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Abstract

:

Background: Coniferous woods (Abies nordmanniana (Stev.) Spach, Abies procera Rehd, Picea abies (L.) H.Karst, and Picea pungens Engelm.) could contain useful secondary metabolites to produce sustainable packaging materials, e.g., by substitution of harmful petrol-based additives in plastic packaging. This study aims to characterise the antioxidant and light-absorbing properties and ingredients of different coniferous wood extracts with regard to different plant fragments and drying conditions. Furthermore, the valorisation of used Christmas trees is evaluated. Methods: Different drying and extraction techniques were applied with the extracts being characterised by determining the total phenolic content (TPC), total antioxidant capacity (TAC), and absorbance in the ultraviolet range (UV). Gas chromatography coupled with mass spectrometry (GC-MS) and an acid–butanol assay (ABA) were used to characterise the extract constituents. Results: All the extracts show a considerably high UV absorbance while interspecies differences did occur. All the fresh and some of the dried biomass extracts reached utilisable TAC and TPC values. A simplified extraction setup for industrial application is evaluated; comparable TAC results could be reached with modifications. Conclusion: Coniferous woods are a promising renewable resource for preparation of sustainable antioxidants and photostabilisers. This particularly applies to Christmas trees used for up to 12 days. After extraction, the biomass can be fully valorised by incorporation in paper packaging.
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1. Introduction


The challenges in modern society are characterised by an urgent need to change towards a more sustainable community. One critical issue is the production and waste management of plastic products. Typically, the formulation of plastic products includes stabilising additives that improve properties like antioxidant or antimicrobial stability or photosensitivity, to promote a reasonable product shelf life and to create competitive products. Globally, 336.9 kt antioxidants were produced in 2007 [1]. Most of those stabilisers are synthetic, petrol-based compounds and potentially harmful to the environment and human health, including the common stabilisers butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA) [2,3,4]. Antioxidant and antimicrobial properties and absorbance of ultraviolet light (UV) are particularly relevant for stabilisers. Biobased alternatives to such stabilisers are severely underrepresented in research. The development of alternatives based on ecologically favourable biomasses to substitute common plastic packaging is strongly encouraged by the German Environmental Agency [5]. In previous studies, the biomasses of Common Thyme (Thymus vulgaris L.) and the fruits of the European Horse Chestnut (Aesculus hippocastanum L.) have been successfully examined by research groups for such applications [6,7]. The present study focuses on the immense potential of different coniferous woods for ecological additive production and furthermore investigates the suitability of both fresh Christmas trees and dried trees after use by individuals or companies.



Depending on the reference, between 23 and 30 million Christmas trees were sold in Germany in 2019 [8,9]. Those trees consist of 75% Nordmann firs (Abies nordmanniana (Stev.) Spach (AN)), 15% blue spruces (Picea pungens Engelm. (PP)), 3% noble firs (Abies procera Rehd. (AP)), and other species (7%) [8]. In addition to these three species, the present study investigates the Norway spruce (Picea abies (L.) H. Karst (PA)), too. Typically, after failed sale or after usage as a Christmas tree, the biomass is composted or converted into energy [10]. However, direct material use of coniferous trees is promising as some of the critical properties for their use as additives are reported in the literature. In AN leaves, antioxidant compounds like ascorbate and α-tocopherol have been found while the essential oil obtained from the leaves shows considerable antimicrobial effects, including effects against, e.g., different Bacillus cultures, Pseudomonas aeruginosa, Enterobacter aerogenes, and partly against Staphylococcus aureus [11,12,13,14]. Substances with antimicrobial effects can also be found in PA and AP leaves with PA leaf extracts showing a slight antimicrobial effect against S. aureus while essential oil prepared from AP leaves shows strong antimicrobial effects against, e.g., S. aureus as well as different Bacillus, Streptococcus, and Staphylococcus cultures [15,16,17]. Regarding AN, not only the leaves but also the bark includes antioxidant phenolic acids and flavonoids, e.g., catechin isomers and gallic acid [18]. For PA, antioxidants like ascorbate are found in the leaf and bark extracts [19,20].



In the present study, extracts of the aerial parts of the four listed coniferous trees are analysed with regard to their total antioxidant capacity (TAC), total phenolic content (TPC), UV absorbance, and chemical composition. These methods allow assessing the suitability of the extracts for application as biobased stabilisers for packaging materials, as described in the literature [7]. Where applicable, differences between leaves and wood are explored and characterised. Furthermore, the possibility of waste valorisation by obtaining biobased additives from used or un-sold Christmas trees is evaluated. The extraction process is optimised to facilitate possible industrial adaptation.




