachusetts, US) for 3 min at

37�C, with tapping of the flasks to dissociate cells. HUES7 cells were

seeded at 100,000 cells per sample and incubated at 37�C with 5%

CO2 for 24 h to allow cell adhesion. Media was exchanged daily for

a period of 72 h to allow cells to expand on substrates. To accu-

rately determine adherent viable cell number at 24- and 72-h time

points, samples were washed gently twice with PBS, then exposed

to the CellTiter-Glo® Luminescent Cell Viability Assay (Promega,

Madison, Wisconsin, US) following the manufacturer's instructions.

Following 72 h of culture on substrates, adherent cells were fixed in

4% paraformaldehyde (Sigma-Aldrich, St. Louis, Missourim, US) and

immunocytochemistry staining performed with OCT4 (SC-5279,

Santa Cruz Biotechnology Inc., Dallas, Texas, US), NANOG (AF1997)

and SOX2 (AF2018) (R&D Systems, Minneapolis, Minnesota, US)
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antibodies to demonstrate maintenance of pluripotency. Three

repeat measurements were taken.

2.5 | Statistical analysis

Trendlines for all data were fitted and the coefficients of correlation,

Pearson's r values and analysis of variance (ANOVA) statistics were

performed with OriginPro 2015 (OriginLab). One-way ANOVA for cell

count results was performed in IBM SPSS Statistics v26 (IBM).

3 | RESULTS AND DISCUSSION

3.1 | Preparation of model polymer surfaces with
defined amino acid content

3.1.1 | Polymer synthesis

To establish ToF-SIMS as a quantitative technique for peptide surface

analysis, XPS data were used as a quantitative reference technique.

Such a comparison and correlation of data from XPS and ToF-SIMS

measurements requires samples that display a large degree of unifor-

mity in their surface composition (i.e., amino acid or peptide density)

both laterally and within the analysis depth probed by both

instruments. We therefore designed a copolymer system that could

(i) be functionalised with both model ligands and biologically relevant

ligands, (ii) display different and controlled degrees of

functionalisation and (iii) allow formation of films thicker than the

analysis depth of XPS. To establish the analytical procedures, we

chose to work with a model amino acid ligand, an azido-PEG-amide-

modified, Fmoc-protected pentafluoro-L-phenylalanine (pf-F), before

translating the procedures to a more biologically relevant ligand, a

HBP with the sequence GKKQRFRHRNRKG (Figure S1).

Copolymer P1 was synthesised from a trimethylsilyl-protected

alkyne containing methacrylate (1) and a furan-modified methacrylate

using RAFT polymerisation (Figure 1).37 The second monomer has

previously been shown to be biocompatible and acts as a filler to con-

trol copolymer composition, whereas the alkyne side group in the first

monomer provides convenient anchor points for further modification

with amino acids or peptides via CuAAC click chemistry after removal

of the protecting group (P2 and P3). The polymerisation kinetics were

determined (Figure S2) and used to calculate the required reaction

time for 80% conversion. Synthesis of the polymers was confirmed by

NMR (Figure 2) and GPC (Figure S3). GPC analysis of copolymer P1

identified isolation of a 19.9-kDa polymer with a low polydispersity

(Ð) of 1.37, indicating that the RAFT polymerisation was successful.

NMR indicated that the trimethylsilyl protecting group (CH3 protons

at 0.13 ppm) remained intact during the polymerisation. Upon

removal of the trimethylsilyl protecting group from P1, the NMR

F IGURE 1 Synthetic route to prepare polymers with well-defined amino acid or peptide content and subsequent fabrication of amino acid or
peptide-containing polymer films. Reaction conditions: (i) 2-cyano-2-propyl dodecyl trithiocarbonate, toluene, AIBN, Ar, 70�C; (ii) acetic acid,
TBAF, THF, Ar, �20�C; (iii) CuBr, 202-bipyridine, THF, Ar

422 TAYLOR ET AL.



spectra showed complete disappearance of the methyl protons and

the appearance of the terminal alkyne proton at 2.48 ppm in P2. The

higher retention time of P2 compared with P1 measured with GPC

indicates a decrease in the molecular weight of the polymer, showing

that deprotection was successful.

