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a b s t r a c t 

Energetic electrons have recently evolved as a powerful tool for crosslinking bio-derived hydrogels with- 

out the need for adding potentially hazardous reagents. Application of this approach allows for synthesis 

of biomimetic collagen-derived networks of highly tunable properties and functionalization. Yet, the un- 

derlying reaction kinetics are still not sufficiently established at this point. While hydroxyl radicals are 

generated by energetic electron-induced hydrolysis of water and play a key role in introducing covalent 

bonds between network fibers, a detailed mechanistic understanding would significantly increase appli- 

cability. We present a comprehensive analysis of central aspects of the reactivity between the hydroxyl 

radical ( • OH) and collagen, elastin, glycine (Gly) and l -lysine (Lys). Pulse radiolysis (PR), solid state nu- 

clear magnetic resonance (NMR), ultraviolet-visible absorption spectroscopy (UV/VIS) and electron spray 

ionization mass spectrometry (ESI-MS) shine light on distinct features of the crosslinking process. These 

highlight retained protein backbone integrity in collagen and elastin whilst Lys’s ability to form several 

imine bonded Lys-Lys-species suggests striking similarities to crosslinking via lysyl oxidase catalysis in 

vivo. Thus, energetic electron based crosslinking opens the venue for customized hybrid gels of outstand- 

ing biomimicry and –compatibility. 

Statement of significance 

Energetic electron beam treatment constitutes a highly attractive approach to establish chemical 

bonds between (bio) molecules. Although a convincing number of publications showed the versatility 

regarding crosslinking of bioderived hydrogels, insights into the underlying chemistry are still unestab- 

lished at this point. The present work unravels the mechanistics of energetic electron induced processes 

in collagen and elastin hydrogels as well as several abundant amino acids in aqueous solution. As key 

finding we demonstrate, that i) the connection between polymer chains is dominated by amino acid side 

chain interaction and ii) two single l -lysine molecules form an imine bond between the terminal amino 

group of one molecule and the delta carbon of the second molecule. We also consider the formation 

of H-bonds as a second crosslinking pathway. These findings open up for advanced, optionally spatially 

resolved biomaterials design. 

© 2021 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Biomimetic materials based on extracellular matrix proteins 

ECMP) like collagen or elastin have attracted large interest over 
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he past years and their usage as biomaterials for bioanalytical or 

edical purposes has been described extensively. [1–4] Control of 

aterial properties is generally achieved by chemical modification- 

r crosslinking-reactions; here the ε-amino group of Lysresidues 

s considered a suitable target group in ECMPs as it readily re- 

cts with glutardialdehyde (GDA). [5] Although GDA is toxic it is 

till used in clinical practice, for instance for graft-conduit fixation. 

 6 , 7 ] Alternatively, radiation-based techniques, including gamma 
mimetic crosslinking of collagen gels by energetic electrons: The 
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Fig. 1. l -Lys or ( S )-Lys. Uncharged (left) and at pH 7 (right). 
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B

ays end energetic electrons, are suited for molecular crosslinking. 

ue to their potential of spatial-temporal control and the “green- 

hemistry” approach they become more and more attractive for 

reatment of biomaterials/proteins. [8] Electron beam treatment, 

or instance, has enabled preparation of a collagen gel with pre- 

isely tunable properties such as pore size, elastic modulus and an 

xcellent cytocompatibility. [9] 

Recently it was demonstrated that the defined treatment of 

ydrated collagen/elastin blends with high-energetic electrons en- 

bles fine tuning of the thermo-responsive behavior of the ECMP- 

onsisting gels and thus facilitates generation of a bio-actuator. 

10] Furthermore they can serve as a model system or even scaf- 

old for blood vessel or lung extracellular matrix (ECM). These 

daptable and responsive biomaterials are of extraordinary inter- 

st for drug delivery, cell culture systems, biological substitutes, 

nd insights into the crosslinking mechanism is a necessity to pro- 

ote further material development and adjustment. [11] In view of 

hese developments a comprehensive understanding of the char- 

cteristics and interplay between collagen and elastin, their in- 

olved functional domains, and electron beam (EB) generated re- 

ctive species and intermediates is desirable. 

Collagen exists in different types, of which up to 29 are known 

n vertebrates while the fibrillar collagen types I, II, III and V are 

ost common and type I is the main component of the ECM. 

12] A shared feature of all collagens is at least one triple he- 

ical domain formed by three tightly packed helical polyproline 

ype II (PP-II) chains with the (Xaa-Yaa-Gly) n repeating unit mo- 

if. [13] Due to the tight packaging only Gly fits into the center of 

he triple helix at every third position and even small alterations 

nfluence the conformation of the triple helix. The surface exposed 

aa-and Yaa positions are variably occupied by other amino acids, 

ostly proline (Pro) and hydroxyproline (Hyp) which provide con- 

ormational stability via intermolecular hydrogen bonding, but also 

ys, arginine (Arg), glutamine (Glu), and asparagine (Asp) which 

upport stability via electrostatic interactions. [ 14 , 15 ] Collagen is 

ost-translationally modified by oxidases, mainly hydroxylation of 

ro and Lys, and the formation of allysine and hydroxyallysine, 

hich undergo follow-up cross-linking reactions, are observed. [16] 

