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A B S T R A C T   

Due to its versatility, biodegradability, and biocompatibility, collagen is an increasingly important building block 
for sustainable manufacturing. Consequently, it is becoming more important to develop methods to tune col-
lagen’s properties for a given application. We propose employing a tool often reserved to microelectronics, low- 
energy ion implantation, to modify the top surface of collagen sheets, increasing surface sp2 carbon without 
altering significantly the amide structure while retaining the bulk properties of collagen. Implantation of He+, 
Ne+, Ar+ and Xe+ was performed at varying energies from 5 to 25 keV, with beam current density from 5 × 10− 2 

to 5 μA cm− 2. The resulting changes in chemical structure were investigated using Raman and FTIR spectros-
copies. Monte Carlo simulations of the interaction of the ion beams with collagen are used to quantify the energy 
deposited in the implanted module. A model is proposed that relates the observed changes to these ion im-
plantation conditions.   

1. Introduction 

Collagen is an abundant protein found in meat processing byproducts 
such as skin, tendon, and bone [1]. The use of collagen and collagen- 
derived products has been growing steadily over the past 50 years 
[1–4]. The primary applications of collagen are food and cosmetics [5], 
while nowadays it is increasingly used in making high-value advanced 
materials [6]. Its biocompatibility and weak antigenicity compared to 
synthetic polymers make it a prime candidate in biomedical applications 
[7,8]. Also, its biodegradability and polymeric nature allow trans-
formative applications as eco-friendly packaging materials [9]. Conse-
quently, there is a continuous interest in collagen processing 
technologies especially on surface characteristics to further increase its 
usability and interoperability beyond traditional applications, as well as 
to develop collagen-based electronics and biocompostable materials 
[3,10–16]. For instance, variations in the surface roughness of the bio-
materials can induce differences in cell responses: epithelial and peri-
odontal fibroblast cells tend to attach to smooth surfaces, while 
osteoblast cells prefer rough surfaces [16]. The surface properties can 

also determine the surface free energy and the wettability of collagen 
composite films to improve their applications as packaging materials 
[5,17,18]. 

There are multiple methods to chemically and physically modify the 
surface characteristics of collagen materials. Although chemical 
methods provide promising controllability and uniformity, physical 
methods in general have advantages in safety, cost-effectiveness and 
biocompatibility [16,19]. Physical treatments have been used exten-
sively in biomaterial processing, with methods including dehy-
drothermal treatment (DHT), UV, γ, β irradiations, and ion 
implantations [1,20–23]. While dehydration of collagen materials en-
hances physical interactions between collagen molecules, irradiation 
and ion implantation can influence surface chemistry and cell attach-
ment properties [1,16,20]. 

Ion implantation is a well-established technique to modify precisely 
the surface properties of the materials. Bombarding a material’s surface 
with energetic ions can induce changes in the elemental composition as 
well as short and long-range ordering in the materials [24]. Sputtering 
from ion interactions can also be used for smoothing, increasing 
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roughness, and even patterning surfaces [25,26]. As a result, the ion 
implantation technique has been used extensively to control the elec-
tronic properties and morphology of semiconductor materials 
[24,27,28]. Beyond the microelectronics industry, however, industrial 
uptake of ion implantation has been limited. This is now changing as 
new systems are being developed that enable the use of ion implantation 
at a large scale [29–31], which would benefit materials and applications 
that were previously considered beyond the scope of this technique. 