To create model amino acid functionalised materials, Fmoc-

pentafluoro-L-phenylalanine was functionalised with a C-terminal

azide-PEG-amide group to provide compound (2). This enabled Cu(I)-

mediated click reaction between pf-F and polymer P2 to yield amino

acid/copolymer conjugates with different degrees of functionalisation

(variations of P3 (pf-F) as shown in Figure 1). The Fmoc-protected

analogue of pentafluoro-L-phenylalanine was chosen because fluorine

is readily distinguishable in XPS and ToF-SIMS via its fluorine atoms

and it is not a typical sample contaminant. The side-chain

functionalisation was accommodated by an increase of the molecular

weight of the polymer (Figure S3). The absence of the azide band at

2186 cm�1 in the IR spectra (Figure S4) suggests that no detectable

unreacted pentafluoro-L-phenylalanine derivative remained in the

material. The complete disappearance of the alkyne proton at 2.5 ppm

in the NMR spectrum (Figure 2) further indicates that all alkyne

groups have been functionalised with pf-F.

To obtain materials containing different, well-controlled

amounts of amino acid, copolymers with varying relative numbers

of alkyne and furan units were prepared. By varying the molar

ratios of 3-(trimethylsilyl)prop-2-yn-1-ol to furfuryl methacrylate

(n : m) monomers in the reaction, copolymers with 0, 1%, 10%,

50% and 100% of the alkyne functionality for coupling of pf-F

were obtained. The relative amount of pf-F side groups in the final

polymers P3 was determined by NMR, using the CH2 signals of

the ester group, which could be clearly distinguished from the

other signals (Figure S5). Theoretical and measured compositions

generally matched very well but showed small deviations (approxi-

mately 1%) for the copolymers containing low amounts of pf-F

(Figure 1).

3.1.2 | Preparation of amino acid-containing
polymer surfaces

The polymers were prepared as films on cleaned glass slides for sur-

face analysis by XPS and ToF-SIMS. Surface profilometry showed that

film thicknesses were uniform and ranged from approximately 0.5–

0.8 μm. Although these measurements were taken under ambient

conditions, the thickness of the films suggests that the polymer films

are likely to persist for the full analysis depth of XPS and ToF-SIMS

under vacuum conditions.

F IGURE 2 1H NMR spectra showing the stepwise side chain modification of the n = m = 41 polymer. Peak labels (a–g) represent protons in
differing chemical environments from P1 to P3 (pf-F 50%), the corresponding structures of which are shown to the right of the spectra. P1–P3
(pf-F 50%) TMS reference peak at 0 ppm is represented by x, as is CH2Cl2 at 5.32, and CHCl3 is shown at 7.26 in P1 and P2. The three spectra
were recorded in CDCl3
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As surface analytical techniques and NMR provide different

information and have different sensitivity and detection limits, we

carried out XPS analysis on films of P1, P2 and P3 (pf-F 50%) to

investigate if any residual signals related to incomplete conversion

could be detected (Figure S6 and Table S1). Deprotection of P1 to

P2 was evident by the drastic decrease of the Si2p signal originating

from the trimethylsilyl group, but traces of Si were still present on

the P2 and P3 films. Although this suggests that either deprotection

was not complete or that some signals from the underlying glass

substrate may be present in the spectra, the total amount of Si in

the final material is very low and can be assumed to have little

effect on the surface analysis. The presence of pf-F in P3 (pf-F

50%) was indicated by the appearance of F1s and N1s signals, which

are uniquely introduced in the sample by the model amino acid

derivative.

As copper salt(s) may be introduced by the click reaction, and its

presence on the films may affect biological responses, removal of cop-

per is essential. No significant amounts of copper were detected by

XPS on any samples, indicating that purification of the polymers was

successful in removing copper ions.

3.2 | Comparison of ToF-SIMS and XPS data from
surfaces with varying amino acid content

XPS and ToF-SIMS were used to obtain qualitative and quantitative

information from the model amino acid films to answer two questions.

Firstly, we investigated how well the expected (theoretical) material

compositions matched the experimental XPS data. Secondly, we

established if the material composition can be quantitatively mea-

sured by ToF-SIMS. For this second objective, we used fluorine as a

unique marker, but we also compared nitrogen-containing signals

from XPS and ToF-SIMS with fluorine signals to determine if

nitrogen-based signals are sufficient to describe the change in amino

acid composition. If this is the case, it would allow us to explore the

use of nitrogen-based signals in peptide systems that do not contain

unique markers.

