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Antioxidants (AO) inhibit unwanted unspecific reactions of oxygen and are added to most susceptible industrial products, 

including liquid hydrocarbon based aviation fuels. Regulatory approved jet fuel, whether synthetic or crude oil based, 

mandates the addition of performance antioxidants to inhibit radical-induced oxidation during storage and transport. 

While presently used antioxidants are petroleum based, there have been no sustainable, less-toxic, bio-based equivalents 

reported so far. This study addresses the initial evaluation of natural carotenoid-based antioxidants as a substitution for 

current alkyl-phenolic antioxidants to kerosene. Inspired from natural products of Brevibacterium and Synechococcus 

genus syntheizised analogs of candidate aromatic carotenoid cleavage products were evaluated for their effects on 

combustion characteristics of jet fuel, comparative radical scavenging, and endothelial cell-culture cytotoxicity. These 

bioinspired antioxidants did show no adverse effect on jet fuel bulk properties and combustion chemistry. The radical 

scavenging properties of the here proposed phenolic carotinoid cleavage products are superior to non-aromatic ß-

carotene cleavage produtcs and in range with current alkyl-phenolic additives. Cytological tests showed a similar, low 

toxicity towards human endothelial cells when compared to butylated hydroxytoluene (BHT), one of the approved alkyl-

phenol based additives to jet fuel, food and cosmetics. From these initial performance data, it appears likely that the 

proposed biobased compounds do not interfere with normal operations of jet engines and human fuel handling. Further 

developments towards the usage of aromatic carotenoid cleavage products as antioxidants could contribute to reduced 

non-renewable consumption and possibly being a enviromentally more tolerated alternative due to their biosynthetic 

origin. 

Introduction 

Hydrocarbon fuels are predicted to remain the medium 

termed aviation energy source for bulk transport of time 

critical goods and passengers
1
. Thermal and chemical stability 

of these are crucial, as oxidation can lead to the formation of 

insoluble oxidation products and possible fuel system 

failures
234
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Fig. 1 Chemical structures of currently certified jet fuel antioxidants. These 

are added to jet fuel as pure compounds or mixtures at a maximum 

concentration of 24 mg L
-1

 in total. Further regulative information can be found 

in the ASTM standard specification for aviation turbine fuels
5
.  
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Consequently, autoxidation reactions in jet fuels have to be 

prevented, that can be triggered during storage at ambient 

temperatures as well as upon exposure to elevated 

temperatures, particularly within the engine fuel supply 

system
6,7

. Therefore, the addition of antioxidants to aviation 

fuel formulations is made mandatory by the American Society 

for Testing and Materials (ASTM). Since operational aspects 

and certification requires aircraft fuels to be used at 

temperatures as low as -47 °C, especially starting of the engine 

has to be ensured at these conditions
8
. Already small amounts 

of physically active additives may have a significant influence 

on the viscosity and the surface tension. Temperature 

dependent properties like (kinematic) viscosity, density, and 

surface tension are critical parameters for the fuel’s spray 

characteristics, i.e., during atomization at the combustor. 

Therefore, these properties were investigated in addition to 

the combustion chemistry. 

Among the certified antioxidants for kerosene, only alkyl-

phenols are listed as illustrated in Fig. 1. The antioxidative 

mechanism of alkyl-phenols (ArOH) depends on hydrogen 

atom transfer (HAT) and single electron transfer (SET) towards 

oxygen radicals ROO•, quenching further chain reactions
9
. 

These approved kerosene additives encompass the commodity 

chemical butylated hydroxytoluene (BHT), exhibiting superior 

antioxidative properties when compared to similar non-

phenolic AOs
9
. Generally, radical scavenging rates of alkyl-

phenols are superior to non-alkylated isomers due to positive 

inductive effects, stabilizing the AO after electron transfer
9
. 

Consequently, alkyl-phenols are widely used as antioxidants in 

drugs, cosmetics, food, and fuel
9
.  