A key advantage of ion implantation on organic materials is that it 
allows drastic surface modifications of the molecular structure (with ~5 
nm depth precision) without affecting the bulk of the material [27]. The 
mechanism behind ion beam surface modification starts from the for-
mation of radicals during bond breakage, resulting in chain shortening 
in polymeric molecules and the formation of new chemical bonds and 
associated improved functionality [32–36]. This effect has been 

exploited to modify the surface of biomaterials by plasma immersion ion 
implantation (PIII) [22,23,37]. PIII relies on a pulsed high voltage bias 
to form a reactive ions which are subsequently accelerated onto the 
target [38]. In contrast to classic ion implantation, the absence of beam 
focusing equipment reduces cost but also causes large variation of the 
implanation energy at the substrate and the angle of implantation. 
Hence, for PIII the separation of chemical modification and ballistic 
collision cascades is extremely complex. One of the few previous in-
vestigations on ion irradiations with a fixed energy of the collagen 
coating layer showed improvements in cell adhesion [20]. However, 
high-energy ion implantation (> 100 keV) was used, which leads to 
much deeper ion penetration which reduces significantly the degree and 
types of chemical changes occurring on the surface. In this case, in-
teractions within the first 0 to 30 nm are dominated by electronic energy 
loss instead of nuclear energy loss [27], yielding modifications similar to 
UV exposure [35]. Because of their focus on high energy (> 100 keV), 
even the higher fluence in previous ion beam modification of collagen 
studies are expected to have a low number of changes per incident atoms 
compared to the implantation conditions in our investigation. Only at 
very high fluences (5 × 1017 cm− 2), are previous studies reaching similar 
levels of deposited energy per unit volume. Furthermore, it is difficult to 
readily separate effects on collagen that are due to direct ballistic 
modifications or through heating the collagen. Typically, the power 
density used in previous investigations with 0.5 μA cm− 2 and 150 keV 
already are bringing a power density as high as the highest power 
density in this investigation (75 mW cm− 2) [39]. 

Herein, our investigation focuses on low-energy ion implantation (<
100 keV), which primarily induces changes at the surface and modifi-
cations dominated by nuclear energy loss; similar to the energy expected 
in PIII studies [22]. To our knowledge, this work provides the first 
systematic investigation of key implantation parameters for noble gas 
implantation into collagen at low energy, which would potentially 
expand the application of the technique as well as provide a way to 
modify the structure and chemistry in collagenous materials for 
biomedical applications through a physical method. A range of im-
plantation fluence, beam energy (5–25 keV) and ion beam (0.05–5 μA 
cm− 2) current density was investigated using He+, Ne+, Ar+ and Xe+

beams. Analyses using Raman spectroscopy and Fourier transform 

Table 1 
Ion implantation conditions. Experimental parameter variabilities include ac-
celeration voltage ±0.1 kV, current density ± 5 %, and fluence ±1013 cm− 2.  

# Implanted species Ion energy 
(keV) 

Current density 
(μA cm− 2) 

Fluence 
(cm− 2) 

1 NA (Control)  0  0 0 
2 Ar  5  0.1 5 × 1014 

3 Ar  10  0.1 5 × 1014 

4 Ar  20  0.1 5 × 1014 

5 Ar  25  0.1 5 × 1014 

6 Ar  15  0.05 5 × 1014 

7 Ar  15  0.1 5 × 1014 

8 Ar  15  0.2 5 × 1014 

9 Ar  15  0.5 5 × 1014 

10 Ar  15  1 5 × 1014 

11 Ar  15  2 5 × 1014 

12 Ar  15  5 5 × 1014 

13 Ar  15  0.1 1 × 1012 

14 Ar  15  0.1 1 × 1013 

15 Ar  15  0.1 1 × 1014 

16 Ar  15  0.1 2 × 1014 

17 Ar  15  0.1 1 × 1015 

18 Ar  15  0.1 5 × 1015 

19 Ar  15  0.1 1 × 1016 

20 Ar  15  5 5 × 1015 

21 Ar  15  5 1 × 1016 

22 Ar  15  5 5 × 1016 

23 Ar  15  5 1 × 1017 

24 Ar  15  5 2 × 1017 

25 He  15  0.1 5 × 1014 

26 He  15  0.1 1 × 1015 

27 He  15  0.1 5 × 1015 

28 Ne  15  0.1 5 × 1014 

29 Ne  15  0.1 1 × 1015 

30 Ne  15  0.1 5 × 1015 

31 Xe  15  0.1 5 × 1014 

32 Xe  15  0.1 1 × 1015 

33 Xe  15  0.1 5 × 1015  

Fig. 1. Raman spectrum of pristine control collagen sheet, highlighting the 
characteristic peaks. 