3.2.1 | Theoretical versus experimental composition
determined by XPS

XPS spectra of the polymer-amino acid conjugate films P3 (pf-F

0–100%) are shown in Figure 3. Carbon (C1s) and oxygen (O1s)

signals originate from both the pf-F side group and the copolymer

backbone and are present in all spectra. Increasing amounts of pf-F in

the film were accompanied by increasing F1s and N1s peak intensities

for a pf-F content up to 50%. For the 100% pf-F sample, both the F1s

and N1s peak intensities decreased below that of the 50% pf-F

sample (Table S1). The amounts of silicon detected were generally

very low and comparable with the levels detected on the control

sample (P2), suggesting that no significant contributions to the spectra

can be expected from the glass substrate.

To further confirm the chemical composition of the films, peak

fitting was carried out on the high-resolution C1s spectra (Figures S6

and 3). Due to the complex and varying composition of the spectra

related to the diverse chemical environments present in the polymer-

amino acid conjugates, a number of chemical environments (amines

and ethers; carboxylic acids, esters, amides and carbamates) could not

readily be distinguished from each other and were combined into sin-

gle fitted peaks. In addition, the fitted components clearly showed the

presence of C F (from pentafluoro-L-phenylalanine) and C═C (from

Fmoc, pentafluoro-L-phenylalanine and furan). As the binding energy

shifts for similar chemical environments are different for the two

monomer units, the peak positions were affected by the copolymer

position, requiring imposition of some constraints that take the vary-

ing composition into account. The constraints used are provided in

Table S2 and were derived based on the chemical shifts observed in

the homopolymers, which were adjusted proportionally based on the

theoretical composition of each copolymer. The resulting relative

amount of each fitted component is provided in Table S3. The good-

ness of fit was tested by plotting the amount of C F obtained from

the component fitting against the relative amount of F1s detected in

the wide scan spectra (Figure S7). The correlation fits a linear

trendline (R2 = 0.984) and has a statistically significant (ANOVA,

p = 0.057) positive association (Pearson's r value = 0.996, Table S15)

between the amount of F from the survey spectra and the amount of

C F from the fitted high-resolution spectra, suggesting that the fitting

parameters are appropriate.

The types of components fitted match the expected chemical

environments very well. A continuous increase in the amount of C F

and C═C bonds was observed when the pf-F content increased from

0 to 100%, except for the P3 (pf-F 100%) where the amount of C F

dropped compared with the P3 (pf-F 50%) sample (Table S3). How-

ever, when compared with the theoretical values, it is apparent that

the relative amount of C F is lower than expected, which matches

the observation of an overall decrease in F1s peak intensity in the sur-

vey spectra.

To determine how the experimental XPS data matches expected

theoretical compositions and understand the unexpected behaviour

of the P3 (pf-F 100%) sample better, N/C, F/C and F/N atomic ratios

were determined both from experimental XPS data and from the the-

oretical (co)polymer compositions (Table S4). The F/N ratio should be

close to 1 for all pf-F containing samples. The average experimental

values deviate slightly from the expected ones, but this can in general

be attributed to measurement errors, in particular for samples where

very low amounts of pf-F are present.

The N/C and F/C ratios can be used as a measure of how well

the experimental data fits the expected polymer composition

(Figure 4). Comparison of the experimental XPS data with the theoret-

ical pf-F content (Figure 4A) suggest an increasing trend for the three

copolymer samples (P3 (pf-F 1%), P3 (pf-F 10%) and P3 (pf-F 50%))

but the homopolymers (P3 (pf-F 0%) and P3 (pf-F 100%)) deviate

from linearity. A similar trend was observed when plotting experimen-

tal and theoretical values for the N/C and F/C rations and the relative

amounts of C F and C═C bonds (Figure S8).
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The percent of pf-F relates to the number of repeat units in the

polymer and is therefore not a direct representation of the amount

of material (pf-F vs. furan) present in sample. This is of particular

importance later on when the mass of the two repeat units (HBP

peptide vs. furan) is even larger than for pf-F and furan (Table S5).

We therefore converted the theoretical and experimental polymer

composition into mass fractions. Details of the mass fraction calcula-

tions from XPS data are shown in the supporting information

(Section 1.2.3), with the values used shown in Table S6, and results

of the calculations are given in Tables S7 and S8. The experimental

and theoretical mass fractions are plotted in Figure 4B. A linear cor-

relation (R2 > 0.994) with a statistically relevant (ANOVA, p < 0.05)

positive association (Pearson's r value > 0.998) between the

experimental and theoretical ratios was observed for all three copol-

ymers from 1%, 10% and 50% pf-F (Table S15). For both ratios, the

slope of the linear regression line is close to 1 (0.97 and 0.82 for

F/C and N/C, respectively). This suggests that both the polymer

composition is likely close to the theoretical composition and that

the XPS data are a suitable predictor of the mass fraction of the

polymer composition. Moreover, the values for the F/C and N/C

data match closely, indicating consistency in the data and that both

ratios are representative of the amino acid content, even though the

F/C ratio outperforms the N/C ratio slightly in terms of matching

the expected and theoretical values.