2. Materials and Methods


2.1. Chemicals and Instrumentation


A Perkin Elmer Lambda 25 dual-beam spectral photometer was used for all photometrical measurements, including total antioxidant capacity (TAC), total phenolic content (TPC), acid–butanol assay (ABA), and the determination of UV absorbance. For the GC-MS analysis, an Agilent 8890 GC system is used, equipped with an Agilent HP-5MS UI column (30 m × 0.25 mm; 0.25 µm film thickness) and coupled with an Agilent 5977B GC/MSD. A laboratory beater (type “Valley”), a sheet forming unit (type “Rapid Köthen”), a universal testing unit, and a thickness gauge unit provided by the company Frank-PTI, Birkenau, Germany, were used for paper preparation and analysis.



2(3)-tert-butyl-4-methoxyphenol (BHA) and dipotassium hydrogen phosphate were purchased from Alfa Aesar (Karlsruhe, Germany), whereas 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), acetic acid, Trolox, N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA), and 2,6-di-tert-butyl-4-methylphenol (BHT) were purchased from AppliChem GmbH (Darmstadt, Germany), Bernd Kraft (Duisburg, Germany), Cayman chemical Company (Ann Arbor, MI, USA), CS-Chromatographie Service GmbH (Langerwehe, Germany), and ThermoFisher (Waltham, MA, USA), respectively. Ammonium iron (III) sulphate dodecahydrate, butan-1-ol, concentrated hydrochloric acid, hexane, methanol, and acetone were obtained from VWR International, Darmstadt, Germany. Folin–Ciocalteu phenol reagent, hydrogen peroxide, potassium dihydrogen phosphate, sodium hydroxide, and sodium acetate were purchased from Merck KGaA, Darmstadt, Germany.




2.2. Sample Preparation and Extraction


To minimise sampling errors, branches from several, randomly chosen trees of all four species were collected from Hof Große Wöstmann, Rinkerode, Germany. The branches of each species were cut into smaller fragments and stored at −20 °C. As acetone has proven to be the most potent extractant in pre-tests, while resulting in the most comparable results for all species (Figure S1), it was used to prepare all extracts featured in the study. However, a mixture of acetone and water (1:1 (v/v)) could be used in suited future applications as it provides similar antioxidant properties. Moreover, more environmentally friendly solvents are applied in this case.



For the in-house established extraction (“grinding extraction”), 600 mg of the sample material was ground using a ball mill applying liquid nitrogen for cooling. Afterwards, the sample material was extracted with 6 mL acetone before centrifuging. The supernatant was collected, filled up to 10 mL, and filtered.



For the passive extraction applied during extraction optimisation, approx. 600 mg of the sample material was chopped and filled into a vessel. The active ingredients were extracted with 15 mL acetone and stored at room temperature under exclusion of light. After varying periods of storing, the supernatant was collected and filtered.




2.3. Determination of UV Absorbance


The UV/Vis spectra of the different extracts were recorded in the range of 260–800 nm. For these measurements, it was necessary to dilute the extracts to varying extents to meet the instrument’s linear range. The results are given in relative absorbance units (rAU), taking applied dilutions into account. In a previous study, a similar UV/Vis analysis of plant extracts was conducted successfully [7].




2.4. Determination of TAC via ABTS Radical Cation (ABTS•+) Scavenging Capacity Assay (ABTS Assay)


The TAC is determined via a modified ABTS Assay [21]. The assay is performed in accordance with the literature [7]. Discolouration of ABTS radical cations is observed at λ = 660 nm with two blank samples per assay. Results are interpreted with regard to external calibration using Trolox solutions; therefore, the results are given in Trolox equivalents per mg of extracted sample material (mg·Teq·mg−1). Where applicable, the type of sample material is specified by FM (fresh mass) or DM (dried mass).




2.5. Determination of Total Phenolic Content (TPC) via Folin–Ciocalteu Assay


The total phenolic content (TPC) was determined via the Folin–Ciocalteu assay [22,23] and performed in a modified way as described in the literature with the colour change observed at λ = 720 nm [7]. Blank samples are measured at least every 10 samples. For interpretation of the results, an external calibration with gallic acid is prepared; thus, the results are given in gallic acid equivalents (GAE) per mg of extracted sample material (if applicable, specified as FM or DM).




2.6. Acid–Butanol Assay (ABA)


The acid–butanol assay (ABA) is based on the literature and specifically proves the presence of proanthocyanidins [24]. The assay was conducted in a modified way, according to the literature, measuring colour changes at λ = 550 nm [7]. As no calibration is prepared, the ABA results are interpreted in a semi-quantitative way only.




2.7. Gas Chromatography Coupled with Mass Spectrometry (GC-MS)


The GC-MS analysis was conducted to obtain semi-quantitative information on the composition of the coniferous wood extracts. For analysis of polar, non-volatile substances, the extracts were derivatised by mixing 50 µL of extract with 50 µL N-methyl-N-(trimethylsilyl)trifluoracetamide (MSTFA) before incubating the mixture at 80 °C for 15 min, resulting in the hydroxyl groups of the analytes being replaced by trimethylsilyl groups. Then 1 µL of the mixture was injected into the GC-MS apparatus. Afterwards, the oven was heated from an initial 50 °C to 325 °C by applying a heating rate of 10 °C·min−1 before holding the final temperature for 30 min.




