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Abstract: The natural aromatic polymer lignin and its lignin-like oligomeric fragments have at-
tracted attention for their antioxidant capacity and free radical scavenging activities. In this study,
a 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was employed to assess the antioxidant capacity of
fractionated and partially depolymerized organosolv lignin by electron paramagnetic resonance (EPR)
and UV-Vis spectroscopy. The results show significant antioxidant activity for both the lignin and
oligomeric fragments, with the EPR measurements demonstrating their efficiency in quenching the
free radicals. The EPR data were analyzed to derive the kinetic rate constants. The radical scavenging
activity (RSA) of lignins was then determined by UV-Vis spectroscopy and the results were compared
with the EPR method. This two-method approach improves the reliability and understanding of the
antioxidant potential of lignin and its derivatives and provides valuable insights for their potential
applications in various industries, including pharmaceuticals, food preservation, and cosmetics.

Keywords: organosolv pulping; lignin fraction; lignin oligomers; antioxidant activity; EPR; DPPH assay

1. Introduction

Lignin, a natural polymer abundant in plant cell walls, is a promising antioxidant
with many potential applications, including biomedicine and cosmetics. The antioxidant
properties of lignins are attributed to its unique chemical structure whose abundance of
phenolic hydroxyl groups provide for the efficient scavenging of free radicals. The radical
scavenging activity is even more pronounced for lignin oligomers, which were proposed
for use in cosmetic formulations as an environmentally friendly alternative to synthetic
antioxidants [1–5].

The evaluation of compounds for antioxidant activity is a complex task for which
a number of analytical methods and assays have been developed over the years (e.g.,
2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), ferric ion-reducing antioxidant potential (FRAP), and Folin–Ciocalteu (FC)
assays). Typically, antioxidant properties are assessed by analyzing competitive reactions
between reactive oxygen species and an antioxidant or a probe, where the oxidation state
of the latter is monitored spectroscopically. Currently, there is no consensus on the best
single method to characterize compounds for the radical inhibition reactions [6–8]. For
these reasons, several researchers began employing and correlating the results of different
methods [6,7]. Among the techniques currently in use to monitor and compare antioxidant
activity and detect free radicals in bio-based materials, electron paramagnetic resonance
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(EPR) spectroscopy has emerged as one of the most efficient and informative techniques [9].
The EPR method provides direct measurements of concentrations of free radicals, and an
analysis of the EPR spectra yields magnetic parameters (e.g., g-factor and, if observed,
hyperfine coupling constants of the electronic spins with the nuclear spins nearby), which
can then be used to identify the chemical nature of the observed paramagnetic species [10].

Until now, the antioxidant activity of lignin has been evaluated by a number of
methods. However, a statistical analysis revealed that the DPPH assay (R2 < 0.55) does
not correlate with other assays using UV-Vis spectroscopy methods, such as ABTS, FRAP,
and Folin–Ciocalteu assays [7,8]. On the other hand, a positive correlation between the
DPPH and ABTS assays was demonstrated using the EPR measurement (R2 = 0.88) [8].
Therefore, this study emphasizes a possibility for correlating the radical scavenging activity
of lignin using a DPPH radical solution and two analytical techniques—EPR and UV-
Vis spectroscopy.

The present study aims to investigate, compare, and correlate the radical scaveng-
ing activity of different hardwood organosolv lignins and lignin-like oligomeric samples
with different structural characteristics. Through a comprehensive investigation of the
correlations and the effects of specific residues in the lignin structure, we aimed to tune
the antioxidant capacity of lignins. In contrast to previous studies that lacked the com-
parison of multiple methods to evaluate the radical scavenging activities of the samples,
we present an approach that combines two analytical techniques, EPR spectroscopy and
UV-Vis spectroscopy, and emphasize the importance of using EPR as a complementary
technique to confirm the results from UV-Vis measurements. Such a combined approach
has a special significance because the reliability of a UV-Vis-based DPPH assay was recently
questioned [11–16].