The data for the homopolymers (0 and 100% pf-F) did not follow

that trend. For the P3 (0% pf-F) sample, the deviation could be

F IGURE 3 Wide scan (middle) and C1s high-resolution (right) XPS spectra of P3 (pf-F) containing varying amounts of pf-F, showing the
change in elemental composition and chemical functionalities of the polymer surfaces with changing polymer composition
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explained by the low amount of pf-F present, which may limit the

accuracy of the XPS analysis. The significantly lower ratios measured

for the P3 (100% pf-F) sample suggest that considerably less pf-F was

present in the analysed sample volume than expected. The conversion

of the alkyne side groups to azides and hence attachment of pf-F was

confirmed by 1H NMR. However, even though the conversion

appeared complete by NMR, the sensitivity of this technique is con-

siderably smaller than that of XPS, and XPS is, therefore, more likely

to be affected by incomplete functionalisation. This is particularly true

for the homopolymer, as it has been shown before that steric hin-

drance can prevent full functionalisation of polymer side chains.38

3.2.2 | Linearity and correlation of ToF-SIMS
secondary ion intensities with amino acid content

Reliable correlation of ToF-SIMS data with the amount of amino acid

or peptide on a surface requires establishment of a predictive relation-

ship between ToF-SIMS secondary ion intensities and the amount of

analyte on the surface. Therefore, marker secondary ion intensities

from ToF-SIMS for the amino acid and furan components were identi-

fied to explore their relationship with the elemental composition

derived from XPS data and determine if a linear relationship can be

established.

ToF-SIMS spectra for negative and positive polarities of the P3

(pf-F) copolymers are shown in Figures S9 and S10 and allowed

identification of ions indicative of the pf-F and furan units in the

polymers (Table S9). The pf-F unit has characteristic ions for

pentafluoro-L-phenylalanine (F�, C6F5
�), Fmoc (C14H10

+), the short

ethylene glycol linker (C2H5O
+) and the nitrogen-containing func-

tionalities (CN�, CNO� and CH4N
+), whereas the furan ring gives

two distinct secondary ions (C4H3O
� and C5H5O

+). The intensity

of these ions is shown in more detail in Figures S11 and S12.

Images generated from these ions showed uniform chemical distri-

bution (Figures S13 and S14). In this data, it is noticeable that the

P3 (pf-F 0%) sample contains considerable amounts of sodium,

whereas the intensity of the other ions is significantly decreased

compared with the copolymer samples. It is possible that this is

caused by the difference in the synthetic procedure, as tri-

methylsilyl deprotection and CuAAC click chemistry were not car-

ried out on this sample.

The normalised intensity of all identified marker ions is plotted

against the pf-F content of the sample in Figure S15; a representative

selection is shown in Figure 5A. The most robust secondary ion for

the monitoring of different pf-F concentration in the polymer films

with ToF-SIMS is F�, as its intensity is relatively strong and increases

continuously with pf-F content, and the standard deviations for the

data points are small.

Although F� is a unique marker ion for the model amino acid

pf-F, it is not a suitable universal marker ion for peptides. In con-

trast, nitrogen-containing fragments generated in ToF-SIMS spectra

(CN�, CNO� and CH4N
+) are rather generic but can be detected in

all peptides. To investigate how suitable these three nitrogen-

containing ions are to follow different amounts of peptide on a sur-

face by ToF-SIMS, the F/N ratio (determined by XPS) and the ratio

of the F� ion over each of the three nitrogen-related ions (deter-

mined by ToF-SIMS) were plotted against the pf-F content of the

samples (Figure S16). These ratios are expected to be independent

of the polymer composition, as they only use signals present in pf-F.