Table 2 
Assignment of peaks in the Raman spectra of control collagen sheets and 
emerging peaks found in the Raman spectra after Ar+ ion beam implantation.  

Control 
(cm− 1) 

Ar 
(cm− 1) 

Assignment References (cm− 1)  

1679 Amide I, β-sheet 1670–1675 [48,49,52] 
1665  Amide I, α-helix 1655–1670 [48,52,54] 
1638sh  Amide I, 310-helix 1632–1642 [48,49,54]  

1591br G mode (E2g), in-plane 
ν(C–C, sp2)) 

1̃580 [56,57] 

1451  δ(CH2); δ(CH3) 1445–1457 [49,50] 
1426sh  νs(COO− ); δ(C–OH) 1410–1425 

[48,54,58,59] 
1382w  νs(COO− ) 1380–1392 

[49,50,54,60,61] 
1344w  ω(CH2); ω(CH3) 1340–1343 

[48,50,54,62] 
1318w  τ(CH2); τ(CH3) 1314–1318 

[48,50,54,62]  
1310br D breathing mode (A1g), in- 

plane ν(C–C, sp2) 
1310–1330 [57] 

1270  Amide III, α-helix 1265–1271 [48,51,52] 
1246  Amide III, random coil 1235–1248 [48,51,52] 
1098  νas(COC) 1094–1100 [54,55] 
1060  ν18b, Phea 1062–1065 [49,54] 
1034  ν(C–C), Pro; ν18a, Phe 1031–1037 [48,49,54] 
1003  ν(C–C), ν12, Phe 995–1006 [49,50,54] 

Notations (same for FT-IR): ν, stretching (s = symmetrical, as = asymmetrical); 
δ, bending; ω, wagging; τ, twisting; sh, shoulder; br, broad; w, weak; 

a : Wilson notation for modes of benzene ring vibration [[63]]. 
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infrared spectroscopy (FT-IR) combined with Monte Carlo simulations of 
the interactions of the ion beams with collagen provide insights into the 
types of changes occurring in the implanted range. A model is proposed 
to relate the observed changes to these ion implantation conditions. 

2. Experimental section 

2.1. Materials 

Collagen was extracted from bovine limed splits according to an 
established procedure [40,41], with some modifications. In brief, frozen 
lime split samples were delimed with 2 % NH4Cl and 0.5 % HCl for 60 
min at 4 ◦C. Delimed pieces were rinsed with distilled water before 
suspending in 10 volumes of prechilled 0.5 M acetic acid containing 1.0 
wt% pepsin (2336 FIP⋅U/mg, BIP1008, Apollo Scientific, Stockport, 
United Kingdom). Collagen was extracted at 4 ◦C with constant stirring 
for 24 h. Collagen supernatant was collected via centrifugation at 
15,317 ×g for 30 min to remove insoluble protein. Collagen was salted 
out using a final concentration of 2.0 M NaCl, the resulting precipitate 
was collected by centrifugation, dissolved in 0.5 M acetic acid and 
dialysed against 0.05 M acetic acid at 4 ◦C for 3 days. Resulting solution 
was freeze-dried and stored. Prior ion implantation experiments 
collagen sheet were cut into sizes of 15 mm × 15 mm × 2 mm (L × W ×
H). 