2. Results and Discussion
2.1. Variations in Lignin Molecular Weight and Functionality

The lignin fractions assigned as L_F1, L_F2, and L_F3 were obtained by fractional
lignin precipitation with a stepwise modification of the solubility parameters by adding
water as an antisolvent [17]. Organosolv lignin (L_total) was isolated as a reference material
to evaluate the effect of the fractionation protocol on the variations in the lignin molecular
weight and functionality (Figure 1). The molecular weight of the lignin fractions determined
by SEC and the content of the aliphatic and phenolic OH groups (lignin functionality)
measured by 31P-NMR are listed in Table 1. The lignin fractions analyzed in this study had
an average molecular weight (Mw) from 6950 Da (L_F1) to 1850 Da (L_F3), with the highest
molecular weight fraction having a higher dispersity of 2.9 and a lower phenolic OH
group content of 1.99 mmol g−1. Among the lignin fractions, L_F3 had the highest content
of phenolic and aliphatic OH groups of 2.70 mmol g−1 and 1.84 mmol g−1, respectively.
Although all the fractions had comparable content of aliphatic OH groups, the change in
the content of phenolic OH groups led to a significant decrease in the ratio between the
aliphatic and phenolic OH groups with a reduced Mw and dispersity of the lignin fractions.
The produced lignin as the reference material (L_total) was found to have an Mw close
to that of L_F2 with an Mw of 3400 Da and phenolic OH group content of 2.28 mmol g−1

but with a higher dispersity of 2.3 and a slightly higher content of aliphatic OH groups of
1.94 mmol g−1 (Table 1). Variations in the molecular weight and the content of the aliphatic
and phenolic OH groups were also observed in the oligomeric fragments (O_F1, O_F2,
and O_F3) obtained after partial lignin depolymerization. Partial lignin depolymerization
afforded oligomeric fragments with pronounced changes in the Mw, dispersity, and content
of the aliphatic and phenolic OH groups. Overall, the Mw decreased from 3400 Da to
2000 Da (L_total), the dispersity of the lignin decreased from 2.3 to 1.7, and the content
of the aliphatic OH groups reduced from 1.94 mmol g−1 to 0.67 mmol g−1, while the
oligomeric fragments showed a higher content of phenolic OH groups. The change in
the ratio between the aliphatic and phenolic OH groups is the result of the successful
cleavage of the β-ether bond within the lignin macromolecule. Similarly, the change in
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the functionality of the lignin after partial lignin depolymerization was described in detail
for organosolv acetone lignin by Smit et al. [18]. Figure 1 provides an overview of the
lignin, lignin fractions, and oligomeric fragments used in this study to test their antioxidant
capacity by EPR and UV-Vis spectroscopy.
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Table 1. Molecular weight of lignin and oligomeric fragments determined by SEC and their function-
ality determined by 31P-NMR.

Lignin
Sample

SEC Results (g mol−1) 31P-NMR Results (mmol g−1)

Mw Mn Ð 1 Aliphatic OH Phenolic OH Total OH

L_F1 6950 2400 2.9 1.82 1.99 3.81
L_F2 3450 1800 1.9 1.81 2.24 4.07
L_F3 1850 1150 1.6 1.84 2.70 4.57

L_total 3400 1450 2.3 1.94 2.28 4.25

O_F1 2150 1200 1.8 0.51 3.07 3.58
O_F2 2100 1150 1.8 0.62 3.55 4.28
O_F3 1600 1000 1.6 0.63 3.74 4.39

O_total 2000 1150 1.7 0.67 3.36 4.14
1 Dispersity.

2.2. Measurement of Spin Content in Lignins by EPR

Spin content refers to the number of unpaired electrons in the material structure that
indicates the presence of reactive phenolic hydroxyl groups usually associated with the
antioxidant capacity of the material [6,19,20]. It was reported that the spin content in lignins
is attributed to the presence of specific functional groups in the structure and quinone-type
and phenolic residues in particular. Free radical centers in lignin could also be formed in
the course of radical reactions occurring during the fractionation of lignocellulosic biomass
or other degradation processes, e.g., depolymerization [9].