They can therefore be used as an indicator of how well these

nitrogen-containing ions relate to the amount of amino acids/

peptides present on the surface. The F/N ratio (XPS) was already

F IGURE 4 Correlation between experimental XPS data and
theoretical composition of P3 (pf-F) films. (A) F/C and N/C ratios
(determined by XPS) as a function of theoretical pf-F content in the
polymer films. (B) Mass fraction of pf-F determined from either the
F/C or the N/C ratios obtained by XPS and their correlation with the
theoretical mass fractions of pf-F. Lines represent linear fits for the
data points of the copolymer samples only. Homopolymer samples
(0 and 100% pf-F) were excluded from the line fit as they showed
behaviour that significantly deviated from that of the copolymers,
likely due to the difference in the material synthesis and composition.
Errors (included but very small in value) are standard deviations from
repeat measurements (n = 6). XPS, X-ray photoelectron spectroscopy
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discussed above and shows matching values for polymers with a

pf-F content equal or higher than 1% when allowing for the experi-

mental error of the P3 (pf-F 1%) sample (Figure S16A). The F�/CN�

and F�/CNO� ratios increase when the pf-F content increases up to

50%, but then drops for the P3 (pf-F 100%) sample (Figure S16B).

Assuming the F� ion intensity to be a robust indicator of pf-F con-

tent, this indicates that the CN� and CNO� ion intensities are either

not solely dependent on pf-F concentration or that they display a

different matrix effect character compared with the fluoride ion. In

contrast, the F�/CH4N
+ ion ratio is, within experimental error, con-

stant for all pf-F-containing polymers. CH4N
+ was therefore selected

in addition to F� for further analysis as a more general marker ion

for peptides. As a marker for the furan unit, the C4H3O
� ion was

chosen over the C2H5O
+ ion for subsequent data analysis because it

displayed less variability (highest standard deviations are 9% and

22% for C4H3O
� and C2H5O

+, respectively).

Normalised secondary ion intensities for pf-F (F�, CH4N
+) and

furan (C4H3O
�) associated ions are plotted in Figure 5A. The

normalised intensities of F� (amino acid) increases constantly while

that of CH4N
+ (amino acid) drops from P3 (pf-F 0%) to P3 (pf-F 1%)

but then increase continuously with increasing pf-F content.

Normalised C4H3O
� ion intensities also follow the expected trend of

continuous decrease with increasing pf-F content, with the exception

of the P3 (pf-F 0%) sample, that has considerably lower C4H3O
� ion

intensities than the P3 (pf-F 1%) sample.

To relate ToF-SIMS secondary ion intensities with the amount

of amino acid on the surface, the ratio of the normalised marker ion

intensities was plotted in Figure 5B against the mass fraction of pf-F

determined by either using the N/C or the F/C ratio measured by

XPS (Section 1.2.3 and Tables S7 and S8). The homopolymer sam-

ples display deviating behaviour from the copolymer samples in line

with the observations made for the XPS data. Linear regressions for

the copolymer datasets were generated both for nonlogarithmic and

logarithmic plots; using the coefficient of determination (R2 value,

Table S15), it was found that the F� and CH4N
+ ions (amino acid

markers) produce the strongest correlation with the experimental

mass fraction of pf-F in a log–log plot (Figure 5B) while the C4H3O
�

and C5H5O
+ ions (furan markers) produce a better fit to a power

law if the normalised secondary ion intensity is plotted on a log

scale (Figure S17).

These linear relationships between the logarithm of normalised

secondary ion intensities from ToF-SIMS and the logarithm of the

mass fraction of pf-F determined from XPS data is strongest for the

F� versus F/C data pair and weakest for the CH4N
+ versus N/C data

pair (Table S15). The stronger association when fluorine-related data

(plots involving F� or F/C values) are used is likely due to the

decreased likelihood of contamination or interference from other spe-

cies with fluorine-related signals. Even though the correlation

between nitrogen-based XPS and ToF-SIMS (CH4N
+ and N/C related)

data is statistically slightly weaker than that of fluorine based datasets,

the parameters of the regression line, particularly the slope (b), are

very similar, suggesting that signals from either fluorine or nitrogen

components can be used for the XPS/ToF-SIMS correlation with simi-

lar accuracy. Hence, even if the nitrogen related data displays reduced

precision, the data in Figure 5 and Table S15 supports its use as a

marker for amino acids and peptide surfaces that can be more generi-

cally applied than the more specific but artificially introduced fluorine

marker.