2.2. Ion beam surface modification 

Ion implantation experiments were performed using the GNS Science 
Medium Energy Ion Implanter which allows implantation on 1 cm2 

samples [42,43]. The base pressure was kept at 5 × 10− 7 mbar, with 
operating pressure at <10− 6 mbar. Single charge implanted species were 
produced from the various noble gases He, Ne, Ar, and Xe (>99 % pu-
rity) with a Penning gas ion source. Acceleration voltages ranging from 
5 kV to 25 kV were used. A double focusing electromagnet is used to 

select the mass of the element. The dependence on the current density of 
the ion beam was investigated by varying the ion beam current between 
0.05 μA and 5 μA over an electrostatically-scanned surface area of 1 cm2. 
The collagen surface is located perpendicular to the ion beam. The initial 
temperature was between 20 ◦C and 22 ◦C. As the collagen samples were 
poor conductors and to reduce charge build-up, the samples were 
mounted on the sample holder using carbon tape. After ion implanta-
tion, the samples were kept in individual plastic bags before charac-
terisation. Detailed treatment conditions are listed in Table 1. 

2.3. Chemical characterisation 

Raman spectroscopy and FT-IR spectroscopy were performed on 
each sample to resolve changes in the collagen chemical structure. 

Raman spectra were collected using a LabRam HR spectrometer 
(Horiba Jobin-Yvon) equipped with a Symphony CCD detector cooled at 
− 130 ◦C using liquid N2, in a backscattering configuration through an 
Olympus SLM Plan N 100×/NA0.60 air objective by focusing on the air/ 
solid interface. Collagen samples were excited using 633 nm at 
approximately 10 mW, for an exposure time of 20 s with 10 accumu-
lations. The spectra were corrected to remove the fluorescence of 
collagen through polynomial fittings. The peak ratios are calculated 
from the corrected intensities at the peak centres. 

FT-IR measurements were carried out using iD5 ATR on Nicolet™ iS5 
Spectrometer (ThermoFisher Scientific) in an attenuated total reflec-
tance (ATR) mode with a zinc selenide (ZnSe) crystal. Collagen samples 
were loaded and measured at a frequency interval of from 600 cm− 1 to 
4000 cm− 1. The number of scanning and resolution was set at 16 and 4 
cm− 1, respectively. 

2.4. Monte Carlo simulations of ion implantations 

Monte Carlo simulations were undertaken using the SDTRIMSP 
software package [44]. This programme simulates individual 

Fig. 2. Stacked Raman spectra of collagen sheets implanted by Ar+ ion at different conditions. Samples are named “Implanted Element_Energy (KeV)_Fluence (cm− 2) 
_Current Density (μA cm− 2)”, same as below. Grey shadings in C and D are placed to highlight the peaks of carbonaceous species. 
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implantation cascade and accounts for changes in the implanted target 
composition during the implantation. SDTrimSP solely calculates nu-
clear and electronic interactions, while chemical reactions are not 
considered. Further, the theory is based on amorphous material which 
limits its applicability to crystalline materials. Nonetheless, simulation 
provides valuable insight into the effects of noble gas ion implantation 
and the emerging recoil cascade. 

For the presented simulations we assume that once displaced atoms 
will not rebind to collagen. Collagen was simulated with the stoichi-
ometry C12N3O4H17 and a density of 1.3 g cm− 3. For the surface binding 
energies (SBE) and displacement energies (DE), the following values 
were used in the simulations: Carbon (SBE: 3.5 eV; DE: 15 eV), oxygen 
(SBE: 2.58 eV; DE: 5 eV), nitrogen (SBE: 4.9 eV; DE: 25 eV) and hydrogen 
(SBE: 1.1 eV; DE: 5 eV). 

A detailed approach to simulating the thermal effects was described 
previously [45]. The input beam power densities were calculated from 
the beam energy and current density. The chosen thickness of the vol-
ume heated during the implantation was that of an individual collagen 
layer. This is justified by the layered and porous nature of the samples 
and the poor heat conductivity of collagen (5.3 × 10− 1 W m− 1 K− 1) [46]. 
The heat capacity (in J g− 1 K− 1) of dry collagen was approximated as the 
linear function Cp(T) = aT − b, with a = 3.34 ± 1.38 × 10− 2 J g− 1 K− 2 

and b = 4.48 ± 0.07 × 10− 3 J g− 1 K− 1. This linear fit (R2 = 0.99559) is 

retrieved from experimental heat capacity data measured by adiabatic 
calorimetry obtained from Pyda et al. [47] Equilibrium is reached after 
about 2 s, which is equivalent to an implanted fluence of 6.3 × 1013 

cm− 2. 