Elastin consists of alternating hydrophobic domains (random 

oil), which are attributed to direct self-aggregation, and hy- 

rophilic domains which are involved in cross-linking. [ 17 , 18 ] The 

ydrophobic domains include mainly the four amino acids Gly, 

lanine (Ala), valine (Val), and Pro which are arranged in highly 

epetitive sequence motifs (VGVAPG) n in humans. [19] The hy- 

rophilic/crosslinking domains predominately consist of Lysand Ala 

 α-helical KA-domains) and Lys and Pro (KP-domains, if Pro is in- 

olved), respectively. [20] Lys residues are arranged pairwise or as 

riplets separated by Ala and Pro. [21] Elastin is, similar to colla- 

en, subjected to enzymatic crosslinking at Lys sites after transla- 

ion. [16] 

Lys ( Fig. 1 ) is one of the 20 proteinogenic amino acids, i. e., it

s directly encoded in the genetic code. Lys has a sidechain with 

wo amino groups, one at the α position and one at the ε po- 

ition. [22] Lys is central to crosslinking processes as described 
w

2 
bove since it has a high propensity for pointing away from any 

rotein interior due to its charged terminal NH 2 group. [23] 

Aside from covalent bonds via Lys residues, the protein 

tructure is also stabilized by other interactions such as ionic 

NH 3 
+ ���COO 

−), H-bonds (-O-H ���O-) and dipole-dipole interac- 

ions. [24] In descending strength, they prevent collapse of a high- 

rder protein state into a low-order random chain. They also sup- 

ort formation of crosslinks as they convey tight alignment of 

hains prior to crosslinking. [25] Further, they allow what is called 

hysical crosslinking (PC) as opposed to chemical crosslinking (CC) 

y covalent bonds. EB now might not only induce CC but also PC as 
 OH might facilitate the addition of • OH (and probably C = O , after 

earrangment) to the polymer chain which might as well convey 

-bonds. 

Contrary to the regio-controlled chemical reaction of functional 

roups of the crosslinking agent, such as GDA, to site-specific tar- 

et groups of the protein the reaction of primary reactive species 

n radiation-based approaches is more diverse and depends on the 

tructure and composition of the protein or proteinaceous mate- 

ial. In the case of electron beam treatment of aqueous systems 

ydroxyl radicals are formed that preferably initiate carbon radi- 

al formation through hydrogen abstraction at side chains (C βH …

 εH-abstraction). [26] 

Only few publications on irradiation experiments of elastin and 

ollagen blends are known. Monoisse and Nguyen studied the re- 

ction of super oxide anions and Pietrucha reported about the 

eaction of ( e aq 
−) with collagen. [27–29] The only study deal- 

ng with reaction of • OH radicals with elastin and collagen are 

rom Sionkowska. However, these experiments lack time resolution 

electron pulse longer than 220 ns to 2 μs) and spectra were only 

ecorded above 300 nm. Further, the conclusions regarding the role 

f tyrosyl phenoxyl radicals are rather tentatively discussed. [ 30 , 31 ] 

As Lys is central to crosslinking under physiological conditions 

n elastin and collagen and Gly is the most abundant amino acid 

e present a comparative study between elastin, type I collagen, 

ly and Lys. Pulse radiolysis, NMR, ESI-MS and UV measurements 

ndicate that irradiation does not alter the backbone of elastin and 

ollagen as opposed to Lys, which was shown to form imine based 

ovalent species with masses greater than Lys. We compared dried 

ollagen and elastin in terms of their kinetics towards the • OH rad- 

cal as well as their 13 C solid state nuclear magnetic resonance. As 

e observed retained backbone connectivity, we conclude that the 

mino acid residues must be central to electron beam crosslink- 

ng. We then focused on Gly and Lys, as Gly is the most abun- 

ant amino acid in collagen and Lys is generally involved in the 

rosslinking process in vivo. Irradiation dose dependent 1 H NMR 

tudies as well as ESI-MS studies on Lys highlight the formation of 

n imine functional group. 

. Materials and methods 

Samples were prepared in the “untreated” and “treated” state. 

oth terms refer to identical preparation steps until one sample 

as irradiated with the respective dose and the other was not. 
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.1. Electron beam treatment 

The samples were irradiated with a 10 MeV linear electron ac- 

elerator (“linac”, MB10–30MP; Mevex Corp., Canada) at room tem- 

erature. The linac is operated at a frequency of 180 Hz and a sin-

le pulse has a duration of 8 μs and a pulse current of 125 mA. The

umber of pulses finally determines the dose (1 Gy = 1 J kg −1 ).

he dose is determined using a calibrated graphite dosimeter. The 

ose to water can be calculated taking the stopping power of the 

ifferent materials into account (dose to water is 1.13 times greater 

han the dose to graphite). A fan facilitates cooling of the samples. 

amples were contained in a plastic bag saturated with N 2 during 

rradiation to prevent undesired reactions between 

• OH or polymer 

adicals and O 2 . 

.2. Chemicals 

Chemicals were obtained from the following commercial 

ources and used without further purification: l -Lysine, Diglycine, 

riglycine, Elastin, D 2 O, (99 atom% D) from Sigma Aldrich, Ger- 

any; Glycine from FLUKA, Germany; R-Collagen (Collagen R, 0.4% 

olution) from SERVA Electrophoresis, Germany; G-Collagen (Colla- 

en G, 0.4% solution), Biochrom, Germany. 