EPR spectroscopy provides structural information on the chemical nature of the
free radical centers and allows for accurate free radical quantification [9,20]. The X-band
(9.5 GHz) CW EPR spectra of the lignin powder samples showed broad (∆Bpp = 6.46 ÷ 7.56 G,
Figure 2a, Table 2) single-line EPR spectra with no resolved hyperfine structure and g-factors
ranging from 2.0040 to 2.0043 characteristic of oxygen-centered radicals [21–23]. The high-
est g value amongst the lignin fractions was found in fraction L_F3 (g = 2.0043). Amongst
the oligomeric samples, the highest g value was found in fraction O_F3 (g = 2.0042). Be-
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cause L_F3 and O_F3 exhibit the highest content of phenolic OH groups (Table 1), we
can assume that the oxygen-centered radicals originating from phenolic residues become
predominant in the late fractions. The dominance of phenolic residues in the late fractions
manifested itself in major changes in the solvent polarity required to induce precipitation
during fractionation; therefore, a higher amount of water was used [24,25]. Interestingly,
the spectra peak-to-peak linewidth was found to gradually increase from fraction L_F1 to
L_F3 (from 6.46 to 7.56 G) and from oligomeric samples O_F1 to O_F3 (from 6.51 to 6.99 G)
(Table 2). Considering the g-strain and unresolved hyperfine couplings to be the major
factors contributing to the EPR line broadening, we can assume that the structure of the
lignin matrix in the late fractions becomes more irregular, which increases the variations
in the orientation of the paramagnetic centers. To quantify the spin concentrations in
both the lignin and oligomeric samples, double integration of these EPR spectra was em-
ployed. The results are summarized in Table 2. Notably, it was observed that the lignin and
lignin fractions exhibited a higher spin content compared to the corresponding oligomeric
fragments after depolymerization. Lignin (L_total) was found to have a spin concentra-
tion of 9.9 × 1019 spins g−1, while the oligomeric sample (O_total) had a spin content of
6.6 × 1019 spins g−1. The lignin fractions and the corresponding oligomers also exhibited
clear differences in the spin content. Specifically, the lignin fraction F1 (L_F1) and oligomer
F1 (O_F1) showed the lowest spin content of 6.8 × 1019 spins g−1 and 5.7 × 1019 spins g−1,
respectively, whereas the lignin fractions F2 (L_F2) and F3 (L_F3) and/or oligomeric sam-
ples (O_F2 and O_F3) exhibited an increased spin content, e.g., 13.4 × 1019 spins g−1

for L_F3 and 11.4 × 1019 spins g−1 for the O_F3 samples. The results of the 31P-NMR
measurements show that the late lignin and oligomer fractions (L_F2, L_F3, O_F2, and
O_F3) had a noticeably higher content of phenolic OH groups (Table 1), compared to the
L_F1 and O_F1 fractions. That is, fractionation causes an enrichment of the latter, more
soluble fractions in aqueous ethanol, with phenolic components; the presence of the latter
ones most likely dictates the solubility of said fractions. This also explains a higher spin
count in the late fraction. In support of this speculation, Matos et al. [26] reported that
acetone-water fractionalization of lignin produced the most soluble fraction, which was
enriched with phenolic components and, as a result, showed higher antioxidant activity. A
similar observation was made by An et al. [27], who have found that the fraction that was
most soluble in dichloromethane and was obtained upon the fractionation of lignin had the
highest phenolic content and the highest antioxidant activity.
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Figure 2. (a) The typical X-band EPR spectra of the lignin (L_total) and the corresponding oligomers
(O_total) recorded at room temperature (the spectra intensities were normalized by the sample
weight); (b) a series of sequential X-band EPR spectra of the DPPH dioxane solution in the presence
of lignin (L_total) over a period of 40 min (from black to orange lines), while the initial intensity of
the DPPH signal was 2.11 (blue line).
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Table 2. Spin content and radical scavenging activity of lignin and oligomeric samples.

Lignin Sample
EPR Results DPPH Assay 2

Spin Content 1

(spins g−1)
g-Factor ∆Hpp

(G)
RSA
(%)

TEAC
(µmol mg−1)

L_F1 6.8 × 1019 2.0040 6.45 29.6 0.47
L_F2 9.0 × 1019 2.0042 6.94 34.1 0.55
L_F3 13.4 × 1019 2.0043 7.56 41.0 0.67

L_total 9.9 × 1019 2.0042 7.10 36.6 0.60

O_F1 5.7 × 1019 2.0040 6.51 62.9 1.09
O_F2 7.5 × 1019 2.0041 6.88 64.6 1.12
O_F3 11.4 × 1019 2.0042 6.99 66.7 1.17

O_total 6.6 × 1019 2.0041 6.93 64.6 1.12
1 Standard used for calculation: TEMPOL. 2 Measured by UV-Vis spectroscopy.