Although there is a large amount of natural antioxidants, none 

are used so far in jet fuels
10,11

. Partially, the required 

physicochemical properties of jet fuel additives exclude many 

biosynthetic alternatives, besides the extreme financial 

expense for ASTM approval. When considering biogenic 

antioxidants, most compound classes are excluded due to 

either their poor solubility in kerosene, high acidity or limited 

volatility (e.g. ascorbic acid, gluthatione). Research on 

microalgae as carbon fixation platforms resulted in the 

detection of different natural antioxidants as documented in 

the literature
12,13

. Carotenoids are photosynthetically active 

and/or antioxidant molecules in plants, algae, and bacteria, 

where they constitute one of the most abundant and 

accessible antioxidant pigment classes
14,15

. Commercially, 

racemic carotenoids are generated by conventional chemical 

synthesis using petrochemical precursors
16

. Recently, 

sustainable microalgae processes based on either Dunaliella 

sp. or Haematococcus sp. as production organisms have been 

developed into industrial scale for production of 

enantiomerically pure carotenoids
17,18

. When exposed to 

osmotic stress, Dunaliella produces carotenoids, with reported 

relative concentrations reaching one to ten percent in dried 

biomass
19

. This significant production yield could enable 

sustainable antioxidants production. When considering 

carotenoids as jet fuel antioxidants, their cleavage to more 

volatile products is required to comply with ASTM jet fuel 

specifications. To the best of our knowledge, volatile cleavage 

products of carotenoids have never been studied as 

antioxidants in jet fuel formulations. To that end, antioxidants 

based on aromatic carotenoid structures (Fig. 2A), resemble 

those of conventional alkyl-phenols (Fig. 1).  

 

Fig. 2 [A] Chemical structure of ß-carotene, aromatic derivatives and its 

cleavage products20,21. For R = methyl; dihydroxy isorenieratene (DHIR) and the 

dihydroxy isorenieratene cleavage product (DHIRC*) for R = hydrogen; synthetic 

aromatic carotenoid and cleavage products (Synechoxanthin like cleavage 

product (SXLC
*
) based on structural similarity to the microalgae aromatic 

carotenoid synechoxanthin22. [B] Chemical structure of all tested jet fuel 

antioxidants. *Purified synthetic material was used in all experiments. 

Aromatic ring structures in carotenoids are rare and were first 

identified in a sea sponge by Yamaguchi et al. in 1958
23

. 

Isorenieratene, and its hydroxylated form (DHIR), have first 

been described and isolated from bacteria of the 

Brevibacterium genus originally isolated from cheese 

products
24

. Moreover, aromatic carotenoids are not limited to 

heterotrophic bacteria, but also occur naturally as 

synechoxanthin in phototropic cyanobacteria of the 

Synechococcus genus
22

. Enzymatic cleavage of carotenoids 

with molecular oxygen as the oxidant results in the production 

of volatile flavor compounds in plants flower and fruit 

tissues
25

. Enzymatic cleavage of conventional and aromatic 

carotenoids has been shown in vitro, but yields remain 

marginal due to product inhibition and limited substrate 

solubility
21,26,27

. Most biotransformation reactions require a 
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chromatographic separation of the generated products, which 

in addition diminish its scalability
21

. In contrast, recent 

oxidative carotenoid cleavage experiments by chemical 

catalysis lack high regioselectivity and scalability
20,28

. Indeed, 

long term target of our investigation is the utilization of 

cleavage products from naturally derived aromatic 

carotenoids. For the initial tests, chemically synthesized 

products were used to assess the applicability of derived 

antioxidants. To comply with volatility specifications of jet fuel 

additives, this study evaluated possible aromatic carotenoid 

cleavage products of dihydroxy isorenieratene (DHIR) and 

synechoxanthin like carotenoids, obtained by a pure synthetic 

production approach. For the first time, this study presents the 

carotenoid cleavage inspired products DHIRC and SXLC as 

substitutes for alkyl-phenol based jet fuel additives. These 

compounds (Fig. 1B) were tested for their suitability, with the 

respective BHT and ß-ionone controls, in combustion 

processes and for radical scavenging. Furthermore, toxicity in 

human epithelial cell lines was determined to ensure secure 

handling properties. The reported new evidence on 

semisynthetic alternatives to alkyl-phenol based antioxidants 

opens possible applications of these to jet fuel and beyond. 

 

Methods 

Chemical synthesis of aromatic carotenoid cleavage products  

Pure compounds (E)-4-(4-hydroxy-2,3-dimethylphenyl)but-3-en-2-

one (DHIRC) and (E)-4-(4-hydroxy-2,3,6-trimethylphenyl)but-3-en-2-

one (SXLC) were obtained by chemical synthesis starting from 

commercially available building blocks by a new route improving a 

protocol of Yeung et al
29

. Details are presented in the Experimental 

part.  

Products were characterized by 
1
H-NMR and 

13
C-NMR on an Avance 

III HD 500 MHz NMR spectrometer from Bruker BioSpin equipped 

with a CryoProbe™ Prodigy broadband probe and by HR-MS on a 

Thermo Finnigan LTQ FT Ultra Fourier Transform Ion Cyclotron 

Resonance Mass Spectrometer. Purity of the samples was 

determined by HPLC on an Agilent Series 1100 HPLC system 

(Waldbronn, Germany). 

Direct radical scavenging of studied antioxidants   

Comparative radical scavenging properties of DHIRC and SXLC 

including control BHT and ß-ionone were analyzed using two 

independent stable radical assays. 