.3. Pulse radiolysis set-up 

Pulse radiolysis experiments were carried out using 5 and 15 ns 

lectron pulses from the 10 MeV linear accelerator (ELEKTRONIKA, 

oriy Corp., Moscow) of the Leibniz-Institut für Oberflächenmod- 

fizierung (IOM), Leipzig. All solutions were made in Millipore Q 

ater and were bubbled with N 2 O or N 2 for at least 15 min prior

o the measurement. The dose per pulse ( ∼28 Gy and 100 Gy) was

etermined using the thiocyanate dosimeter system. [32] The op- 

ical detection system consisted of a pulsed 10 0 0 W xenon lamp, 

uprasil cell (light path 1 cm), high-intensity grating monochroma- 

or (Acton Research Corp., SP500), R 928 photomultiplier (Hama- 

atsu) and a fast transient recorder (Tektronix, TD5034B). 4 sig- 

als were averaged for each kinetic trace at a defined wavelength. 

he reaction with the solvated electron was followed by the de- 

ay of its absorption around λmax = 720 nm. The reaction with 

 OH was studied directly by the product build-up in the range 

70–300 nm. Second order rate constants were derived from Stern- 

olmer like plots. 

.4. Solution NMR 

2 ml of a 30 mg/ml l -lysine solution in D 2 O were irradiated

ith 60 kGy in steps of 5 kGy. A 

1 H NMR spectrum was recorded

fter each step. The NMR spectra were measured with a 600 MHz 

MR spectrometer (AVANCE III, BRUKER) equipped with a BBO 

road band probe in D 2 O solution at room temperature. Peak ar- 

as were generated by normalizing the peaks of interest to the 

.3 ppm peak at 0 kGy. 

.5. Solid-state NMR 

Treated (Elastin, collagen) : 15 mg elastin powder were dis- 

olved in 5 ml dH 2 O and then irradiated with 60 kGy in steps of

 kGy to avoid heating of the sample (applies also to samples be- 

ow). Afterwards, the solution was poured into an open petri dish 

3.5 cm diameter) which was placed under a hood for three days 

o that the water can evaporate slowly. The obtained powder was 

ollected and subjected to solid-state NMR measurements. 

4 ml R-collagen and 8 ml G-collagen were mixed and then irra- 

iated with 60 kGy in steps of 5 kGy. Afterwards, the solution was 

eft to dry under the hood for three days and was then measured. 
3 
Untreated (Elastin, collagen) : As a reference, 20 mg elastin were 

sed and measured as received. Further, a collagen gel was pre- 

ared using the following parameters: 5 ml of a 2 mg/ml collagen 

olution were used with 0.833 ml R collagen, 1.66 ml G collagen 

nd 2.5 ml of a pH 7.5 phosphate buffer with a concentration of 

.4 mol/L. The gel was polymerized at 37 °C and 100% humidity 

or 24 h. Afterwards, the gel was broken down by stirring it at 

0 0 0 rpm in a tube on a magnetic stirrer for 10 min. The gel was

hen dried in the hood like elastin above, before it was subjected 

o measurement. This procedure was necessary, since simple dry- 

ng of the R + G collagen solution resulted in a film which could 

ot be brought into powder form, as opposed to the treated R + G 

ollagen solution (see above). The advantageous use of R and G 

ollagen was described by Fischer. [33] 

Treated (L-lysine, glycine, diglycine, triglycine) : 150 mg of l - 

ysine, glycine, diglycine and triglycine powder were each dissolved 

n 5 ml dH 2 O and then irradiated with 60 kGy in steps of 5 kGy.

fterwards, the solutions were poured into an open petri dish 

3.5 cm diameter) which was placed under a hood for three days 

o that the water could evaporate slowly. The obtained powders 

ere collected and subjected to solid-state NMR measurements. 

Untreated (L-lysine, glycine, diglycine, triglycine ): As a refer- 

nce, 150 mg of each of the above-mentioned powders were mea- 

ured without dissolving them in dH 2 O. 

Solid-state NMR measurements were conducted with a Bruker 

vance spectrometer operating at 188 and 749 MHz for 13 C and 

 H, respectively (magnetic field strength 17.6 T). 13 C spectra were 

ecorded with cross-polarization and high-power 1 H decoupling. 

ontact time was 2 ms and the 90 ° 1 H pulse length was 3 μs. 

.6. pH measurements 

150 mg of l -lysine were dissolved in 50 ml dH 2 O and irradiated

ith 60 kGy. A second solution was not irradiated. The pH-value 

as measured with a glass electrode (METTLER-TOLEDO). 

.7. UV/VIS spectroscopy 

L-lysine powder was dissolved in dH 2 O with a concentration of 

0 mg/ml and set to pH 7 with NaHCO 3 . Three solutions with iden-

ical concentrations were irradiated with 60 kGy and set to pH 4, 

 and 10 with HCl or NaHCO 3 . The spectra were recorded with a 

ARY50 0 0 spectrometer (AGILENT) in the range 200 – 800 nm us- 

ng a 10 mm cuvette. 

.8. Mass spectrometry 

L-lysine powder was dissolved in d-H 2 O with a concentration 

f 30 mg/ml. The solution was split equally, and one was directly 

eft for water evaporation under the hood while the other was ir- 

adiated with 60 kGy and afterwards similarly dried. Drying was 

onducted for three days. The mass spectra were recorded on an 

mpact II (Bruker) with electron spray ionization and time of flight 

etector. The measured range was between m/z 50 and m/z 30 0 0. 