Further, we attempted to find out whether there is any relationship between the spin
concentration, the molecular weight, and the hydroxyl group content. The results presented
in Figure 3 demonstrate that the spin content positively correlates with the content of the
phenolic OH groups in the lignin samples and oligomeric fragments. A linear correlation
between the spin content and the phenolic OH group content (Figure 2) was found with R2

values of 0.99 and 0.80 for the lignin and oligomers, respectively. Moreover, the correlation
between the Mw of the lignins and oligomeric fragments showed that the lower Mw of
the samples led to a higher spin content. Thus, the presence of phenolic residues in the
chemical structure of lignin samples impacts the spin concentration, which in turn can
affect the antioxidant capacity.
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Figure 3. Spin content shows a linear correlation with phenolic OH group content of lignins
and oligomers.

2.3. Radical Scavenging Activity by EPR

The presence of unpaired electrons in lignin indicates that it has the potential to
neutralize reactive oxygen species and other free radicals. As a polymer possessing multiple
phenolic moieties, lignin exhibits antioxidant activity by transferring hydrogen atoms and
electrons to free radicals [7,28]. One of the methods that allows for the determination of
kinetic parameters of reactive radical inhibition by lignin is CW EPR spectroscopy. Typically,
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a free radical DPPH is used as a model radical in antioxidant activity assays. The reaction
rates of the DPPH radical inhibition by the lignin and the corresponding oligomers were
determined by analyzing the intensities of sequentially recorded EPR spectra (Figure 2b).
The DPPH decay was found to proceed according to a second-order process. The rate
constants k calculated from the plots for the lignin and oligomers were determined to
be 0.56 L mol−1 s−1 and 0.21 L mol−1 s−1 (Figure 4), respectively. These rate constants
indicate a stronger antioxidant capacity of the lignin, which inhibits the DPPH radical two
times faster than the oligomers do. Remarkably, the obtained rate constants for radical
inhibition by lignin and oligomers correlate with the spin content of the samples measured
by an X-band EPR. For lignin, a higher inhibition rate correlated with a higher measured
spin content.
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2.4. Radical Scavenging Activity by UV-Vis Spectroscopy

Unlike the EPR DPPH assay, the UV-Vis-based DPPH assay is more widely used by the
scientific community despite the recent attempts to critically re-evaluate this method [13–16].
Thus, the free radical scavenging activity of lignin and oligomers was also evaluated by
following the DPPH decay with UV-Vis spectroscopy. The RSA value reflects the rate of
DPPH inhibition and is an indicator of the ability of an antioxidant material to scavenge free
radicals. This is evidenced by the decrease in the absorbance of the DPPH solution, which
is quantitatively expressed as the RSA value [29,30]. It was found that the characteristics in
the lignin fractions affected their RSA (radical inhibition from 29.5 to 41.0%). The varia-
tions in the structural characteristics also affected the free radical inhibiting ability of the
oligomeric samples; specifically, the radical inhibition was found to be higher (62.9–66.7%)
compared to the lignin samples when measured by UV-Vis spectroscopy (Table 2). There-
fore, the molecular weight distributions and the content of the phenolic OH groups have a
considerable effect on the RSA of the samples. For L_F1, L_F2, and L_F3, a decrease in the
Mw and an increase in the content of the phenolic OH groups resulted in a pronounced RSA.
In contrast, a negligible change in the Mw was observed for O_F1, O_F2, and O_F3, while
the content of the phenolic OH groups increased, suggesting that phenolic OH groups may
contribute more to radical inhibition than the Mw. However, the lower Mw and dispersity
(Ð) of oligomers also appear to contribute to better performance, as reflected in a better RSA
compared to the lignins. This suggests that lignins with a higher molecular weight have
a less uniform and more dispersed structure and, therefore, have a significant number of
phenolic OH groups [31,32] that are sterically hindered and inaccessible to DPPH [7]. Thus,
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the structural differences between lignin and oligomers, such as the phenolic OH group
content and their accessibility to radicals, as well as the more tightly packed structure of the
high molecular weight lignins, have a major effect on the RSA values. This conclusion is in
line with our assumption about a more irregular structure of the lignin–polymer matrix in
the late fractions (see above). A similar observation was made by Ponomarenko et al. [33]
who were using lignins from different biomass sources and different isolation procedures.