2.8. Preparation and Analysis of the Paper Sheets


For the feasibility analysis of the paper packaging prepared from coniferous wood aerial parts after extraction with acetone, different sheets of paper were produced and their thickness, tensile strength, and elongation at break were analysed. The sample material remaining after passive extraction with acetone for 7 days according to Section 3.2.3 was dried at 60 °C until a constant residual moisture was reached. Afterwards, the sample material was ground using a cutting mill and sieved through a 1 mm sieve. For sheet preparation, the milled sample material was mixed with pinewood pulp in water in the ratio of 1:10 (w/w). The mixture was transferred to a laboratory beater until 30 Schopper Riegler degrees (°SR) was reached (determination according to [25]). The resulting pulp was used to prepare sheets with different grammages (60, 80, 120, 200, 300, and 400 g·m−2) and a diameter of 200 mm using a sheet forming unit according to [26]. Afterwards, the thickness of the sheets was assessed, and the tensile strength and elongation at break were analysed [27].




2.9. Statistical Interpretation


Statistical evaluation of the appropriate results was conducted by applying the Games–Howell test (α ≤ 0.05) for comparison of different value groups with regard to significant differences unless otherwise stated. For this purpose, the software IBM SPSS version 26 was used.





3. Results and Discussion


3.1. General Suitability


3.1.1. UV/Vis Absorbance


As depicted in Figure 1, all four coniferous wood extracts show an absorbance maximum at approx. 265–270 nm, depending on the wood species. The PP extract shows the highest absorbance with approx. 304 rAU, followed by the AP, PA, and AN extracts with maximum absorbances of 287, 265, and 257 rAU, respectively. The absorbance declines until 350 nm for all four species with all extracts showing little absorbance in the low visible range up to approx. 500 nm and in the range of 655–685 nm. Until a wavelength of 800 nm, no other relevant absorbance is observed and therefore not presented.



All four coniferous wood extracts show a comparable, considerable absorbance in the UV-B and UV-C range, while no relevant absorbance in the visible range is observed. Even the AN extract, which shows a significantly reduced UV absorbance at maximum, is considered a potential worthwhile resource for photostabilisers due to the similar course of all extracts and their comparably minor differences with a factor of approx. 1.2 between the highest and lowest absorbing extracts. Due to the low absorbance in the visible range, the extracts have a limited influence only on the colour of the final product, which is favourable for most applications.



The UV spectra obtained for all wood species is comparable to the ones obtained from Aesculus hippocastanum (AEH) seed coats (maximum of AEH extracts: 275 nm) while showing a reduced maximum relative absorbance (coniferous woods: approx. 257–304; AEH seed coats: approx. 350) [7]. However, the AEH extraction was improved compared to before with respect to plant fractions and extraction duration. Common antioxidant stabilisers BHT and BHA absorb in the UV-B and UV-C range only, showing maxima at 275 and 291 nm, respectively. Thus, a small shift to higher wavelengths can be observed in comparison to coniferous wood extracts. The extracts surpass the maximum absorbance of the BHT and BHA solutions with a concentration of 1.0 g·L−1 by the factors of approx. 33–40 and 15–18, respectively (depending on the coniferous wood species). Therefore, regarding UV absorbance, 1 mL of extracts obtained from popular AN could substitute approx. 33 mg of BHT or 15 mg of BHA; for the most potent UV absorbing coniferous wood, PP, even 40 mg of BHT or 18 mg of BHA could be substituted.




3.1.2. TAC and TPC


As presented in Figure 2a, all four coniferous wood extracts show a relevant TAC with AP extracts appearing to be the most potent ones. While no significant differences are proven between the AN, AP, and PA extracts, the PP extracts show a significantly lower TAC of 1.4 mg·Teq·mg−1 FM. Generally, those interpretations are applicable to TPC results as well apart from the PA and PP extracts not showing a significant difference (Figure 2b). As the extract constituents indicated by the Folin–Ciocalteu assay and the ABTS assay overlap, the TPC results are expected to roughly confirm the results obtained by the TAC determination. A considerable antioxidant effect of the different extracts is supported by the literature as antioxidant compounds like ascorbate and α-tocopherol have been found in PA and AN leaf extracts [12,19].



In comparison, the synthetic antioxidants BHT and BHA in a concentration of 1 g·L−1 show a TAC approx. 30 times higher than the ones of coniferous wood extracts. Thus, approx. 30 mL of extracts could theoretically substitute 1 mg of BHT or BHA for antioxidant stabilisation purposes. However, this comparison is based on extracts prepared to enable analytical comparison instead of optimising the extraction regarding maximum efficiency. For the AEH extracts analysed in a previous study, such an optimisation has been successful while a comparable TAC has been observed for extracts obtained focusing on analytical characterisation [7].



With respect to the UV absorbance results, coniferous wood extracts are thus considered a potentially relevant source of stabilisers for use in plastic products.