DPPH assay. Conducted as previously published by Xie and 

Schaich with some modifications, according to Deng et al.
30,31

. 

2,2-Diphenyl-1-picrylhydrazyl (DPPH) stable radical reagent 

was solubilized in ethanol at 100 µM. Dilution series were 

prepared from 10 mM stock solutions. For each triplicate stock 

solution of ß-ionone, BHT, SXLC, and DHIRC triplicate reactions 

were performed and measured upon addition of the stable 

radical reagent. 200 µL of each stock solution (10 mM — 1 

mM) and negative control was added to 24 well microtiter 

plates on ice. After synchronous addition of 1800 µL DPPH 

reagent at 30 °C, the plates were immediately measured with a 

plate reader (EnSpire®, PerkinElmer, Inc., Waltham, USA) in 30-

sec intervals at 517 nm for 20 min at 30 °C and once after 72 h 

at RT in a sealed plate.  

ABTS assay. Conducted as previously published by Re et al. 

with some modifications
32

. For radical formation, an aqueous 

solution of 2,45 mM potassium persulfate (KPS) and 7 mM 

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) 

was prepared and stirred for 24 h at RT in the dark. The 

formed ABTS•/ ABTS reagent solution was diluted with ethanol 

to a concentration of 85 µM ABTS• and ABTS with a relative 

absorbance at 734 nm of 0,7. Dilution series by pipetting were 

prepared from 1 mM stock solutions. For each stock solution 

of ß-ionone, BHT, SXLC, and DHIRC triplicate reactions were 

performed and measured upon addition of the stable radical 

reagent. 200 µL of each stock solution (1 mM – 100 µM) and 

negative control was added to 24 well microtiter plates on ice. 

After synchronous addition of 1800 µL ABTS reagent, the 

plates were immediately measured with a plate reader 

(EnSpire®, PerkinElmer, Inc., Waltham, USA) in 30-sec intervals 

at 734 nm for 20 min at 30 °C and once after 72 h at RT in a 

sealed plate. 

Physiochemical properties of additive blends 

Approval of new fuels and fuel additives is regulated by ASTM 

D 4054 which sets all required tests at four times the 

concentration being sought for approval. For antioxidants, a 

maximum concentration of 24 mg L
-1

 is specified
33

. Back-to-

back tests are performed on the additive blend (96 mg L
-1

 

antioxidant) and a neat control sample without additive, which 

provides a baseline for comparison
34,35

. A representative jet 

reference fuel close to the specifications given by ASTM D 

4054 was chosen as a surrogate for kerosene-type fuel. The jet 

reference fuel was formulated by blending the following 

technical grade solvents in the respective volumes as shown in 

Table 1. 
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Table 1 Jet reference fuel composition as applied in the experimental 

investigations. Antioxidant additives were added with a concentration of 96 mg 

L
-1

 respectively.  

Jet reference fuel (JRF) model formulation 

Type Component Volume % 

Paraffins Exxsol D40 38.02 

Exxsol D80 38.02 

Aromatics Aromatic 100 7.69 

Aromatic 150 15.37 

Sulfur tert-Butyl Disulfide 0.75 

Mercaptan Decanethiol 0.01 

Fuel System Icing 
Inhibitor 

DiEGME 0.15 

 

Subsequently, kinematic viscosity, density and surface tension 

were determined in dependency of the temperature to 

investigate the physiochemical behavior of the additive blends 

with the synthesized antioxidants DHIRC and SXLC to the neat 

jet reference fuel in compliance to ASTM D4054
33

 

recommendations. 

Influence of the novel antioxidants on combustion chemistry 

Within the approval process of new fuels or additives, 

extensive engine tests are required to exclude 

disadvantageous effects on combustion
36

. To minimize the risk 

of this significant effort, we present a preliminary investigation 

of the influence of the antioxidative additives on the 

combustion processes in a model laboratory scale experiment. 

Measurements were performed at the DLR high temperature 

flow reactor with coupled molecular beam mass (MBMS) 

spectrometer. This system allows for a detailed observation of 

stable and radical combustion intermediates at ideal, pre-

vaporized and premixed conditions. It consists of a high-

temperature laminar flow reactor and a molecular beam mass 

spectrometer (MBMS) with time-of-flight detection (TOF) 

system. Species are measured at the reactor outlet for varying 

temperatures of the oven housing the reactor tube. A detailed 

description on this setup has been published previously
36373839

 
36-39

. 