The performance of the DPPH assay was also evaluated using Trolox as a standard
(Table 2). The Trolox equivalent antioxidant capacity (TEAC) assay provides an indepen-
dent assessment of the antioxidant capacity of a material. The lignin and lignin fractions had
TEAC values of approximately 0.60 µmol TE mg−1, while the oligomeric fragments showed
TEAC values of about 1.12 µmol TE mg−1, indicating that the lignins (L_total, L_F1, L_F2,
and L_F3) examined in this study have a higher antioxidant capacity compared to other
previously tested lignins. Previous publications have reported that the antioxidant capacity
of different lignins ranged from 0.25 to 0.60 µmol TE mg−1 lignins in TEAC values [7,34–36].
For example, milled wood lignin and acetic acid lignin from bamboo shoot shell showed
antioxidant capacities of 0.27 µmol TE mg−1 lignin and 0.63 µmol TE mg−1 lignin, respec-
tively [35], while lignosulfonates and lignins isolated by an oxidative alkaline method
exhibited an even lower antioxidant capacity of about 0.30 µmol TE mg−1 lignin [36]. On
the other hand, alkali and alkaline ethanol lignins from bamboo chips showed an antioxi-
dant capacity in the range of 0.28 µmol TE mg−1 lignin to 0.51 µmol TE mg−1 lignin [34].
The variations in the obtained TEAC values were therefore caused by the isolation and
fractionation procedures and the origin of the biomass and thus by differences in the lignin
structural characteristics [34–36].

2.5. EPR vs. UV-Vis Spectroscopy

The DPPH assay for the RSA measurements and antioxidant capacity by EPR and
UV-Vis spectroscopy revealed different antioxidant capacities for the lignin and oligomeric
fragments. In particular, EPR showed that lignins (L_total, L_F1, L_F2, and L_F3) inhibited
the free radicals faster and exhibited higher antioxidant capacity, while UV-Vis spectroscopy,
in contrast, showed the oligomeric fragments (O_total, O_F1, O_F2, and O_F3) to be the
more effective antioxidant material. Therefore, a further explanation and discussion of the
methods used and their reliability for determining the antioxidant capacity of materials is
provided. Sanna et al. [11] highlighted different aspects of EPR and UV-Vis spectroscopies
and recommended parallel measurements. It was speculated that the colored decomposi-
tion products of the studied materials and/or impurities in the DPPH solution may absorb
at the same wavelength of 518 nm and interfere with the UV-Vis method. In contrast, none
of the DPPH decomposition products are paramagnetic and, therefore, do not contribute
to EPR signals. These considerations indicate that the EPR method is more reliable, not
affected by the nature of antioxidants, and independent of the chemical composition of
the samples [11]. These limitations of the UV-Vis-based DPPH assay and a possibility of
obtaining erroneous results require considering the UV-Vis spectroscopic properties of all
the components in the sample [12,13]. For this reason, Celiz et al. [12] developed a new
methodology to evaluate antioxidant capacity by UV-Vis DPPH assay that is based on
using full-range UV-Vis spectra for calculation instead of performing measurements at
fixed wavelengths. Such an approach provided reliable results for the determination of
the antioxidant capacity of samples with a high absorbance and spectrophotometrically
non-active antioxidants. Moreover, it has been reported that both the radical and reduced
forms of DPPH contribute to UV-Vis analysis and that the model used for the calculation of
DPPH concentration may cause an overestimation of about 7% [14]. On the other hand,
the EPR method is independent of the UV-Vis spectroscopic properties of the materials,
resulting in fewer discrepancies and values closer to the actual antioxidant capacity of the
samples. The direct detection of radicals, the high selectivity, and the ability to identify
specific radical types make EPR an excellent method for assessing the antioxidant capacity
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of samples. These advantages ensure that EPR provides detailed, accurate, and reliable
data, which support its performance and increase its value in antioxidant research [37].