3.2. Analysis of Waste Valorisation: Utilisation of Christmas Trees after Private Usage


To evaluate the potential of used indoor Christmas trees as raw material for the ecological production of stabilisers, branches of all four species were placed on trays to prevent unwanted loss of sample material, e.g., by leaves falling off. On these trays, the sample branches were dried at room temperature for various periods up to 32 days. That way, realistic surroundings are applied to the tree branches, resembling a situation of felled Christmas trees set up in a private household without watering. Afterwards, the branches were extracted and analysed.



Due to a considerably reduced outdoor temperature, it is anticipated that the usage of cut outdoor Christmas trees, e.g., set in private yards or in front of public buildings, would result in increased TAC and TPC values, ranging between the ones obtained from the fresh branches extracts and the extracts obtained during this section.



3.2.1. UV/Vis Absorbance


As depicted in Figure 3, all four species show a decreasing UV absorbance over time, starting at a maximum absorbance of 257–304 rAU as discussed before. However, the decrease rate is varying for the different species. While the AN, PA, and PP extracts show a decrease of approx. 50 rAU during the first 12 days of drying, the AP extracts decrease approx. twice as much. For most species, the decrease rate is high at the beginning while slowing down for longer drying periods, resulting in the UV spectra of 25 d extracts and 32 d extracts not significantly differing. However, for the PP extracts, no approximation of UV spectra with longer drying periods is observed. This is supported by the PP extracts of the 25 d and 32 d samples showing a significant difference in maximum absorbance. Generally, the PP extracts show the highest absorbance values of all four species for each drying period. In contrast to other species’ extracts, the PP extracts show a relatively small relative decrease with 57% of the maximum absorbance retained after 32 days of drying (other species’ extracts: 48–50%).



Overall, the PP extracts show the highest UV absorbances after drying the biomass for all tested periods of up to 32 days. PP branches are thus seemingly less prone to loss of UV absorbing substances due to drying. AP branches in contrast are particularly sensitive about drying with regard to UV absorbance as the maximum absorbance of the extracts is considerably lower even after the shortest tested drying period of 12 days.



However, all extracts show a significantly higher UV absorbance than solutions of the synthetic stabilisers BHT and BHA (1.0 g·L−1; UV spectra plotted in Figure 1). Even the least absorbing extracts of the PA branches dried for 32 days, and the analogously produced extracts from AN and AP thus theoretically substitute circa 7.5 mg BHA or 15.0 mg BHT regarding UV absorbance. Therefore, both fresh and dried coniferous wood could serve as a relevant source of photostabilisers.




3.2.2. TAC and TPC


The total antioxidant capacity remains stable for at least 12 days of drying whole AN and PP branches at room temperature, as shown in Figure 4 (statistical evaluation according to Tukey test, α ≤ 0.05). For the AP branches, the TAC values significantly decrease during the first 12 days of drying. The antioxidant capacity drops to a comparably stable minimum of approx. 0.2–0.6 mg·Teq·mg−1 after max. 18 days of drying with relatively small interspecies differences. This trend is clearly observable with TAC and approved by determination of the TPC with small deviations; primarily, the TPC values show a slower decrease over time and a higher scattering of values.



Thus, using fresh biomass for secondary metabolite extraction is preferred as expected. However, a storage at room temperature is acceptable for at least 12 days particularly for AN and PP trees as they do not show a significant decrease in antioxidant capacity during this period. After a maximum of 18 days, all species’ extracts result in a limited amount of antioxidant capacity only, presumably due to oxidative stress occurring during the long-term drying process [28,29]. Thus, watering the ornamental branches or Christmas trees used for extraction of antioxidants could expand the acceptable period of usage prior to extraction.




3.2.3. Extraction Optimisation


Additionally, a simplified extraction technique was applied to the coniferous wood samples to evaluate a possible application that is easier to adapt in practice. The most promising yet realistic scenarios of Christmas tree purposes are considered (fresh sample mass and sample mass dried at room temperature for 12 days). For this approach, the biomass is roughly chopped and brought into contact with the solvent for longer time periods of 24 h to 21 days instead of performing the more exact process of conducting analytical cryoextraction on milled samples within several minutes as it is done for prior analyses. To evaluate the extraction outcome, the TAC values were determined in triplicate (Figure S2).