3. Results and discussion 

Visual observation of the implanted collagen showed a slight dis-
colouration after ion implantation. To determine the extent of the 
change on the surface of the samples, we characterised the chemical 
structure of collagen by Raman and FT-IR spectroscopy. 

3.1. Raman Spect roscopy 

A typical Raman spectrum of dry collagen is observed in the pristine 
control (Fig. 1), showing the main characteristic peaks including amide I 
from the stretching of the C––O bond in combination with deformation 
of the N–H bond (1665 cm− 1 and 1638 cm− 1), C–H bending (1451 
cm− 1), amide III from the stretching of C–N bond and the deformation 
of N–H bond (1270 and 1246 cm− 1), and the benzene ring breathing 
mode of C–C bonds in phenylalanine (Phe) (1003 cm− 1) [48–55]. 
Detailed assignments are listed in Table 2. 

When implanted by Ar+ ions, the spectrum of collagen undergoes a 

Fig. 3. Ratios of the intensity of 1245 cm− 1 and 1451 cm− 1 peaks in the Raman spectra of collagen sheets implanted by Ar+ ions at different conditions. Green 
colouring highlights the results from spectra with significant carbonaceous features. 
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series of changes (Fig. 2). The beam energy, fluence, and current density 
are individually adjusted to study the effect on the secondary structure 
of collagen. We observed minor fluctuations in peak intensities at low 
beam energy, fluence, and current densities, whereas at high fluences 
significant disruptions and emerging broad peaks were identified. 

In the literature, the intensity ratios of 1665 cm− 1 to 1638 cm− 1 

peaks and 1245 cm− 1 to 1270 cm− 1 peaks were used to indicate the 
translation from triple helical to disordered structures in the collagen 
molecules [53,64]. However, it was also reported that the intensity of 
1665 cm− 1, 1638 cm− 1 and 1270 cm− 1 peaks are highly sensitive to the 
relative orientation of the collagen fibres to the incident laser, whereas 
1245 cm− 1 and 1451 cm− 1 peaks are largely isotropic [53,65–67]. 
Therefore, the use of intensity ratio 1665/1638 or 1245/1270 as in-
dicators for collagen structural changes can be limited to isotropic 
collagen substrates. In this study, we observed intensity fluctuations in 
1665 cm− 1, 1638 cm− 1 and 1270 cm− 1 peaks, showing anisotropic fibre 
orientations in the collagen sheets, while 1245 cm− 1 and 1451 cm− 1 

peaks remained unaffected (Fig. 2A). 
If collagen denatures by the localised thermal effects during ion 

implantation, it would undergo conformational changes indicated by an 
increase in the peak intensity at 1245 cm− 1 (amide III, random coil). If 
collagen degrades by breakages at the amide bonds, we expect to see a 
decrease in the peak intensity at 1245 cm− 1. If the bond breakage occurs 
in the aliphatic –CH2– or –CH3 groups in collagen backbone or side 
chains, we would observe a decrease in the peak intensity at 1451 cm− 1. 
Hence, considering the pair of 1245 cm− 1 and 1451 cm− 1, one may 
derive a more reliable indicator based on the 1245/1451 ratio for the 
changes in the conformational structure of collagen and the C–H bonds 
by ion beam implantation. 

When the Ar+ fluence was below 1015 cm− 2, the 1245/1451 ratio 
remained largely unchanged irrespective of the variations in ion energy 
and ion beam current (Fig. 3A, B, C and D). At higher fluences, we 
observed a decrease in the 1245/1451 ratio followed by a gradual in-
crease at fluences above 1016 cm− 2 (Fig. 3C and D). The decreases in the 
ratio indicate the breakage of amide bonds, and the increases at high 
fluences show the bond breakage at aliphatic –CH2– or –CH3 groups. The 
latter was confirmed by the emerging broad peaks at 1310 cm− 1 and 

Fig. 4. Stacked Raman spectra of collagen sheets implanted by He+, Ne+ and Xe+ ions compared to Ar+ ion at different conditions. Grey shadings in B, C and D are 
placed to highlight the peaks of carbonaceous species. 