Nevertheless, in the parallel measurements, both methods confirmed the antioxidant
capacity of the lignin and lignin-derived samples despite the method-related differences
and the limitations of the optical detection of DPPH and its decomposition products. The
antioxidant capacity of the lignin correlated significantly with the molecular weight and
phenolic hydroxyl group content, which is a promising aspect for the isolation, fractionation,
and depolymerization of lignin and allows for further manipulations to give a new market
value to different lignins. We have proven that lignin fractionation obtained directly
from black liquor and the subsequent depolymerization allowed us to manipulate the
antioxidant properties of the lignin material for an even more promising and tailored
end-use application.

3. Materials and Methods
3.1. Lignin and Oligomeric Samples Preparation and Characterization

Organosolv lignin was isolated from beech hardwood with 75 vol% aqueous ethanol
(1:7 (w/v ratio), and 1.0% of H2SO4 was added to catalyze the reaction. The isolation
was performed in a 300 mL batch reactor (Parker Autoclave Engineers, Erie, PA, USA) at
160 ◦C and 1 MPa nitrogen for 1 h. After filtration of the solid particles, the lignin was
precipitated by adding water in threefold excess, while the lignin fractions F1, F2, and
F3 were precipitated by adding water in three separate quantities of 150 mL. The lignin
was collected upon centrifugation, washed with distilled water, and freeze-dried [38].

The oligomeric samples were obtained after the cleavage of β-ether bonds and depoly-
merization of the isolated lignin samples in a 75 mL batch reactor (Series 5000 Multiple
Reactor System, Parr Instrument Company, Moline, IL, USA) with a Ni/C catalyst (Riogen,
Monmouth Junction, NJ, USA) at 250 ◦C and 1 MPa initial hydrogen pressure for 4 h, while
the oligomeric fragments were obtained after precipitation with triple excess water at the
end of the process [39].

Quantitative 31P-NMR (nuclear magnetic resonance) measurements were performed
for each lignin and oligomeric sample according to the protocol reported by Meng et al. [40].
This method is based on excessive phosphitylation of phenolic and aliphatic hydroxyl
groups of lignin. Thus, in a prior analysis, the samples were dissolved in a deuterated
chloroform/pyridine mixture (1:1.6) and treated with 2-chloro-4,4,5,5-tetramethyl-1,2,3-
dioxaphospholane as a phosphitylation reagent. The averaged values of three consec-
utive 31P-NMR measurements are reported, while the highest standard deviation was
0.02 mmol g−1. Size-exclusion chromatography (SEC) analyses were carried out following
the protocol reported by Jasiukaitytė-Grojzdek et al. [38]. The averaged values of three
consecutive SEC measurements are reported, whereby the averaged standard deviation
was 85 g mol−1.

3.2. EPR Spin Counting and Radical Scavenging Activity

For the spin counting, X-band continuous wave (CW) EPR spectra from the lignin,
lignin fractions, and oligomeric samples were recorded using a Varian (Palo Alto, CA,
USA) Century Series E-109 spectrometer (9.5 GHz) interfaced to a PC and an ELEXSYS
E580 spectrometer (Bruker Biospin, Billerica, MA, USA) operating at 9.7 GHz. The powder
samples were placed into a clear gelatine pill capsule (size 5, XPRS Nutra, West Jordan,
UT, USA), and the capsule was inserted into a polypropylene straw (190 × 6 mm) open
from both ends. The typical data acquisition parameters were as follows: modulation
amplitude, 1 G; time constant, 64 ms; incident microwave power, 2 mW; sweep time, 30 s;
and scan width, 100 G. The spin concentrations were calculated from double integrals of
the first-derivative EPR spectra using solid 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPOL) as a standard.

The electronic g-factors were determined according to [41] using MnO as a standard.
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The radical scavenging activity was determined by the decay rate of the EPR signal
of 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) in the presence of lignin samples. The
CW EPR spectra were recorded using the ELEXSYS E580 spectrometer (Bruker Biospin,
Billerica, MA, USA) operating at X-band (9.7 GHz). The data acquisition parameters were
as follows: modulation amplitude, 1 G; time constant, 20 ms; conversion time, 39 ms;
incident microwave power, 2 mW; sweep time, 40 s; and scan width, 100 G. Typically,
20 consecutive spectra were collected with a 100 ms delay between the spectra; each
spectrum was averaged over 3 scans. The measurements were performed in dioxane
solution. In a typical EPR experiment, 90 µL of DPPH solution from 1 mM stock in dioxane
was added to 10 µL of dioxane solution containing 0.04 mg ml−1 of a lignin sample, and
the resulting solution was shaken thoroughly. The stopwatch was started immediately.
The blank measurement was performed with DPPH solution in dioxane (90 µL) with the
addition of pure dioxane (10 µL) and the DPPH intensity value of the blank was 2.11. For
the EPR measurements, dioxane solutions were drawn into a 100 µL glass capillary (OD
(in) 0.0565, ID (in) 0.0413; Drummond Scientific Company, Broomall, PA, USA). All the
EPR measurements were performed at 21 ◦C. The peak-to-peak intensities of the central
EPR spectral component were measured and plotted against the reaction time, taking into
account the time delay [42].