F IGURE 5 Intensities of marker ions for pf-F determined by ToF-
SIMS and their relation to the polymer film composition.
(A) Normalised (to total ion counts) ion intensities of species
associated with pf-F (F�, CH4N

+) and furan (C4H3O
�, C5H5O

+) for P3
with various pf-F content. (B) Log–log plot of normalised ToF-SIMS
ion intensities representative for pf-F (F� and CH4N

+) against the
mass fraction of pf-F as determined by XPS from either the F/C or the
N/C ratio. Lines represent linear fits for the data points of the three
copolymer samples only. Errors are standard deviations from repeat
measurements (XPS: n = 6; ToF-SIMS: n = 3). ToF-SIMS, time-of-
flight secondary ion mass spectrometry; XPS, X-ray photoelectron
spectroscopy
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3.3 | Correlation of HBP content with cell
response

The first part of this work provides a platform to establish quantitative

SIMS measurements of defined amounts of a model amino acid on

polymer films. Applying this technique towards more biologically rele-

vant materials such as peptides allowed us to develop a polymer plat-

form that compares cellular response with quantitative chemical

composition, measured before cells are cultured on the surfaces. Our

choice to prepare HBP-polymer films was due to the participation of

this class of peptides in cell–cell adhesion and cell-matrix interac-

tions.13 We hypothesised that polymer films with varying HBP con-

tent would result in differences in the adhesion of hESCs that can be

quantitatively described by correlation of XPS and ToF-SIMS data of

the surface acquired before cell culture to explore the ability to use

ToF-SIMS data for quantitative correlation in biology.

3.3.1 | Preparation of HBP-containing polymers

To prepare HBP-containing polymers, the same alkyne and furan con-

taining copoylmers designed for the previous pf-F study (P2) were

used and functionalised with an azide containing HBP (Figure S1).

As the response of hESCs has previously been shown to be

enhanced by small quantities of surface bound peptides,13 polymers

in which HBP makes up 1%, 5% or 10% of the side chains were pre-

pared. Homopolymers were not included in this study as the pf-F

study showed that the homopolymers deviate significantly from the

linear correlations observed for the copolymers.

The HBP-containing copoylmers were analysed by NMR

(Figure S18). The 1H NMR showed an increase of peptide-binding

domain signals from 1% to 10% HBP and a decrease of the furan

associated peak. Due to the complexity of the HBP spectrum and the

overlay of HBP signals with most of the copolymer signals, no further

analysis of the NMR data was undertaken.

3.3.2 | XPS analysis of HBP-containing polymer
films

XPS spectra of the P3 (HBP) samples showed the presence of carbon,

oxygen and nitrogen, but also strong signals for fluorine (Figure S19

and Table S10). As neither the HBP peptide nor the polymer contains

fluorine, the most likely reason for the presence of fluorine is residual

trifluoroacetic acid, which was used in the synthesis of HBP to

remove the side chain protection groups and subsequently be present

as the counter anion to the basic amino acid residues in HBP.

Following the increase in the number of nitrogen present with

increasing amount of HBP in the polymer, the relative amount of

nitrogen measured by XPS increased from P3 (HBP 1%) to P3 (HBP

10%) (Table S10). This indicates that the HBP modification was suc-

cessful and that the samples indeed display increasing amounts

of HBP.

The theoretical and experimental N/C ratio was computed

(Table S11) and plotted against each other in Figure S20. The experi-

mental values show very high correlation (Pearson's r value = 0.999)

with high statistical significance (ANOVA, p value = 0.009)

(Table S15); however, compared with the correlation obtained from

the P3 (pf-F) samples (Figure S8), the slope of the correlation for the

P3 (HBP) samples is considerably smaller further away from unity.

This could mean that for the P3 (HBP) samples, the experimental N/C

ratio underestimates the amount of peptide present. Alternatively, it

is possible that functionalisation of the polymer via the CuAAC reac-

tion was not quantitative. Incomplete conversion would be difficult to

detect due to the small amount of alkyne present in the polymer, mak-

ing it challenging to quantitatively measure conversion via NMR. The

larger size of HBP compared with pf-F may further contribute to a

reduced conversion for HBP. Given the very good correlation found

between theoretical and experimental N/C values, incomplete conver-

sion is the more likely factor responsible for the deviation between

the values. This, in turn, makes it imperative to undertake further cor-

relations related to HBP content using experimental values rather

than theoretical ones.

3.3.3 | ToF-SIMS analysis of HBP containing
polymer films

ToF-SIMS analysis of the three HBP-containing copolymers focused

on the two marker ions identified from the P3 (pf-F) analysis: CH4N
+

for the amino acids and C5H5O
+ for furan. The ToF-SIMS spectra are

shown in Figure S21, showing the presence of both CH4N
+ and

C5H5O
+ ions. These ions are uniformly distributed across the surface

(Figure S22A) except for C5H5O
+ on P3 HBP 10% that showed micro-

scale structuring. Areas of low intensity in these images correspond to

areas of high intensity of Na+ and K+ (Figure S23), indicating that salt

formation, possibly originating from salts introduced through the

higher HBP peptide content, is a likely cause for these structures. The

CH4N
+ ion increases with increasing HBP content but the C5H5O

+

ion does not show a trend that follows the HBP content

(Figures S22B and S24).