Fig. 5. FT-IR spectrum of pristine control collagen sheet (black) and 
Ar_15_2E17_5 (green), highlighting the major assignable peaks. 

Table 3 
Assignment of FT-IR peaks in the spectra of the native collagen sheets.  

Raman shift 
(cm− 1) 

Assignment Reference (cm− 1) 

1629 Amide I, ν(C––O) 1600–1700, ̃1650 
[68,69,72] 

1543 Amide II, δ(N–H) and ν(C–N) 1500–1600, ̃1550 
[68,72] 

1451 δ(CH2); δ(CH3) 1̃450 [69,72] 
1401 νs(COO− ) 1400–1410 [72,73] 
1377sh δ(CH3), glycosaminoglycans (GAGs) 1376 [72] 
1336 ω(CH2), Pro 1337 [70] 
1279sh Amide III, δ(N–H); ω(CH2), Gly 

backbone or Pro 
1̃280 [68–71] 

1235 Amide III, ν(C–N) 1̃240 [68–71] 
1203 Amide III 1204 [71] 
1160 ν(C–O), carbohydrate residues 1160 [72] 
1081 ν(C–O), carbohydrate residues 1080 [72] 
1060 ν(C–O), carbohydrate residues 1064 [72] 
1030 ν(C–O), carbohydrate residues 1032 [72]  
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1591 cm− 1 (Fig. 3D and Table 2) highlighting the carbonisation of 
collagen surface via the conversion of sp3 carbon (e.g., –CH2– or –CH3 
groups) into sp2 carbon (C––C bonds) at high fluences [56]. 

Furthermore, we have investigated the effect of ion species using He, 
Ne, or Xe in replacement of Ar, at an energy of 15 keV and a current 
density of 0.1 μA cm− 2, within a narrower range of fluence from 5 × 1014 

to 5 × 1015 cm− 2. As shown in Fig. 4, He+ led to the least carbonisation, 
while Xe+ resulted in the highest level of carbonisation indicated by the 
strong broad amorphous sp2 carbon peaks. 

3.2. Fourier transform infrared spectroscopy (FT-IR) 

FT-IR was also used to investigate the structural changes in collagen 

upon ion implantation to support the information acquired from Raman 
spectroscopy. Fig. 5 showed a characteristic IR absorption spectrum of 
native collagen. The typical peaks are assigned to amide I (1629 cm− 1), 
amide II (1543 cm− 1), C–H bending (1451 cm− 1) and amide III (1235 
cm− 1) [68–73]. Detailed assignments are listed in Table 3. When the 
collagen sheets were implanted using the ion beams, only minor changes 
were observed in the FT-IR spectra, giving the most significant intensity 
changes in the amide II and amide III peaks. 

To highlight the minor changes in the FT-IR spectra induced by ion 
implantation, we calculated the second derivative of the infrared 
absorbance and stacked it over the native collagen spectrum (Fig. 6) 
[72]. Only minor changes in the conformation of peptide backbones 
were found at low fluence (Fig. 6A, B and C), agreeing with the Raman 

Fig. 6. The second derivative of the absorbance in FT-IR spectra of collagen sheets implanted with Ar+ ion at different conditions. The same scale is applied to all 
y-axes. 