Viability assays of melanoma cell line MEL2  

The toxicity of all antioxidants studied was evaluated by 

viability assays of melanoma cell line SK-MEL-28 upon 

treatment with these. SK-MEL-28 cells were grown in DMEM 

medium substituted with 10% FBS at 37 °C and 5% CO2. For the 

viability assays, 5x 10³ cells per well were seeded in technical 

triplicates in a 96 well plate. The initial growth medium was 

changed one day after seeding to a growth medium containing 

Green Cytotoxicity reagent (EssensBioscience). Next, cells were 

treated with a 9-point dilution series with each corresponding 

substance (30 µM – 3 nM). Cells were then incubated for four 

days and viability was estimated by measuring confluence and 

green fluorescence every 2 h in an IncuCyte® device. 

Results and discussion 

Chemical synthesis of the aromatic carotenoid cleavage 

products 

The two proposed cleavage products of aromatic carotenoids 

were synthesized from commercially available aldehyde 

building blocks. As the synthesized compounds are derived 

from carotinoid compounds we abbreviated them accordingly 

and the compounds are referred as such for all further results 

and discussions: (E)-4-(4-hydroxy-2,3,6-trimethylphenyl)but-3-

en-2-one  as DiHydroxy-IsoRenieratene (DHIR) Cleavage 

product (DHIRC) and (E)-4-(4-hydroxy-2,3-dimethylphenyl)but-

3-en-2-one as SynechoXanthin Like Cleavage product (SXLC). 

The two-step synthesis (Fig. 3) consists of a Claisen-Schmidt 

aldol condensation of a methoxy-protected phenolic aldehyde 

with acetone and subsequent O-demethylation with BBr3. 

 

Fig. 3 Chemical synthesis route to DHIRC (R = CH3) and SXLC (R = H). 

Anti-radical activity of carotenoid cleavage product based 

antioxidants  

The DPPH assay is widely used for mixed mode radical 

scavenging experiments, featuring fast single electron and 

slower hydrogen transfer reactivity. To measure radical 

scavenging of the novel jet fuel antioxidants, DHIRC and SXLC 

were compared to non-phenolic control ß-ionone and certified 

alkyl-phenol BHT.  

ß-ionone, the cleavage product of the potent natural 

antioxidant ß-carotene, was initially evaluated for its radical 

scavenging capacity. To that end, no radical scavenging activity 

even over a timeframe of a couple of hours was observed for 

ß-ionone. DHIRC demonstrated an initial fast reaction with the 

stable radicals and slow further scavenging as depicted in Fig. 

4. This behavior suggests a bi-mechanistic reaction, possibly a 

mixture of SET and HAT. The data indicates furthermore that 

DHIRC is a superior antioxidant to the non-phenolic ß-carotene 

cleavage products. Hence, the presented results on radical 

scavenging indicate significant antioxidative properties of 

DHIRC, suggesting stabilizing effects on jet fuel and other 

oxidation susceptible products. Nevertheless, the currently 

certified alkyl-phenol BHT remains superior regarding radical 
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scavenging rates observed in both assays (Fig. 4A and B). 

Equivalent data for SXLC indicates that this compound has 

similar radical scavenging properties to DHIRC, while being 

slightly more active in the selected assays. One reason for this 

slightly higher antioxidant activity may be the different methyl 

substitution pattern of the two compounds under 

investigation. In that regard SXLC is less sterically hindered.  

Whether SXLC or DHIRC will comply with long term storage 

stability requirements of jet fuel remains to be investigated in 

a more comprehensive study and during possible certification 

processes. Interestingly, recent publications on AOs in 

emulsions suggest a higher product stability when more 

hydrophilic antioxidants are added to water in oil emulsions
9
. 

This could also hold true for jet fuels under long term storage 

conditions, when the more hydrophilic AOs like DHIRC are 

added. Alternatively, there are means to broaden the portfolio 

of available cleavage products. SXLC is one example of a 

possible semi-synthetic approach, which could include various 

chemical or biochemical functionalization’s to fulfill ASTM 

D4625 long term stability target specification. 

 

Fig. 4 Spectrophotometric ABTS and DPPH radical absorption quenching curves 

with labels according to the analyzed antioxidant canditate. [A] DPPH at compound 

concentrations of 1 mM. [B] ABTS radical scavening at 100 µM. SD-+ are represented by 

the underlying colored surface. Additional measuremts on various concentrations are 

appended in the Electronic Supplementary Informa�on (see ESI†). 

Physiochemical properties of aromatic carotenoid cleavage 

products additive blends 

The range of the kinematic viscosity, density and surface 

tension for the jet reference fuel (JRF) are in accordance with 

the approved fuels listed in the world fuel sampling program of 

the CRC (Coordinating Research Council) aviation committee 

and the CRC handbook of aviation fuel properties, making the 

JRF an excellent candidate for back-to-back tests with the 

additive by providing a baseline for data comparison
34,35

. 

Typical temperature-dependency was displayed by both 

additive blends and the neat jet reference fuel for kinematic 

viscosity (Fig. 5A), surface tension (Fig. 5B) and density (Fig. 