Although the mean values of the individual samples show a scattering that hampers the reasonable interpretation and comparison of individual samples, several trends can be observed. Generally, AP and AN samples show a higher TAC than PA and PP samples when stored for the same period. This applies to both fresh and dried biomass. This general observation is consistent with the findings presented in Figure 2. Especially for species PA and PP, extraction of dried biomass resulted in an increase of approx. 0.3 mg·Teq·mg−1 biomass in comparison to fresh biomass samples. A better extractability of the dried biomass in comparison with the fresh biomass has been described in the literature for other plants [30,31], leading to an enhanced extraction yield. This interpretation is supported by the finding that AP and AN branches lose a higher relative amount of water during the first 12 days of drying than PA and PP branches, resulting in comparatively dry samples. As a general finding for all species, irrespective of the drying conditions, no relevant further increase in TAC is observed after approx. 7–10 days of incubation. These results match the optimum storage period observed for AEH seed coats extracted in a comparable setup [7]. However, TAC values only reach approx. half of the maximum value observed in analytical extraction (Figure 2). This is partly caused by reducing the biomass used for the extraction from approx. 60 mg biomass per mL extractant to approx. 47 mg biomass per mL extractant due to the characteristics of the extraction vessel. However, it is also possible that biochemical degradation of secondary metabolites occurs during the long process, given that the extractant does not prevent such reactions [32]. By using extraction vessels with another geometry, condensing the biomass in the reaction vessel, applying the concept to higher amounts of biomass and extractant, or narrowing the extractant after extraction, the biomass extractant ratio could be increased again, compensating the observed loss of TAC and possibly resulting in a lower extract variability. That way, fresh and dried coniferous wood could become a particularly relevant biomass for sustainable additive production while minimising the workload and energy needed for the process with excellent prospects when it comes to transferring the laboratory work to a larger scale.




3.2.4. Production of Sustainable Paper Packaging Materials from Extraction Waste Products


To assess the possible application of biomass after extraction for paper production, fresh aerial parts of AN, AP, PA, and PP were roughly chopped, mixed, and extracted with acetone for 7 days based on the method developed in Section 3.2.3. After extraction, the biomass was mixed with pinewood pulp and paper sheets were prepared, resulting in sheets consisting of 10% coniferous wood extraction residuals (10% CW). Additionally, “blank sheets” consisting of 100% pinewood pulp without including any coniferous wood sample biomass were prepared analogically (0% CW).



Both the 10% CW and 0% CW sheets show an elongation at break of approx. 2.4–3.7%. For lower grammages (60–120 g·m−2), both sheet types show a relatively homogeneous elongation of 3.1–3.5% while higher grammage sheets demonstrating a higher scattering with the 10% CW sheets typically showing a lower elongation than the 0% CW sheets. However, these differences appear to be neglectable. The results of the tensile strength and thickness analyses are displayed in Figure 5; the elongation at break is presented in Figure S3.



It can be observed that common cellulose-based 0% CW paper shows a maximum tensile strength of approx. 287 N while the paper prepared with 10% CW shows a decreased maximum tensile strength of approx. 199 N. Generally, 0% CW papers exceed 10% CW papers by approx. 24% on average regarding tensile strength. In contrast to tensile strength, 10% CW papers are considerably thicker than 0% CW papers (approx. 27% on average). Yet, the results of both paper types are comparable as a whole; differences can easily be compensated by choosing another grammage. This application allows a second-grade valorisation of waste materials beyond extraction without major detriments being observed. While the conducted analyses focus on incorporation of 10% residual extraction materials, higher proportions of coniferous woods after extraction could be successfully incorporated as well.





3.3. Characterisation of the Extracts of Different Branch Fractions for Fresh and Dried Masses


In the following, the influence of drying on different branch fractions is evaluated. This is particularly relevant for practical application as the necessity of separating the leaves from the wood for further processing is an important factor for extract preparation. Furthermore, the different fractions are chemically characterised to draw conclusions on the chemical differences of the fractions.



Weight loss correction was not performed during this section as determination of such would have required to interfere with the drying setup by drying leaves and wood separately. Thus, the same mass but a higher amount of biomass is used for extraction of the dried biomass in contrast to the fresh samples without correction. Therefore, the values of the dried biomass extracts in this section are anticipated to be reduced to approx. 52% of the given value (AN: 48%; AP: 50%; PA: 51%; PP: 60%; estimation based on whole branch weight development during the drying process; the actual correction factors regarding specific plant fragments might differ).



3.3.1. UV/Vis Absorbance


All four species’ fragments and degrees of dryness resulted in comparable UV spectra and show limited absorbance in the visible range, which is thus neglected in further interpretations. As depicted in Figure 6, all extracts show a similar course of UV absorbance also resembling the UV spectra observed for whole branch extracts in Section 3.2.1; however, there are considerable differences in intensities. For all species, a higher absorbance of leaf extracts than of wood extracts can be observed with the intensity scattering around whole branch extracts. This applies to fresh and dried samples. Dried sample extracts seemingly show a UV intensity comparable to fresh biomass extracts without applying a weight loss correction. Thus, a considerable UV absorbance reduction, notably below the UV absorbance values observed for fresh biomass extracts, is anticipated for the dried extracts when performing an appropriate weight correction.