J. Leveneur et al.                                                                                                                                                                                                                                



Surface & Coatings Technology 468 (2023) 129768

7

spectroscopy observations. The changes in backbone conformation 
mainly disturb the coupled vibrations of C–N stretching and N–H 
bending in the amide II mode, with a slight impact on the C––O 
stretching in the amide I mode. Lesser impacts were found in amide III 
mode with Ar+ ion implantation. However, when the fluence goes 
higher at a high current density (5 μA cm− 2), major disruption of the 
structure was observed (Fig. 6D). The amide peaks significantly dimin-
ished and the peak at 1451 cm− 1 (C–H bending mode) also decreased. 
This observation coincides with the formation of carbonaceous species 
from the –CH2– and –CH3 groups in collagen. Similarly, the effects of ion 
implantation using different gaseous species (He, Ne, and Xe) are ana-
lysed based on the second derivative of IR absorbance (Fig. 7). Due to 
the low fluence in the study of different gases, we observed similar 

minor changes in the amide regions in the IR spectra for all ion species. 

3.3. Ion implantation simulations 

To understand further the mechanisms involved in the different 
implantation conditions, we simulated the interactions of the ion beam 
with collagen and discussed the nuclear and electronic stopping power, 
thermal effects, and the impacts of the ion beams on the elemental 
composition of collagen. 

Nuclear and electronic stopping power. Ions of different energy and 
mass have varying nuclear and electronic stopping power [24,27]. Fig. 8 
summarises the nuclear and electronic stopping power for the different 
ion beams. With an increasing mass of the implanted noble gas, the 

Fig. 7. The second derivative of the absorbance in FT-IR spectra of collagen sheets implanted by He+, Ne+, and Xe+ ions compared to Ar+ ion at different conditions. 
The same scales are applied to all y-axes. 
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nuclear stopping becomes more dominant, which causes more 
displacement of atoms on the collagen backbone, matching the stronger 
bond breakage and the subsequent carbonisation effects observed in 
Raman spectra of collagen treated by Xe and Ar compared to Ne and He 
(Fig. 4). 

Thermal effects. The modification from the nuclear and electronic 
interactions, and doping if the implanted species is chemically active, 
occur only in the implantation range, which is often a lot smaller than 
the sample thickness. This is true provided that the power density of the 
ion beam doesn’t lead to a significant increase in temperature over the 
bulk of the sample over the duration of the implantation. This can be 
difficult to control as the vacuum needed for the implantation can 
thermally insulate the sample, and radiative losses are the only cooling 
mechanism. 

We simulated the thermal effects based on the experimental 

parameters during the ion beam treatments, the estimations of heat 
capacity and geometry of the target, while assuming no conduction loss. 
The detailed approach has been described previously [45]. The different 
input beam power densities were calculated from the different beam 
energy and current density. The chosen thickness of the volume heated 
during the implantation was that of an individual collagen layer. This is 
justified by the layered and porous nature of the samples and the poor 
heat conductivity of collagen (5.3 × 10− 1 W m− 1 K− 1) [46]. The heat 
capacity (in J g− 1 K− 1) of dry collagen was approximated as the linear 
function Cp(T) = aT − b, with a = 3.34 ± 1.38 × 10− 2 J g− 1 K− 2 and b =
4.48 ± 0.07 × 10− 3 J g− 1 K− 1. 

This linear fit (R2 = 0.99559) is retrieved from experimental heat 
capacity data measured by adiabatic calorimetry obtained from Pyda 
et al. [47] Doing so, the maximum temperature rise during any of the 
implantation was 85.4 K. Fig. 9 shows the calculated temperature profile 
at different ion energy and assumes the highest current density used in 
this investigation (5 μA cm− 2). 

Equilibrium is reached after about 2 s. In this time an equivalent 
fluence of 6.3 × 1013 cm− 2 is implanted. The temperature rise is 
markedly lower than the temperatures required to degrade collagen 
(>495 K). Consequently, thermal effects are considered negligible for 
this set of experiments. As suggested in the introduction, the thermal 
budget of previous investigation studies is high enough to significantly 
increase the temperature of the sample beyond its denaturation tem-
perature. Using the same calculation with 0.5 μA cm− 2 and 150 keV the 
maximum increase in temperature at equilibrium is 293 K. Equilibrium 
is reached in about 0.25 s with a sample thickness of 100 μm and 2.4 s 
with a sample thickness of 1 mm. Methods to mount the samples will 
drastically affect the equilibrium temperature. 