5C). For the JRF blend with SXLC minor solubility issues arose 

at low temperatures, which could be met by ultrasonic 

resuspension. Note that kinematic viscosities are usually 

denoted in a logarithmic scale. 

 

Fig. 5 Temperature dependent physical properties of the neat jet reference 

fuel (JRF) and the additive blends with DHIRC and SXLC: [A] kinematic viscosity 

(logarithmic scale); [B] surface tension; [C] density. 

No significant effects of the antioxidative additives on the jet 

reference fuel’s physical properties could be observed. 

Minuscule deviations of the measured data points of the 

different additive blends and the jet reference fuel are within 

the error margins. This tallying performance, however, should 

be considered advantageous, since an alteration of physical 

properties upon addition of an additive could create problems 

concerning jet engine operation. Any deviation would raise the 

question of batch reproducibility and in worst case placing 

blends outside the required fuel specifications.  
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Spray characteristics and evaporation rates are crucial fuel 

parameters for their combustion behaviour. To investigate the 

influence of the regarded antioxidants on the atomization of 

the jet reference fuel, the Sauter Mean Diameter (SMD) for 

three typical aero-engine injection principles, namely plain 

orifice (Fig. 6 A), pressure-swirl (Fig. 6 B) and pre-filming 

airblast (Fig. 6 C) atomization was determined. The SMD, 

reflecting the volume to surface ratio of a spray, is an 

important characteristic diameter for the fuel placement and 

vaporization
40

. In plain-orifice atomizers, the fuel is introduced 

into the combustion chamber via a small orifice by means of a 

pressure differential
41

. In pressure-swirl atomizers, in addition 

to the pressure differential a swirl is added causing a widening 

of the spray
40

. The third investigated atomization principle is 

the so-called pre-filming airblast atomization, where a thin fuel 

film is spread on a surface
42

. This film is subsequently torn 

apart by the shear forces resulting from high-velocity air 

streams above the film surface. For the correlations used to 

calculate the SMD for the individual atomization principles, the 

reader is referred to the Electronic Supplementary Information 

(see ESI†). As can be seen from Fig. 6, the effect of the change 

in physical properties due to the antioxidative additives on 

atomization is marginal for all three investigated fuel injection 

principles. The differences are negligible compared to the 

uncertainties of the empirical correlations and the underlying 

measurement of the physical properties. 

  

Fig. 6 Sauter Mean Diameter (SMD) of the neat jet reference fuel (JRF) and 

the additive blends with DHIRC and SXLC: [A] plain orifice; [B] pressure swirl; [C] 

pre-filming airblast  

Jet fuel combustion chemistry of aromatic carotenoid 

cleavage products additives  

Combustion is driven by radical chain reactions. Therefore, the 

presence of an antioxidant, i.e. a radical scavenger, could have 

a significant impact on the reaction network. Combustion was 

carried out at fuel rich conditions (Φ= 1.2) to cover the full 

reaction regime of the soot precursor chemistry and to 

determine even slight concentration shifts. Results from the 

DLR high temperature flow reactor are presented in Fig. 7. For 

this work the jet reference fuel blend with DHIRC (Fig. 7 A 
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lines) was chosen in comparison to the neat jet reference fuel 

(Fig. 7 A symbols). The measured mole fraction profiles of the 

major species in combustion are plotted versus the oven 

temperature (Fig. 7A), which can be interpreted as the 

reaction progress and detailed kinetic modelling is feasible
43,44

. 

At low temperatures, the reactants pass the reactor without 

changes. With increasing temperature first reactions occur 

within the residence time of the reactor and first 

intermediates are formed. At the same time a small amount of 

oxygen is consumed. Increasing temperature accelerates the 

reaction network and more intermediates as well as CO and H2 

are formed. Once a certain level of radicals is reached, chain 

branching reactions exceed the chain termination reactions 

and fast conversion towards the stable, non-radical products 

can be observed. In this slightly fuel rich environment these 

products are H2 and CO beside H2O and CO2. The neat jet 

reference fuel and the jet reference fuel blend with DHIRC 

show no deviation regarding the concentration of the major 

species, nor on the profile shape, i.e. the temperature where 

conversion occurs. 