. Results 

.1. Pulse radiolysis of elastin and collagen 

Upon irradiation, the free radicals • OH, H 

• and solvated elec- 

rons ( e aq 
−) are generated in a short electron beam pulse (cf. re- 

ction 1). The radiation-chemical yields of the primary radicals are 

( • OH) ≈ G ( e aq 
−) = 2.8 • 10 −7 mol J − 1 and G(H 

• ) = 0.6 · 10 −7 mol

 

− 1 . The hydrated electrons are readily converted into further • OH 

cf. reaction 2) by saturating the solution with N 2 O (k 2 = 9.1 • 10 9 

 

− 1 s − 1 ), thus G( • OH) becomes ∼ 5.6 • 10 −7 mol J − 1 . To study
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Fig. 2. Transient absorption spectra observed after the electron pulse (15 ns, 100 Gy) irradiation of aqueous protein solutions at pH 5. Left: reaction with • OH in N 2 O 

saturated solutions, 1.2 μs after the pulse, right: reaction with e aq 
− in N 2 saturated solutions with 5 vol% t-BuOH as • OH-scavenger, 10 μs after the pulse. Concentrations and 

protein as indicated. 
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he reaction of solvated electrons alone, • OH (as well as H 

• ) rad- 

cals are completely scavenged in N 2 -saturated solutions with an 

xcess of t-butanol (typical > 2 vol%, k 4 = 6 • 10 8 M 

− 1 s − 1 );

he radicals formed in reaction 4 are known to be of general low 

eactivity and therefore their contribution can be neglected on the 

ime scale of our experiment. 

 2 O + ionizing radiation → OH, e aq 
−, H 

·, H 

+ , H 2 O 2 , H 2 (1) 

 

−
aq + N 2 O + H 2 O → OH + N 2 + 

·OH (2) 

OH + aminoacid/protein → products absorbing at ∼ 250 − 450 nm

(3) 

OH + t − BuOH → H 2 O + C H 2 C ( C H 3 ) 2 OH (4) 

The second-order reaction rate of a solute with 

• OH or e aq 
−, is 

etermined by means of a pseudo-first-order approximation. Here 

ne reactant (protein) is used in (large) excess and thus its con- 

entration can be constant as the reaction proceeds. Then the re- 

ction becomes pseudo-first-order and the rate equation can thus 

e written as 

r = k [A] [B] = k obs [A], following a first-order-law, where 

 obs = k [B] 0 (k obs with units s − 1 ). By measuring k obs for several

eactions with different (but excess) concentrations of [B], a plot of 

 obs versus [B] yields the regular second order rate constant k as 

he slope. 

The • OH rate constants with the proteins (reaction 3) were di- 

ectly determined; reliable values can be obtained for compounds 

hat form intermediates with reasonable molar absorption coeffi- 

ients in a convenient wavelength region. Proteins show transient 

pectra in the region of 250 – 600 nm (see Fig. 2 ). 

In the present case the concentration of • OH formed in the 

ulse ( D = 28 Gy and 100 Gy), amounts to ∼1 • 10 −5 and 5.6 •
0 −5 mol dm 

−3 (the concentration of e aq 
−, is half of those values). 

he concentration of the protein is well in excess, and can be con- 

idered as constant for concentrations > 10 −4 mol dm 

−3 . (Note: H 

• 

toms may also react with the solutes; however, in N 2 O-saturated 

olutions their concentration is only about 10% of the • OH concen- 

ration and their reaction is usually 1 to 3 orders of magnitude 

lower in comparison to • OH reactions, thus a contribution to the 

bserved spectra and kinetics can be neglected.) 

Fig. 2 (left) shows the transient spectra observed 1.2 μs after 

he pulsed irradiation of proteins (reaction with 

• OH radicals), the 
4 
pectrum observed without proteins in Millipore-Q water is given 

or comparison. 

Both collagens display fairly similar transient spectra with low 

nspecific absorbances ( λmax < 300 nm) whereas elastin shows 

 spectrum with significantly higher intensity and an additional 

and in the 300–320 nm range. The bimolecular rate constants de- 

ived from the linear dependence of k obs vs. protein concentration 

re in the same order of magnitude and amount to 4 • 10 6 , 6 • 10 6 

nd 1.4 • 10 7 dm 

3 g −1 s −1 for elastin, collagens G and R, respectively.

lease note that both, the observed transient spectra as well as the 

imolecular rate constants are averaged over all possible sites of 
 OH radical attack at the macromolecules. 

We attribute the additional band in the elastin spectrum, as 

een by the 300 nm to 320 nm absorbance, towards products 

hich are exclusively formed by irradiation of elastin. E.g. absorp- 

ion around 300 nm can be attributed to imine formation, as Lys is 

enerally known to form crosslinks under physiological conditions. 

 16 , 34 ] (see page 25 for in depth discussion of UV spectra). Such a

rocess of crosslinking via Lys seems less likely in collagen, as this 

olymer exhibits a rod-like triple helix, contrasted to elastin, which 

s mostly in the random coil configuration. Thereby, the probabil- 

ty is increased in elastin that two residues with a radical position 

an interact and form a covalent bond. This contrasts to collagen 

here the contact area between two rods is lower and thereby 

he likelihood of crosslink formation is reduced. The hydrophilic 

rosslinking domains in elastin are rich in Lys which encouraged 

s to focus on Lys in further experiments. Generally, the collagen 

n our investigated system (polymer solution) may show a differ- 

nt crosslinking behavior when in a gel state (i.e. collagens and 

hereby Lys are closer to each other). Under polymerized circum- 

tances, also collagens Lys may contribute to crosslinking. The ar- 

ument of crosslinking via Lys is supported by literature rate con- 

tants on single amino acids towards • OH. [35] It was shown that 

ys’ rate was at least one order of magnitude faster than Gly, Ala 

nd Pro, the most abundant amino acids in collagen and protein 

olymers. 