Ion beam modification profile. Ion beam implantation directly in-
troduces ions to the material while also altering the elemental compo-
sition of the treated material. Here we simulated the interactions 
between the noble gas ions and collagen to provide a quantitative view 
of the implanted elements and the changes in the hydrogen/carbon (H/ 
C) ratio of collagen on the surface. 

A series of Ar implantation simulations were carried out at different 
fluences, showing an increase in the presence of Ar in the collagen sheet 

Fig. 8. Nuclear and electronic stopping power for the different implan-
ted species. 

Fig. 9. Estimation of the temperature of collagen sample during implantation at different ion energies at a current density of 5 μA cm− 2.  
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(Fig. 10(a)) and a simultaneous change in the H/C (Fig. 10(b)) ratio in 
collagen molecules. The changes in the H/C ratio in collagen can be 
attributed to the cascaded collisions within the sheet. Hydrogen is 
preferentially forward recoiled whereas the probability of backscat-
tering is higher for carbon. This yields a depletion of hydrogen on the 
surface forming dehydrogenated amorphous carbon, while in the depth 
hydrogen is accumulated and a preferential formation of hydrogenated 
carbon occurs. This dehydrogenation mechanism explains the carbon-
isation (i.e., sp3 C–H to sp2 C––C) on the surface of collagen observed in 
the Raman spectra. 

At a fixed fluence of 5E15, variations in energies (ranging from 5 to 
25 keV) affect the Ar implantation range, giving narrower distribution 
closer to the surface at lower energy (Fig. 11a). However, subtle dif-
ferences were found in the H/C ratios at all energies (Fig. 11b). The 
small H/C ratio changes from 1.41 (unmodified) to 1.36 on the surface 
of collagen are consistent for all energies which supports the small minor 
influence of the acceleration energy observed in the spectra. This, again 
suggests the need of performing simulation alongside spectroscopic 
measurements for a more comprehensive understanding of the in-
teractions of ion beam with materials. 

Fig. 10. Evolution of the implantation depth profile of Ar+ ion implantation (a) at 15 keV for the different implantation fluences and (b) at various energies and a 
fluence of 5 × 1015 cm− 2. 

Fig. 11. (a) Ar concentration profile for implantation energy at 5 × 1015 cm− 2 implantation fluence and (b) at various energies and a fluence of 5 × 1015 cm− 2.  
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(Element) At the highest investigated fluence (5E15) at an energy of 
15 keV, Raman spectroscopy revealed the dehydrogenation of aliphatic 
groups and the formation of C––C bonds in carbonaceous species. Bal-
listic transport simulations directly explain this effect. A heavier element 
has a higher nuclear stopping power (Fig. 8) which causes a narrower 
distribution of the noble gas closer to the surface (Fig. 12a). Simulta-
neously, the ballistic transport during ion implantation yields a 
hydrogen-depleted region near the surface and a hydrogen-rich region 
in the depth with transition points of 30 nm for Xe and 70 nm for Ar, 
respectively. Hence, the transition to heavier noble gases for implanta-
tion makes modifications more surface sensitive but also enhances 
amorphous carbon formation as observed by spectroscopic results. 

4. Conclusions 

While these results can be used directly to target specific concen-
trations of graphitic and hydrogenated amorphous carbon species at the 
surface of collagen, implantation of reactive species could further in-
crease the range of functionalisation achievable with ion implantation. 
For example, we anticipate that oxygen, nitrogen, and fluorocarbon 
implantation could lead to different oxide, nitride, and fluoride species 
that could be used to target specific reactions on the surface. When 
investigating these implantations, it will be important to understand the 
contribution of ion beam damage to changes in chemistry from the 
implanted species. In that regard, the results presented here will guide 
the selection of ion beam parameters to appropriately functionalise 
collagen surfaces for a wide range of emerging biomedical and bio-
electronic applications. 

CRediT authorship contribution statement 
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