         
Fig. 7 Combustion chemistry of neat JRF and JRF + DHIRC blend: [A] Mole fraction 

profiles for major combustion products; [B] Mole fraction profiles for ethyl radical; [C] 

Mole fraction profiles for typical soot precursor benzene; [D] Mole fraction profile for 

typical combustion intermediate propene 
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Since DHIRC is investigated for its antioxidative potential, the 

ethyl radical C2H5 formed as combustion intermediate was 

investigated (Fig. 7B) as an example for a typical radical 

present at combustion
45

. No significant effect on the mole 

fraction profile could be observed for the addition of DHIRC; 

however, it has to be considered that the added antioxidants 

aim at preventing autoxidation within the fuel and the 

subsequent formation of insoluble oxidation products and 

non-typical radical species during combustion. Benzene was 

monitored, as it is a typical aromatic soot precursor formed in 

hydrocarbon combustion and studied for an estimation of the 

pollutant formation potential
46

. No deviation between the 

benzene profiles of the jet reference fuel and the blend could 

be observed (Fig. 7C). Finally, propene was investigated as a 

representative stable combustion intermediate. In accordance 

with the major combustion products, no deviation between 

the mole profiles could be observed (Fig. 7D). 

In summary, no significant deviation of the combustion 

intermediate species pool is caused by the addition of DHIRC 

to the neat jet reference fuel. Therefore, an impact on the 

combustion in technical combustors by DHIRC can be 

considered as unlikely. Hence, an unaltered soot tendency and 

typical flame radical formation during combustion should be 

considered advantageous, since an alteration of the global 

combustion chemistry could lead to divergent reaction kinetics 

and soot formation potential, which would have to be 

investigated closely prior to regulatory approval procedures 

for each antioxidant additive. Since DHIRC and SXLC only differ 

in a methyl group at the benzene ring in their chemical 

structure and a single methyl unit most likely should not alter 

the overall combustion chemistry, only DHIRC was studied for 

combustion influence. 

Comparative toxicity towards human melanoma cell lines 

Toxicity of highly concentrated additive blends does impose 

health risk for professionals and humans in direct contact to 

jet fuels
47

. Considering environmental safety, the aviation 

industry is taking all possible actions to reduce the toxicity 

footprints. One prominent example for these actions is  the 

exclusion of tri-tert-butylphenol (TTBP) from the widely used 

ETHANOX® formulations in favor of environmental 

protection
48,49

. The carotenoid cleavage products DHIRC and 

SXLC did show no increased apoptosis induction (Fig. 8A and B) 

when compared to the certified product BHT, thereby 

neglecting more toxic alkyl-phenol variants included in Fig. 1. 

Comparative images of the treated cell cultures can be found 

in the Electronic Supplementary Information (see ESI†).  

 

Fig. 8 Viability curves after treatment of melanoma cells with the studied 

antioxidants DHIRC, SXLC, BHT and ß-ionone. [A] shows reduced cell confluence when 

exhibited to AO concentrations in the µM scale. Also apoptosis based on staining 

results in [B] increased when reaching µM concentration ranges for SXLC, DHIRC and 

BHT. With ß-ionone showing no response in concentrations up to 30 µM. 

Natural source and cleavage of aromatic carotenoid-based 

antioxidants precursors 

The introduction of carotenoid cleavage product based 

antioxidants as additives for jet fuel open an additional field of 

utilization for algae and other biomass resources.  The analysis 

of ß-carotene derived, non-aromatic, cleavage products like ß-

ionone (Fig. 2) showed limited suitability, as no antioxidative 

activity was measured in DPPH and ABTS radical scavenging 

assays, leading to the investigation of structurally similar 

compounds derived from aromatic carotenoids.  
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Fig. 9 Overview of possible natural sources of aromatic carotenoid cleavage 

products as antioxidants for jet fuel. 

These steric defined Φ,Φ and χ,χ carotenoids are exclusive to a 

limited number of species, in particular bacteria. Wild type 

bacterial systems synthesize the proposed aromatic substrate 

molecules autotrophically, by the second most abundant 

microalgae Synechococcus elongates, and heterotrophically, by 

Brevibacterium linens
22,24

. The latter is known for its utilization 

in cheese production. Carotenoid extracts of Brevibacterium 

linens contain the precursor DHIR, as shown in the aromatic 

carotenoid cleavage section of Fig. 9 (with R = CH3), which can 

be cleaved in µg–mg scale enzymatically by MtCCDs as shown 

by Scherzinger et al. or chemically by unspecific oxidation to 

DHIRC
20,50

. The efficient cleavage of DHIR by chemical or 

industrial biotechnological processes remains the largest 

research hurdle before predictions on the scalability of the 

production can be made. Synechoxanthin is an aromatic 

carotenoid detected in a highly abundant marine and fresh 

water  research model microalga genus Synechococcus
51

 . On 

this basis, further research work can be carried out on the 

synthesis of aromatic carotenoid molecules with microalgae. 

Although, requiring a multistep chemical or biochemical 

transformation to yield the volatile synthetic precursor of 

Synechoxanthin like cleavage product (SXLC), the hypothetical 

aromatic cleavage product was included to show the feasibility 

of alternative candidate compounds. These expansions to the 

native natural pathway repertoire are addressable with 

synthetic biotechnology approaches. The so far studied 

biochemical pathways towards the precursor dihydroxy 

isorenieratene (DHIR) all start from ß-carotene with a two-step 

catalysis, requiring the carotene desaturase/methylase CrtU 

and cytochrome P450 only
52

. Thus, making such processes, as 

shown in Fig. 9, seems conceivable.  