A further explanation for the additional absorption bands in 

lastin might be the formation of imines between Lys and Val 

esidues, as Val was shown to readily react with 

• OH. [35] How- 

ver, Val only occurs in the hydrophobic domains which were 

hown to be unaffected by EB. [10] In fact, temperature induced 

ontraction of EB treated elastin collagen gels was observed which 

ints against the involvement of hydrophobic domains in crosslink- 

ng as these domains and especially Val are involved in the con- 

raction process. [36] However, other hydrophobic amino acids 
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Fig. 3. Aliphatic part of the 13 C CPMAS NMR spectra of A elastin powder and B dried collagen with untreated sample at bottom and 60 kGy treated sample at top. Assign- 

ments are taken from [37–39] . 
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ould at least be hydroxylated and contribute to H-bonds, as dis- 

ussed later. 

Fig. 2 (right) shows the spectra observed 10 μs after the pulse in 

 2 saturated aqueous solutions containing t-BuOH. These spectra 

after the complete decay of the solvated electron) result from the 

eaction of proteins with solvated electrons. Again, elastin shows a 

ransient spectrum significantly different from both collagens with 

n intense band with λmax ∼300 nm. The influence of an increas- 

ng protein concentration on the decay of the solvated electron 

s quite small, within typical experimental uncertainties, thus one 

an only estimate, that the rate constant is much smaller than 

hat for the reaction with 

• OH radicals ( k < 3.5 • 10 5 dm 

3 g −1 s −1 ).

herefore, the focus of further investigations was laid on the reac- 

ion of the • OH radical. 

.2. Solid-state 13 C NMR of dried elastin and collagen 

Fig. 3 compares the 13 C CPMAS spectra of untreated and treated 

lastin and collagen. The spectra of the untreated samples reveal 

 good agreement with literature data. [37–39] The most abun- 

ant amino acids for elastin and collagen are visible (Pro, Val, Gly, 

nd Ala for elastin; Pro, Hyp, and Gly for collagen). The signals for 

he carbonyl atoms are localized around 175 ppm for elastin and 

ollagen (see Figure S1). The broad line shape for elastin and col- 

agen indicates the existence of several CO species, i.e., carbonyl 
5 
roups in different protein structures (random coil, alpha helix, 

eta strand). 

The aliphatic region of the elastin and collagen spectra both 

how similar changes due to irradiation but no peak disappear- 

nce which would signify bond scission. We see line broadening 

fter electron treatment implying a decrease in order or a chemi- 

ally more heterogenic environment. Potential crosslinking at ran- 

om positions in the peptide chain can lead to various changes 

o the chemical shift depending on type of reaction (see also re- 

ults for Lys and Gly below). In the simplest case this will lead to 

 larger chemical shift dispersion. As the local surrounding of the 

rosslinking point can also have effects on remote carbon atoms 

his will predominantly show up as line broadening. Line broad- 

ning can also be a consequence of partial racemization at the C α

arbon. In fact, partial racemization was observed in γ -irradiated 

mino acids. [40] Racemization will disrupt protein structures due 

o less optimal H-bond-formation and side chain positioning and 

uch a loss of secondary structure was recently observed in elec- 

ron beam treated elastin / collagen hydrogels. [10] Additionally, 

lthough this remains speculative, a trans → cis isomerization of 

he partially double peptide bond (C α-N) could occur in case of 

ransient H 

• loss at the nitrogen atom ( Fig. 4 ). 

Due to the overlap of signals and the rather small number of 

rosslinking sites, specific reacting amino acids cannot be identi- 

ed. Crosslinking has direct effects on chemical bonding, but fur- 
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Fig. 4. Proposed racemization (right) and trans → cis isomerization (bottom). 
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hermore can affect stability of helices and other structural fea- 

ures by creating geometric confinements. This additionally leads 

o a slight shift variation of amino acids that do not contribute to 

rosslinking. A general shift of some NMR signals to higher chemi- 

al shift values is observed for both elastin and collagen. This most 

ikely results from a minor change in pH-value after irradiation. As 

or the nature of crosslinks we infer that side chain amino acids 

ike Lys must be of central importance. 13 C NMR spectra of di- and 

riglycine after EB (see Figure S2) suggest that only the side chains 

eed to be considered for the reaction between polymer and 

• OH. 

owever, observed line broadening in the short peptides might be 

ediated by C α racemization and peptide bond isomerization. Fur- 

her, there is the suggestion in literature that proton abstraction 

ccurs at sidechains and not at the backbone which is mirrored in 

he observation of no peak disappearance after treatment. [26] In 

act, proton abstraction at amino acid carbons would be followed 

y a variety of reactions which would directly affect carbon signals. 

ue to the low abundance of ∼ 5%, Lys signals cannot be isolated 

n collagen/elastin NMR to identify effects of EB on this amino acid. 

herefore, it will be analyzed as an isolated molecule. All in all, we 

nfer from the above data that EB induces no significant changes 

n the peptide backbone while formation of H-bonds and the in- 

olvement of sidechain amino acids such as Lys could play a cen- 

ral role in crosslinking. The formation of H-bonds might be medi- 

ted by the addition of • OH to random radical positions along the 

hain. This might lead to general line broadening because the ran- 

om formation of H-bonds will also affect the chemical shift of the 

cceptor atoms. 