While the AN, AP, and PA spectra are roughly comparable, the PP extracts show the highest absorbance values of all four species, particularly for fresh and dried leaves, thus confirming the high UV absorbances observed before. Due to all extracts showing a similar course of UV absorbance, the presence of the similar UV-active ingredients could be assumed. In comparison to the UV absorbance of the whole branch extracts, the absorbance of the fresh mass extracts of the different fractions scatters around the absorbance of the fresh whole branch extracts for all species. Consistently, the leaf extract is showing a higher absorbance, followed by the whole branch and wood extracts. This applies to dried samples as well when applying correction factors obtained by whole branch drying. Dried sample extracts show a reduced intensity due to loss and degradation of the analyte during drying, as expected. Thus, both fractions seem to be similarly affected by drying with the leaf fraction consistently resulting in a higher UV absorbance than the wood fraction. Following the assumption of the UV absorbance of both fractions being caused by the same ingredient, leaves therefore contain higher amounts of such UV-absorbing compounds.




3.3.2. TAC and TPC


As shown in Figure 7, significant differences, particularly between fresh leaves and other plant fragments, are observed. While extracts prepared from dried wood, fresh wood, or dried leaves show comparably similar TACs of approx. 0.4–1.0 mg·Teq·mg−1 biomass, extracts prepared from fresh leaves result in a significantly higher TAC of approx. 2.0–2.9 mg·Teq·mg−1 biomass. The highest antioxidant potential is reached by fresh AN leaves, followed by the AP, PA, and PP leaves. Leaf extracts are also showing notably higher TPC values than the corresponding wood extracts do; however, the difference between fresh and dried biomasses is less distinct.



The observation of fresh leaves providing the best bioactive characteristics is confirmed by UV absorbance as well as what was discussed before; however, the difference between the leaf and wood extracts are considerably smaller. Again, the dried biomass extracts are not capable of reaching a TAC comparable to the fresh leaf extracts; in case of TAC, this also applies to the fresh wood extracts. The decrease of TAC especially in dried leaf extracts could be caused, e.g., by loss or biochemical degradation of bioactive substances during the comparably long drying period, as it is observed for other plants [32]. For the dried fractions, slightly higher values than expected are observed when comparing the extracts of the fractions or the respective whole aerial part extracts. This effect is presumably caused by the higher relative amount of secondary metabolites after the loss of water during drying.




3.3.3. Further Analyses


For all samples, the presence of proanthocyanidins (PACs) was evaluated based on the specific acid–butanol assay (ABA). As shown in Figure S4, a maximum corrected absorbance of 1.52 is observed for extracts prepared from fresh AN leaves. In general, fresh leaf extracts result in the respective highest absorbance per species, followed by dried leaf extracts for most species excluding PA. Both fresh and dried wood extracts show comparably low absorbances. Excluding particularly low PP fresh and dried wood extracts and AP fresh wood extracts, the obtained absorbances vary between 0.20 and 0.41.



Thus, the presence of PACs is proven at least for the fresh leaves of all four species; the dried AN, AP, and PP leaves are also considered to include a relevant concentration of PACs. Fresh and dried wood as well as PA dried leaves can only be assumed to contain PACs as the observed absorbances are comparably low. It is likely that proof of PACs in the respective fractions could be obtained by preparing extracts with a higher relative sample amount. However, the interpretation of ABA absorbances is limited due to the semi-quantitative characteristics of the assay as absorbance is not only dependent on the concentration of PACs in the sample, but also on the type of PACs contained.



The evaluation of qualitative GC-MS analysis results in several compounds detected for the extracts, including a variety of sugars and other substances (e.g., pinitol, communic acid, and epigallocatechin) of which abietic acid and (+)-catechin have been confirmed by analysing the standard substances in addition to a library comparison (NIST). Abietic acid and dihydroabietic acid are present primarily in fresh and dried leaves and wood of AN and AP, while catechin is present in most biomasses, particularly in leaves. Due to its antioxidant effect [33], the presence of catechin could be part of the reason for the high TAC observed for leaf extracts. A direct correlation of catechin presence and TAC could not be found; however, TAC values could also be linked to oligomeric PACs, which are determined via ABA and, in the simplest case, based on catechin monomers. This is proved by the results of ABA being comparable to the TAC values of the dried and fresh leaves and wood extracts. With some exceptions, extracts with an estimated higher amount of PACs show a higher antioxidant capacity. However, TAC results could also be influenced by further extract constituents that are not detected in GC-MS analysis. The general presence of PACs in coniferous wood is reasonable as they have been confirmed in other wood/wood fractions before, including birchbark and AEH seed coats [7,34]. The similar course of the UV spectra of the extracts based on AEH seed coats and coniferous woods further supports these findings. PACs, as active compounds in plant extracts, are particularly advantageous for the application of extracts as additives in food packaging as they typically are macromolecular compounds and thus less prone to migration. Additionally, they are considered safe for the application in foods by the European Food Safety Authority (EFSA) [35].