Conclusion 

Data presented in this study suggest that the aromatic 

carotenoid cleavage products DHIRC and SXLC have good 

chances to fulfil the high demands of jet fuel regulations. The 

conducted measurements indicate that the compounds have a 

benign influence on operations of jet engines and fuel 

handling. The application of natural product derived 

antioxidants could contribute to the reduction of “non-

renewable hydrocarbon consumption” and possibly be a more 

tolerable alternative, due to their biosynthetic origin. The 

identification of further photosynthetic microorganisms 

capable of producing aromatic carotenoids, by screening and 

mutagenesis, could enable simple substrate harvesting 

processes. Catalysis research will address the selective 

cleavage of the natural carotenoid substrates by follow-up 

projects on the petrochemical free production of renewable 

and biogenic antioxidants like DHIRC and SXLC. 

Experimental 

Synthesis of aromatic carotenoid cleavage products 

Starting material 4-methoxy-2,3-dimethylbenzaldehyde was 

purchased from TCI Germany ( Eschborn, Germany) and 4-

methoxy-2,3,6-trimethylbenzaldehyde from Sigma Aldrich 

(Merck Group, Darmstadt, Germany). All solvents used were of 

HPLC grade purity. 

Step 1: Claisen condensation. Acetone (15 mL) and H2O (5 mL) 

were added to the aromatic aldehyde (5.5 mmol). In an ice 

bath, 2M NaOH (3.0 mL) was added to the mixture and stirred 

for 30 min. Then the ice bath was removed and the reaction 

mixture was stirred overnight at RT. The mixture was acidified 

to pH 5 with AcOH and the solvent removed in vacuo. The 

residue was dissolved in dichloromethane (DCM) (25 mL), the 

solution washed with sat. NaHCO3 solution, dried (MgSO4) and 

the solvent removed in vacuo. A silica gel column 

chromatography using a 0 to 25% ethyl acetate in isohexane 
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gradient was performed to obtain the desired unsaturated 

ketones.  

Step 2: Ether cleavage. Dry DCM (25 mL) was cooled to -78 °C 

and the respective methoxy intermediate (4.12 mmol) was 

added. Then 12.4 mL of BBr3 (1M in DCM) was added dropwise 

under stirring. The reaction mixture was allowed to reach 10 °C 

and stirred over night at 10 °C. After addition of water (25 mL) 

and extraction with ethyl acetate (3 x 20 mL), the combined 

organic layers were dried (MgSO4) and evaporated to dryness. 

A silica gel column chromatography, using a 0 to 20% ethyl 

acetate in isohexane gradient was performed to obtain the 

phenolic products. 

SXLC was obtained in 61% yield over both steps and appeared 
as pale yellow crystals, with no distinct smell and a melting 
point of 182 °C. 

1
H-NMR (500 MHz, DMSO-d6): δ (ppm) = 9.80 

(s, 1H), 7.83 (d, J = 16.0 Hz, 1H), 7.42 (d, J = 8.5 Hz, 1H), 6.72 (d, 
J = 8.5 Hz, 1H), 6.52 (d, J = 16.1 Hz, 1H), 2.31 (s, 3H), 2.30 (s, 
3H), 2.10 (s, 3H); 

13
C-NMR (126 MHz, DMSO-d6): δ (ppm) 

=198.2, 157.8, 142.0, 138.7, 125.8, 125.6, 124.6, 123.4, 113.4, 
27.9, 15.8, 12.4, (see ESI†); HR-MS (ESI): calculated for C12H13O2

- 

[M-H]-: 189.0921, found:  189.0919; purity (HPLC, 210 and 254 
nm): >99%.  

DHIRC was obtained in 38% yield over both steps and 

appeared as pale greenish-yellow crystals, with a slight 

turpentine oil-like smell and a melting point of 103 °C. 
1
H-NMR 

(500 MHz, DMSO-d6): δ (ppm) = 9.44 (s, 1H), 7.67 (d, J = 16.6 Hz, 

1H), 6.57 (s, 1H), 6.16 (d,  J = 16.5 Hz, 1H), 2.32 (s, 3H), 2.21 (s, 3H), 

2.19 (s, 3H), 2.04 (s, 3H); 
13

C-NMR (126 MHz, DMSO-d6): δ (ppm) 

= 197.9, 155.3, 142.5, 136.7, 134.5, 131.5, 124.8, 120.6, 114.5, 27.2, 

20.9, 17.2, 11.8, (see ESI†); HR-MS (ESI): calculated for C13H15O2- 

[M-H]-: 203.1078, found: 203.1075; purity (HPLC, 210 and 254 nm): 

>99%.  