.3. Comparison of 13 C solid-state NMR spectra of Lys and Gly 

Since the carbon atoms of Lys are not resolved in the solid-state 

MR spectra of collagen and elastin and the kinetic data indicate a 

pecial role for Lys, we compared the 13 C NMR spectra of untreated 

nd treated Gly ( Fig. 5 ) and Lys ( Fig. 6 ). 

Gly shows little changes after electron beam treatment ( Fig. 5 ). 

he presence of double peaks at around 175 ppm and 43 ppm 

ignifies the presence of two polymorphs. Observed line broaden- 

ng and no peak disappearance or formation after EB agrees with 

he results for collagen and elastin. However, as Gly has no side 

hain, just a terminal NH group and does not show significant 
2 

6 
hanges to EB as opposed to Lys (see below) it is concluded that 

he sidechain is the primary point for radical attack ( Fig. 7 ). An ex-

lanation would be that a potential radical at a CH 2 group is better 

tabilized in Lys than in Gly where it will rather reside in the de- 

ocalized π-orbital of the carboxyl group. 

The spectrum of Lys shows a larger chemical shift dispersion 

han Gly as expected ( Fig. 6 ). Lys as well shows line broaden-

ng after treatment leading to a stronger overlap of the individual 

ignals. Racemization might as well contribute to line broadening 

hile the presence of double peaks at around 177 ppm and be- 

ween 20 ppm and 60 ppm indicates the presence of two poly- 

orphs. Furthermore, the emergence of a new peak at 166 ppm 

s striking. This peak might refer to the formation of an imine 

 Fig. 12 , below). After deamination by a possible proton abstraction 

t the ε or δ position by • OH, a nucleophilic substitution of the 

hen formed carbonyl group or hydroxyl group by a terminal NH 2 

roup of a second Lys might lead to the formation of an imine. For- 

ation of an ester is also possible by the reaction between the al- 

ohol and a carboxyl group, but this is unlikely based on MS mea- 

urements (see later). We could not measure a pH-value increase 

n a treated Lys solution to prove possible NH 3 formation, but this 

ormation could be compensated by other processes such as simul- 

aneous CO 2 formation. 

In the aliphatic region potentially new shifts cannot be resolved 

ue to line broadening. These results give an additional hint of 

he special effect of Lys for the crosslinking although the only 

ther studied amino acid was Gly. Generally, changes in these re- 

ions refer to changes of carbons in aliphatic environments which 

s consistent with the notion that • OH abstracts protons from a 

H 2 group. We observed newly formed signals after irradiation at 

9 ppm and 41 ppm which could be attributed to the formation of 

ethyl or methylene groups, respectively. The formation of methyl 

nd methylene species is also validated in the solution 

1 H NMR of 

ys. 

Some further information can be found in the signals around 

77 ppm. The peaks are not shifted after treatment and more 

mportant, the double feature is retained. This is an indication 

gainst chemical changes which might occur near or at the car- 

oxyl group. Especially, loss of the amino functionality could in 

heory also happen at the α-carbon but would directly alter the 
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Fig. 5. Downfield (left) and upfield (right) region of the solid-state 13 C CPMAS spectrum of untreated (bottom) and treated (top, 60 kGy) Gly. 

Fig. 6. Downfield (left) and upfield (right) region of the solid-state 13 C CPMAS spectrum of untreated (bottom) and treated (top, 60 kGy) Lys. 

Fig. 7. Lys (left) and Gly (right). Dashed lines represent potential CH 2 groups for proton abstraction. 
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hemical shift of the carboxyl carbon atom. Line broadening again 

ight imply an increase in chemical heterogeneity. Two types of 

eactions were generally inferred: imine formation and formation 

f aliphatic species. 

Further, in comparison with Gly, it can be concluded that hy- 

rophilic side chain amino acids like Lys form covalent bonds as 

pposed to non-sidechain amino acids like Gly. Thereby, we argue 

hat hydrophobic, hydroxylated side chain amino acids such as Phe 

ay likewise serve as H-bonds donors as they must be able to 

e deprotonated / hydroxylated by • OH as well but cannot form 

mines as potential substituent NH 2 groups within the protein are 

onfined to their peptide environment. In fact, hydrophobic amino 

b

7 
cids tend to avoid solvent exposure and bury within the pro- 

ein interior where they experience geometric confinements which 

ill inhibit the formation of the charged transition state which is 

eeded for substitution reactions leading to imines ( Fig. 12 ). 

.4. Dose dependent 1 H NMR of Lys in solution 

The untreated Lys sample shows four peaks according to the 

erminal and aliphatic protons ( Fig. 9 A). While these peaks are re- 

ained after irradiation new peaks appear at 1.25 ppm, 2.2 ppm, 

.9 ppm, 4.6 ppm, 5.7 ppm and 8.4 ppm. All peaks below 5 ppm 

elong to protons of saturated aliphatic species, while the peak 
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Fig. 8. 1 H NMR spectral evolution of Lys as a function of dose. A: Complete spectral range. B: Enlarged aliphatic area. 
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i

a

t 5.7 ppm implies protons at a C = C double bond (unsaturated 

liphatic). The peak at 8.5 ppm signifies an amidic proton. The 

eak at 4.6 ppm is especially noteworthy, since it might refer to 

he formation of an imine ( Fig. 9 B) as claimed earlier from the

66 ppm peak in the solid-state 13 C NMR spectrum of the treated 

ys sample. Further, this peak is a singlet which signifies protons 

hich do not have other protons in their vicinity thereby implying 

hat the imine function has an isolated CH 2 group which places 

he imine in the δ-position. 
8 
Fig. 10 shows the dose evolution of the 1.25 ppm, 2.2 ppm, 