4. Conclusions


For all the analysed coniferous wood, a general suitability for use as biobased stabilisers is proven as the basic parameters of antioxidant capacity and UV absorbance are satisfactory. As there are differences between the species, separation is recommended, but not mandatory as the species constantly show comparable results. Coniferous woods are a relevant bioresource particularly due to their wide availability, e.g., as used Christmas trees. Highly bioactive extracts can be prepared at least from biomass that has been used as indoor Christmas trees for 12 days; however, as this study applied particularly hard conditions by using un-watered branches to provide a minimum acceptable duration of use, this period might be expendable. Depending on the specific application, the extractant acetone could be substituted by a mixture of water and acetone (1:1 (v/v)), resulting in comparable antioxidant properties while using more eco-friendly solvents. To exploit the potential of the extracts prepared from such biomasses, further extraction optimisation should be conducted, as described. Additionally, full valorisation of Christmas trees is achieved by incorporating chopped biomass after extraction into paper packaging material, as shown in this pilot trial. Thus, the whole Christmas tree can be utilised to create more sustainable packaging materials by substituting specifically synthesised additives or trees planted for paper production, contributing to the transformation to a circular economy. Upcoming research will include application and migration studies.








Supplementary Materials


The following are available online at https://www.mdpi.com/2227-9717/8/11/1366/s1, Figure S1: Total antioxidant capacity (TAC) of aerial part extracts of different coniferous woods using different extractants. Single determination (pretest). Teq: Trolox equivalents, FM: fresh mass, AN: Abies nordmanniana, AP: Abies procera, PA: Picea abies, PP: Picea pungens. Extractants: A: Acetone, W: Water, M: Methanol, mixtures: 1:1 (v/v). Figure S2: Average total antioxidant capacity (TAC) of aerial part extracts (passive extraction) of different coniferous woods in different drying conditions. Results are corrected by weight loss. Measurements in quadruplicate, standard deviations indicated by error bars. Teq: Trolox equivalents, AN: Abies nordmanniana, AP: Abies procera, PA: Picea abies, PP: Picea pungens. (a): fresh biomass; (b): dried biomass (dried at room temperature for 12 days). Figure S3: Average elongation at break of paper sheets with different grammages and compositions. Three repetitions, four measurements per repetition. Standard deviation of mean values per repetition indicated by error bars. CW: share of coniferous wood biomass after passive extraction included in paper sheet. Figure S4: Corrected absorbance of different coniferous wood samples (different species, plant fractions, drying conditions) after conduction of acid-butanol assay. Single determination. 0d: fresh mass, dried for 0 days, 32d: dried mass, dried for 32 days at room temperature, AN: Abies nordmanniana, AP: Abies procera, PA: Picea abies, PP: Picea pungens.
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Figure 1. Average UV/Vis absorbance of the aerial part extracts of different coniferous woods displayed on the primary ordinate in relative absorbance units (rAU). Extractions in triplicate; measurements in duplicate. Statistical evaluation of the extracts is based on comparison of the absorbance in the respective maximum according to the Games–Howell test (α ≤ 0.05); significant difference proven for all extract pairs except for AP/PA and AP/PP. Secondary ordinate (black): average UV/Vis absorbance of the BHT and BHA solutions (1.0 g·L−1 in methanol, measurement in triplicate). AN: Abies nordmanniana; AP: Abies procera; PA: Picea abies; PP: Picea pungens; BHT: butylated hydroxytoluene; BHA: butylated hydroxyanisole. BHT/BHA data reproduced from [7]. 
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Figure 2. (a) Average total antioxidant capacity (TAC) of the synthetic antioxidants BHT and BHA and aerial part extracts of different coniferous woods. Primary ordinate: Extracts, given in colour; extractions in triplicate; measurements in duplicate; secondary ordinate: BHT/BHA 1.0 g·L−1 methanol solutions, given in grey, six measurements; data reproduced from [7]. Standard deviation indicated by error bars. Statistical evaluation of the extracts according to the Games–Howell test (α ≤ 0.05); significant difference proven for extract pairs AN/PP, AP/PP, and PA/PP. Teq: Trolox equivalents; FM: fresh mass; AN: Abies nordmanniana; AP: Abies procera; PA: Picea abies; PP: Picea pungens; BHT: butylated hydroxytoluene; BHA: butylated hydroxyanisole. (b) Average total phenolic content (TPC) of the aerial part extracts of different coniferous woods. Extractions in triplicate; measurements in duplicate; standard deviation indicated by error bars. Statistical evaluation of the extracts according to the Games–Howell test (α ≤ 0.05); significant difference proven for extract pairs AN/PP and AP/PP. GAE: gallic acid equivalents; FM: fresh mass; AN: Abies nordmanniana; AP: Abies procera; PA: Picea abies; PP: Picea pungens. 
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Figure 3. Average UV/Vis absorbance of the aerial part extracts of different coniferous woods displayed in relative absorbance units (rAU) after drying for different periods, given in days (d). Results are corrected by weight loss. Extractions in triplicate; measurements in duplicate. Statistical evaluation of the extracts based on comparison of absorbance in the respective maximum according to the Games–Howell test (α ≤ 0.05). (a): Abies nordmanniana (AN); significant difference proven for all data pairs except for 18 d/25 d and 25 d/32 d. (b): Abies procera (AP); significant difference proven for all data pairs except for 12 d/25 d and 25 d/32 d. (c): Picea abies (PA); significant difference proven for all data pairs except for 0 d/18 d, 12 d/18 d, 18 d/25 d, 18 d/32 d, and 25 d/32 d. (d): Picea pungens (PP); significant difference proven for data pairs 0 d/25 d, 0 d/32 d, and 25 d/32 d. 