Following the identification of the logarithm of the mass fraction

and secondary ion intensities as suitable means to explore linear cor-

relations between ToF-SIMS and XPS data in the previous section,

log–log plots of the normalised CH4N
+ and C5H5O

+ ion intensities

and the mass fraction of HBP determined using the N/C ratio were

generated. The calculations are detailed in Section 2.2.4 in the

supporting information, the data used are provided in Table S12,

results of the calculations are given in Table S13 and the final plot is

shown in Figure S25. Although a linear trendline with acceptable fit

(R2 > 0.85) and high correlation (Pearson's r value > 0.96) can be

placed through the data, the correlation is not statistically significant

(ANOVA, p > 0.1) (Table S15). A likely reason for this is the higher var-

iability of the nitrogen related datasets (N/C ratio and CH4N
+). Partic-

ularly, the N/C ratio and the associated mass fraction for P3 (HBP)

samples display larger errors and variability. In contrast, the ToF-SIMS
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secondary ion data show considerably smaller errors, suggesting that

ToF-SIMS data could be more suitable for quantitative analysis in this

particular case.

3.3.4 | hESC culture on HBP containing polymer
surface

hESCs were cultured on the P3 (HBP) samples to investigate the

response of these cells to different amounts of HBP on the surface,

using Matrigel as a reference sample. Matrigel is widely used as a

cell support. It contains laminin, entactin and other structural pro-

teins that provide cell support through a variety of adhesive peptide

sequences; however, the heterogeneous nature of the material

makes it challenging to isolate the effect of any particular compo-

nent and can lead to batch-to-batch variability and variable cell

response. The P3 (HBP) polymer system used here is therefore not

only interesting as a model system for surface analysis but also pro-

vides a means to study the role of a single peptide sequence on cell

response.

hESCs were cultured on the samples and cell counts were per-

formed after 24 and 72 h (Figure 6 and Table S14). Cell numbers were

statistically different between all samples at both timepoints, except

for the P3 (HBP 1%) and P3 (HBP 5%) samples, for which the differ-

ence was not statistically significant.

The hESCs densely populate the Matrigel surface as well as the

P3 (HBP 5%) and P3 (HBP 10%) samples (Figure 6A). On the P3 (HBP

1%) sample, coverage after 24 h is not complete. At 24 h, the P3

(HBP 1%) sample is also the sample with lowest cell count. The num-

ber of cells increases with increasing HBP content in the copolymer at

24 h but does not show a directional trend with HBP content after

72 h of culture. This may be due to a higher importance of the pres-

ence of cell adhesion domains at early timepoints when cells need to

establish adhesions with the substrate.

Cells expand and become confluent after 24 h of culture on Mat-

rigel, indicating that the material provides a good support for attach-

ment and development of hESCs. In the 1% HBP cells attach,

however, growth appears to be localised. This suggests that there is a

heterogeneous distribution of HBP; however, ToF-SIMS images of

this ratio in Figure S22 indicate a uniform coverage markers attributed

to peptide (CH3N2
+, C5H10N

+, CN� and CNO�). The 5% and 10%

HBP ratios hESCs attach and expand reached confluency after 24 h of

culture. This suggests that the amount of peptide on the surface is

sufficient to facilitate adhesion. Average cell count after 24 h shows a

reduced cell number when compared with Matrigel. However, after

72 h of culture, comparable cell numbers are observed for 1% and

10% HBP. Following 72 h of culture on 10% HBP-coated substrates,

NANOG, SOX2 and OCT4 staining for pluripotency and self-renewal

marker expression indicated that increased cell numbers between

24 and 72 h was due to expansion and not differentiation. Staining of

hESCs for pluripotent marker expression after 72 h (Figure S26)

shows that hESCs maintain pluripotency, supporting the assumption

that the observed increase in cell count from 24 to 72 h is due to cell

expansion rather than cell differentiation.