Radical scavenging of Antioxidants   

Chemicals and reagents were purchased from Sigma Aldrich 

(Merck Group, Darmstadt, Germany) in analytical grade. All 

compounds were stored at -80 °C under nitrogen atmosphere. 

Stock solutions were prepared gravimetrically in triplicates at 

25 °C using a cubis® analytical balance (Sartorius AG, 

Göttingen, Germany). 

Chemicals for jet reference fuel 

 

Chemicals were purchased from the following distributors and 

utilized without further purifications: Exxsol D40 (Exxon Mobil, 

Irving, USA), Exxsol D80 (Exxon Mobil), Aromatic 100 (Kraft), 

Aromatic 150 (Kraft), di-tert-butyl disulfide 97% (Sigma 

Aldrich), 1- decanethiol 99% (Sigma Aldrich), DiEGME 99% 

(Sigma Aldrich). Volume concentrations have been adjusted 

for the formulation of the jet reference fuel. 

 

DLR high temperature flow reactor 

 

The reactor features an alumina (Al2O3) ceramic tube (40 mm 

inner diameter, total length of 1497 mm), where premixed 

laminar flowing gases are fed highly diluted (~99% Ar) into the 

reactor. High dilution suppresses heat release and a self-

sustaining reaction. Boundary effects are minimized by the 

reactor design with dimensions including relatively large inner 

diameter. The vaporizing system is a commercial setup 

(Bronkhorst, CEM) with a pneumatically driven fuel supply 

equipped with a Coriolis flow meter (Bronkhorst, Mini Cori-

Flow M12). All input streams were metered in high precision 

(accuracy ±0.5%) by Coriolis mass flow meters. Complete 

evaporation was ensured by the small fuel fraction and the low 

partial pressure (typically below 100 Pa) needed. The premixed 

gases were fed into the reactor by a tempered flange equipped 

with a porous bronze plug to create homogeneous flow 

conditions. The reaction segment has a total length of 1,000 

mm, heated by a customized high temperature oven (Gero, 

Type HTRH 40–1000) capable of temperatures up to 1900 K. 

Gases were sampled at the reactor exit, transferred to high 

vacuum (10
-4

 Pa) by a two-stage differential pumping system 

and finally detected by an electron impact (EI) time-of-flight 

(TOF) mass spectrometer (Kaesdorf, mass resolution R= 3,000). 

To avoid species fragmentation at the ionization process, soft 

electron energies were applied. A quadrupole mass 

spectrometer was placed in the ionization chamber and 

operated at a higher electron energy (70 eV) allowing for 

tracking of major species simultaneously to the MBMS-TOF 

measurements. 

 

Physical properties of additives 

 

Low temperature measurements were performed in an 

ethanol equipped kryostat connected to an IKA RC2 basic 

circulation thermostat (IKA®-Werke GmbH & Co. KG, Staufen, 

Germany); temperature range: -25 °C to 35 °C; temperature 

stability: ± 0.1 °C. Kinematic viscosities were measured with an 

Ubbelohde type I viscometer by Lauda (Lauda Dr. R. Wobser 

GmbH & Co. KG, Lauda-Königshofen, Germany) (accuracy: ± 

0.8%). Densities were determined by underfloor weighing with 

a high precision scale by Mettler Toledo (linearity: ± 0.1 mg). 

Surface tensions were measured with the Nouy ring method 

on an automatic TD 4 tensiometer by Lauda (surface tension 

resolution: 0.01 Nm m
-1

). 

 
Viability assays 

SK-MEL-28 cells were grown in DMEM medium substituted with 

10% FBS at 37 °C and 5% CO2. For the viability assays 5 x 10
3
 cells 

were seeded in 100 µL medium per well in a 96 well plate. For each 

compound a 9-point dilution series in technical triplicates was 

performed. Following seeding, the medium was changed the next 

day to 100 µL medium with Green Cytotoxicity reagent (Sartorius 

AG, Göttingen, Germany, 5 µL of reagent diluted in 14 mL of 

medium) and cells were treated with a 50 µL compound in medium 

dilution series (prepared from stock solutions in DMSO; final 

concentrations in well ranging from 30 µM – 3 nM and 0.1% 
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DMSO). Confluence and green fluorescence intensity (indicator of 

apoptosis) were measured every 2 h in the IncuCyte® device 

(Sartorius AG, Göttingen, Germany) for three days. For the EC50 

estimation, confluence and cytotoxicity were analysed 16 h and 50 

h after treatment. After the three-day measurement series, the 

analysis time was selected based on the best dynamic range of the 

readout parameters. 
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