Figure 3. Average UV/Vis absorbance of the aerial part extracts of different coniferous woods displayed in relative absorbance units (rAU) after drying for different periods, given in days (d). Results are corrected by weight loss. Extractions in triplicate; measurements in duplicate. Statistical evaluation of the extracts based on comparison of absorbance in the respective maximum according to the Games–Howell test (α ≤ 0.05). (a): Abies nordmanniana (AN); significant difference proven for all data pairs except for 18 d/25 d and 25 d/32 d. (b): Abies procera (AP); significant difference proven for all data pairs except for 12 d/25 d and 25 d/32 d. (c): Picea abies (PA); significant difference proven for all data pairs except for 0 d/18 d, 12 d/18 d, 18 d/25 d, 18 d/32 d, and 25 d/32 d. (d): Picea pungens (PP); significant difference proven for data pairs 0 d/25 d, 0 d/32 d, and 25 d/32 d.



[image: Processes 08 01366 g003]







[image: Processes 08 01366 g004 550] 





Figure 4. (a) Average total antioxidant capacity (TAC) of the aerial part extracts of different coniferous woods after drying for different periods, given in days (d). Results are corrected by weight loss. Extractions in triplicate; measurements in duplicate. Standard deviation indicated by error bars. AN (18 d) covered by AP (18 d). Teq: Trolox equivalents; AN: Abies nordmanniana; AP: Abies procera; PA: Picea abies; PP: Picea pungens. (b) Average total phenolic content (TPC) of the aerial part extracts of different coniferous woods after drying for different periods, given in days (d). Results are corrected by weight loss. Extractions in triplicate; measurements in duplicate. Standard deviation indicated by error bars. AP (12 d) covered by PP (12 d). GAE: gallic acid equivalents; AN: Abies nordmanniana; AP: Abies procera; PA: Picea abies; PP: Picea pungens. 






Figure 4. (a) Average total antioxidant capacity (TAC) of the aerial part extracts of different coniferous woods after drying for different periods, given in days (d). Results are corrected by weight loss. Extractions in triplicate; measurements in duplicate. Standard deviation indicated by error bars. AN (18 d) covered by AP (18 d). Teq: Trolox equivalents; AN: Abies nordmanniana; AP: Abies procera; PA: Picea abies; PP: Picea pungens. (b) Average total phenolic content (TPC) of the aerial part extracts of different coniferous woods after drying for different periods, given in days (d). Results are corrected by weight loss. Extractions in triplicate; measurements in duplicate. Standard deviation indicated by error bars. AP (12 d) covered by PP (12 d). GAE: gallic acid equivalents; AN: Abies nordmanniana; AP: Abies procera; PA: Picea abies; PP: Picea pungens.



[image: Processes 08 01366 g004]







[image: Processes 08 01366 g005 550] 





Figure 5. (a) Average tensile strength of the paper sheets with different grammages and compositions. Three repetitions, with four measurements per repetition. Standard deviation of the mean values per repetition indicated by error bars. CW: share of coniferous wood biomass after passive extraction included in the paper sheet. (b) Average thickness of the paper sheets with different grammages and compositions. Three repetitions, with ten measurements per repetition. Standard deviation of the mean values per repetition indicated by error bars. CW: share of coniferous wood biomass after passive extraction included in the paper sheet. 
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Figure 6. Average UV/Vis absorbance of the wood or leaf extracts of the different coniferous woods displayed in relative absorbance units (rAU) after drying for different periods, given in days (d); wavelengths above 460 nm are not shown. Measurements in quadruplicate. (a): Abies nordmanniana (AN); (b): Abies procera (AP); (c): Picea abies (PA); (d): Picea pungens (PP). 
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Figure 7. (a) Average total antioxidant capacity (TAC) of the leaf or wood extracts of the different coniferous woods based on fresh or dried mass. Measurements in quadruplicate; standard deviation indicated by error bars. Teq: Trolox equivalents; FM/0d: fresh mass; DM/32d: dried mass after drying for 32 days at 21 °C; AN: Abies nordmanniana; AP: Abies procera; PA: Picea abies; PP: Picea pungens. (b) Average total phenolic content (TPC) of the leaf or wood extracts of different coniferous woods based on fresh or dried mass. Measurements in quadruplicate; standard deviation indicated by error bars. GAE: gallic acid equivalents; FM/0d: fresh mass; DM/32d: dried mass after drying for 32 days at 21 °C; AN: Abies nordmanniana; AP: Abies procera; PA: Picea abies; PP: Picea pungens. 
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