F IGURE 6 Cellular response to substrate chemistries. (A) Representative photomicrographs illustrate differing levels of human embryonic
stem cell (hESC) attachment to substrates after 24 h. Scale bar = 250 μm. (B) Higher hESC number was seen on furan polymers when coated with
heparin-binding peptide after 24 h of attachment and 72 h of culture. Errors are standard deviations from repeat measurements (n = 3). HBP,
heparin-binding peptide
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3.3.5 | Correlation between cell count and ToF-
SIMS data

The cell data suggest that the P3 (HBP) samples are able to induce dif-

ferential cell response (cell count) at early timepoints (24 h of culture).

Therefore, the surface analysis data were correlated with the 24-h cell

data to determine the suitability of XPS- and ToF-SIMS-derived data

to establish correlations between cell response.

The theoretical polymer composition (%HBP) experimental XPS

data (N/C ratio and the log [mass fraction]) and experimental ToF-

SIMS data (logarithm of the normalised CH4N
+ ion intensity) were

plotted against the cell count at 24 h (Figure 7). Both XPS related

plots did not yield a statistically significant correlation (ANOVA,

p > 0.1; Table S15), likely due to the large error associated with this

XPS dataset. The %HBP and log (CH4N
+) datasets both yield high

associations (Pearson's r value = 0.993 and 0.998, respectively) and

high correlation to a linear trendline (R2 = 0.972 and 0.992, respec-

tively). Although these associations are significant for both datasets,

the log (CH4N
+) data display a considerably higher statistical

significance (ANOVA, p = 0.040) than the %HBP dataset (ANOVA,

p = 0.075). It can therefore be concluded that not only can ToF-SIMS

secondary ion data be used quantitatively to establish correlations

with cell data but it may also be able to do so with higher precision

than XPS if only generic signals are available for compound

identification.

4 | CONCLUSIONS

This work presents the establishment of a material design approach

based on controlled RAFT polymerisation and subsequent CuAAC

reaction that enables excellent control over the amount of amino acid

incorporated into a polymer and presented onto a surface. Although

the system works well for a single amino acid, longer peptide

sequences likely suffer from reduced conversion.

Use of a fluorine containing model amino acid and comparison

with the fluorine-related signals of the label demonstrated that

nitrogen-based signals from XPS (N/C ratio) and ToF-SIMS (CH4N
+)

F IGURE 7 Comparison of the degree of association of the cell count after 24 h with (A) %HBP, (B) N/C ratio determined by XPS,
(C) logarithm of the mass fraction HBP derived from the N/C ratio and (D) the logarithm of the normalised CH4N

+ ion intensity obtained from
ToF-SIMS. Linear regressions were generated for each dataset and the coefficient of correlation (r2, goodness of fit), Pearson's r value (strength

and direction of association) and the statistical significance (p value, ANOVA) are reported. Errors are standard deviations from repeat
measurements (XPS: n ≥ 4; ToF-SIMS: n = 3; cell count: n = 3). HBP, heparin-binding peptide; ToF-SIMS, time-of-flight secondary ion mass
spectrometry; XPS, X-ray photoelectron spectroscopy
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provide comparable and quantifiable ways to parametrise the amino

acid and peptide content on the surface of the polymer films. Correla-

tions between XPS and ToF-SIMS datasets were found to be most

significant when plotting the logarithm of the secondary ion intensity

against the mass fraction of the amino acid, derived from conversion

of the N/C or F/C values obtained by XPS. This demonstrates that

ToF-SIMS secondary ion intensities have the potential to be used for

quantitative parametrisation of amino acid or peptide content on sur-

faces after minimal processing, making it accessible for routine analy-

sis by non-specialists.

When investigating linearity and association between surface

analytical data, the homopolymer samples consistently displayed devi-

ations from linearity compared with the copolymer samples. It must

therefore be concluded that although homopolymers may still be suit-

able reference materials for biological experiments, when aiming to

establish systematically varying trends of physicochemical properties,

the polymer system we designed only operates well if used as a copol-

ymer. This finding could be of relevance to other polymer systems,

and we advise that care should be taken when combining homopoly-

mer and copolymer surface analysis data for the investigation of sys-

tematic trends.

Our copolymer system provided a suitable platform to study the

influence of varying amounts of HBP on the maintenance of self-

renewal capability of hESCs. hESCs maintained their self-renewal

capability on the HBP-containing copolymers over 72 h of culture.

In addition, cell adhesion increased with increasing HBP content in

the copolymer, which was shown to correlate to the logarithm of

the normalised CH4N
+ ion intensity measured by ToF-SIMS with

high statistical significance. The system developed here may provide

opportunities towards a scalable platform for the expansion of

hESCs to improve hESC availability for subsequent biomedical

applications.
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