.9 ppm, 4.6 ppm 5.7 ppm and 8.4 ppm peaks. It is clearly visi- 

le that the intensity of all peaks increases linearly, although the 

lope of the increase of the 4.6 ppm peak is 3.4 times greater than 

hose averaged for the other peaks (1.25 ppm, 2.2 ppm, 3.9 ppm, 

.7 ppm and 8.4 ppm). As the 4.6 ppm was shown to have the 

reatest increase with dose it is argued that the formation of an 

mine as stated in Fig. 12 is a central pathway during EB medi- 

ted crosslinking. It is further stated that, aside from imine forma- 
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Fig. 9. Peak assignments for the untreated Lys sample (A) and selected additional assignments for the 60 kGy treated sample (B). The solvent signal at 4.8 ppm was omitted 

for clarity. 
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ion, the formation of saturated and unsaturated aliphatic species 

s well as amidic species is a second process with noticeable sig- 

ificance. The reason for this claim is that an imine can easily form 

rom a nucleophilic substitution between the NH 2 group of a Lys 

olecule and an aldehyde. The aldehyde again can form by • OH 

ddition at • CH which again forms after proton abstraction by • OH. 

liphatic and amidic species, however, are rather formed as a ran- 
9 
om by-product at random positions at the molecule during imine 

ormation and do not contribute to polymer linkage. Please note, 

hat at a dose of 60 kGy 1 . 7 · 10 −2 M 

• OH radicals and electrons are

ormed as reactive species. I.e. only appr. 12% of all Lys molecules 

at a conc. of 30 mg/ml) can react with 

• OH or e aq 
−. Thus, we do

ot expect that secondary reactions with radiolysis products con- 
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Fig. 10. Dose dependent 1 H NMR normalized peak evolution of Lys with linear fit. Peak areas have been normalized to the respective 3.3 ppm peak area. 
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ribute to our results which is also obvious from the linear increase 

f products in the range from 0 kGy to 60 kGy ( Fig. 10 ). 

From the UV spectrum of irradiated Lys (supplement Figure S3) 

t can be seen that the products are reacting to changes in pH 

alue which must be due to a chromophore which can be proto- 

ated. Pyridine or imine functional groups can be possible from 

he absorption around 300 nm although NMR could not detect 

oticeable amounts of aromatics which would exclude pyridine. 

41] It was also stated that a weak absorption around 300 nm 

n imines originates from an n → π ∗ excitation. [ 34 , 42 , 43 ] The n-

rbital will be disrupted upon protonation which is seen in our 

ystem where the absorption around 300 nm is strongly reduced 

hen going from pH 10 to pH 4 in the treated Lys solution. Sev-

ral publications have also highlighted a similar pH-dependency of 

he 300 nm shoulder for Schiff bases, a compound with an imine. 

44–46] Further, Prasad et al. showed that two Lys residues in a 

ynthetic peptide are held together at their terminal NH 2 group by 

ne water molecule which could be converted into one • OH after 

rradiation which can link both Lys residues. [47] In fact, molecular 

rientation will be the limiting step in crosslink formation as the 
 OH has a half life of only 10 −9 s so Brownian motion will be inef-

ective in arranging sidechains perfectly within this half life. [48] 

.5. Comparison of ESI-MS spectra of Lys 

Fig. 11 displays the + ionization spectrum of the dried un- 

reated Lys sample. The signal for the Lys mass of [ M + H ] + of

47.1 is clearly visible. Most strikingly, also the loss of NH 3 is ob- 

erved as seen in the mass of m/z = 130.1 with a difference of 17

mu which equivalents to NH 3 . Although this was the untreated 

ample, this peak shows that ionization of Lys by mild ESI-MS eas- 

ly leads to NH 3 loss. Further, the presence of the m/z = 130.1 peak 

mplies that no further reaction after NH 3 loss takes place after 

onization in ESI-MS which is also highlighted by the absence of 

ny peaks from adducts at higher m/z . This drastically proves that 

he valence state of Lys-after ionization-induced NH loss (radi- 
3 

10 
al, after • OH attack or ion, after ESI-MS) is central for the abil- 

ty to participate in any covalent adduct formation. The masses 

f m/z = 293.2 / m/z = 315.2 and m/z = 439.3 / m/z = 461.2 re-

pectively, refer to H-bond Lys dimers ([2M + H ] + / [2M + Na] + ) and

rimers ([3M + H ] + / [3M + Na] + ). 
ESI-MS of the 60 kGy Lys sample shows several signals with 

/z = 147.1 being the most prominent which again signifies 

hat some Lys is not reacting. Other abundant signals occur at 

/z = 213.3, m/z = 230.2, m/z = 252.3, m/z = 254.2, m/z = 269.2,

/z = 296.4 and m/z = 313.3 which are the main species. Aside 

rom the observation that the main species have a greater mass 

han Lys also no fragmentation products could be detected. Also, 

he masses of m/z = 293.2 / m/z = 315.2 and m/z = 439.3 /

/z = 461.2 respectively, from the H-bond Lys dimers ([2M + H ] + 

 [2M + Na] + ) and trimers ([3M + H ] + / [3M + Na] + ) are observed as

ell. This means that they must form within the ESI process as 

hey also appear in the untreated sample. The same argument is 

rue for the m/z = 130.1 peak in the treated spectrum. 

Solid-state 13 C NMR proposes the presence of an imine signified 

n the 166 ppm peak. Further, solution 

1 H NMR spectra show the 

ormation of an imine species with protons which do not couple 

o other protons is the dominating process. This is a strong indi- 

ation for δ deprotonation leading to an imine ( Fig. 12 ). The for- 

ation of saturated and unsaturated aliphatic species is observed 

s well. As ESI-MS shows that there is also one main species at 

/z = 252.3 it is concluded that the mainly formed species is an 

mine with uncoupled protons with the mass of m/z = 252.3. UV 

easurements are in line with this claim as they show an absorp- 

ion feature, which changes with pH value which is highly indica- 

ive of an imine. Further, the retained peak at 177 ppm in the 13 C

MR spectrum of Lys is indicative of no or only minor reactions at 

he α NH 2 group. Fig. 12 depicts the imine functional group which 

s believed to be formed at the δ position in Lys. We could not 

etect the formation of aldol condensation products for instance 

rom the reaction between two Lys aldehydes (allysine) as neither 
 H NMR nor 13 C solid state NMR showed signals for protons or 
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Fig. 11. ESI-MS spectra of l -Lys in the untreated and treated state. 

Fig. 12. Imine species as suggested by 13 C and 1 H NMR. Substitution of OH by NH 2 at the second step is proposed to run only in solvent exposed amino acid sidechains of 

the protein due to improved chain mobility and charge stabilization by solvent molecules. Otherwise, the reaction terminates after • OH addition. 

11 
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Scheme 1. Proposed crosslinking model for a collagen triple helix and an elastin model. 
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arbons in an aldehydic environment. Aldol condensation products 

ave been claimed to be a major crosslink between two Lys aside 

rom imines. [49] The formation of an ester by the reaction be- 

ween an alcohol and a carboxylic acid could also be possible and 

ould fit with the 166 ppm peak in the 13 C NMR spectrum. How- 

ver, based on the mass spectra no ester species could be con- 

eived. Proposed structures for the main species from ESI-MS can 

e found in the supporting information (Figures S4-S12). The struc- 

ures were conceived by the following considerations: the basic 

tructure is an imine with an adjacent non-coupling CH 2 group. 

urther, the mass is between one and two lysine masses, so the 

wo involved Lys must be fragmented. NH 3 and CO 2 loss, C = C 

ond formation by H-loss as well as • OH addition can modify the 

asic structure. 

. Statistical methods 

Fig. 10: the respective area vs. dose curves were fitted with a 

inear fit using scipy (python 3). The obtained slope was then taken 

or the 4.6 ppm curve and compared to the mean curve of all other 

urves. Mean values were also calculated using python 3. 

. Discussion 

Finally, based on our results we propose the following crosslink- 

ng model ( Scheme 1 ). It is derived from the secondary structure of

ollagen triple helices and elastin and implies two main crosslink 

ariants by EB: H-bonds, mediated by hydroxylated amino acid 

esidues and covalent bonds by imine formation between two side 

hain amino acids such as Lys. 

In fact, we argue that long side chains and crosslinking go hand 

n hand while protein backbone connectivity remains unchanged. 

owever, hydrophobic side chains which are confined within the 

rotein may not form a stable charged transition state needed for 

ubstitution reactions which limits the reactivity to • OH addition. 

his is contrasted to hydrophilic solvent exposed side chains which 

orm imines as they can adopt nearly all bond angles and solvent 

olecules can stabilize the charged transition state. 
12 
As Riedel et al. have suggested that five crosslinks per collagen 

onomer are introduced after EB, we propose that not only Lys 

ontributes to crosslinking as this will at best lead to 5% crosslink- 

ng and not 20%. [9] 

. Conclusion 

We have shown how electron beam irradiation could act on a 

hemical level to facilitate crosslinking in elastin and collagen poly- 

ers by reaction with 

• OH and Lys. Solid-state 13 C NMR of elastin 

nd collagen show that the chemical connectivity of the backbone 

s unaffected, although the chemical environment is more hetero- 

enic, probably due to racemization of amino acid residues, trans 

 cis isomerization of the peptide bond and a consequently al- 

ered protein secondary structure and crosslinking. Further, the for- 

ation of H-bonds was proposed for hydrophobic amino acids as 

he reaction towards the imine might then terminate at the • OH 

ddition step. Pulse radiolysis experiments reveal similar reaction 

ate constants of • OH towards elastin and collagen although addi- 

ional transient spectra were observed in elastin which were at- 

ributed to the formation of imines via Lys crosslinking. Further, 
3 C and 

1 H NMR studies on irradiated Lys highlight the formation 

f an imine bond between two Lys molecules on the δ-position of 

he Lys sidechain. ESI-MS experiments confirm the formation of a 

ain species at m/z 252 which is between one and two Lys masses 

hereby strengthening the claim of electron beam mediated Lys Lys 

nteraction. 

Crosslinking involves the formation of covalent bonds via Lys 

roups although the most abundant amino acids Pro, Hyp, Gly and 

la are also slightly affected by addition of • OH. Further amino 

cids of interest are arginine (Arg), His, Asn, Gln, Val, Ile, Tyr and 

eu due to their side chain character and / or terminal NH 2 group. 

hese amino acids are potential candidates for crosslink sites and 

hould be addressed in future experiments. 

Our work might contribute to a better general understanding of 

ydrogel crosslinking in a way that we in the future might forecast 

he outcome of electron irradiation towards a tailored radiation in- 

uced synthesis of non-conventional biohybride polymers as a new 
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