3.3. Radical Scavenging Activity by UV-Vis Spectroscopy

The antioxidant capacity by UV-Vis spectroscopy with a DPPH assay was conducted
as described by Alzagameem et al. [43] and Rumpf et al. [7]. Briefly, 0.02 mL of 1 mg ml−1

lignin solution in dioxane was mixed with 0.78 mL DPPH radical solution (6 × 10−5 M in
dioxane), and the absorption at 518 nm was measured using a BioTek microplate reader
(Agilent, Santa Clara, CA, USA) after 30 min incubation. The radical scavenging activity
(RSA) was calculated using Equation (1), where Asample is the absorbance of the tested
samples and Ablank is the absorbance of the DPPH solution with pure dioxane added
instead of the lignin solution. Three parallel measurements were performed for each lignin
and oligomeric sample and the averages are reported in this work. The maximum standard
deviation of the RSA values was 4.6%. Trolox standards in the range of 25–250 mg L−1 were
used for the calibration curve from which the concentration of the Trolox equivalent (TE)
was calculated. The Trolox equivalent antioxidant capacity (TEAC) was calculated using
Equation (2), where CTE is the concentration of Trolox equivalent, MTrolox = 250.3 g mol−1

is the molar mass of Trolox, and Clignin is the concentration of the lignin solution.

RSA (%) = (1 − (Asample/Ablank)) × 100%, (1)

TEAC (µmol mg−1) = CTE/(Clignin × MTrolox). (2)

4. Conclusions

In this work, lignin, lignin fractions, and the corresponding oligomeric fragments
obtained via catalytic depolymerization were analyzed. The pulping and fractionation
processes were found to influence the distribution of the lignin structural characteristics,
which were then related to the spin content of the analyzed samples. The investigation of
the relationship between the lignin structural features and the spin content revealed a linear
correlation with the content of the phenolic OH groups in the lignins and oligomers, with a
higher spin content observed in the samples with a lower Mw. The EPR-based DPPH assay
was employed to determine the kinetic parameters of the radical inhibition by the lignins.
The inhibition was found to proceed according to the second-order process, with the rate
constant for lignin being 0.56 L mol−1 s−1 over the preformed oligomeric fragments with
the rate constant of 0.21 L mol−1 s−1. However, the calculated RSA from the DPPH assay
measured by UV-Vis spectroscopy showed a different trend of the antioxidant capacities of
the lignins and oligomeric fragments, with the oligomeric fragments exhibiting a higher
RSA compared to the lignins. The antioxidant capacity of L_total in Trolox equivalents was
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measured to be 0.60 µmol mg−1, while for O_total it was 1.12 µmol mg−1. The evaluation of
the Trolox equivalent antioxidant capacity of the studied lignin samples (L_total, L_F1, L_F2,
and L_F3) by UV-Vis spectroscopy showed that they have a higher antioxidant capacity
compared to other previously published results on the antioxidant capacity of lignins
(e.g., milled wood lignin, lignosulfonates, and alkali and alkaline lignin). Nevertheless,
the experimental limitations and errors in the measurement by UV-Vis spectroscopy raise
legitimate doubts about the reliability of the TEAC results as well. Given the limitations of
the UV-Vis method related to the additional absorption of impurities and its color sensitivity,
the EPR technique is more suited to obtain reliable results on the antioxidant activity.

Author Contributions: Conceptualization, T.R.K., E.J.-G. and L.L.; methodology, M.A.V. and A.I.S.;
validation, T.R.K. and M.A.V.; formal analysis, T.R.K. and M.A.V.; investigation, T.R.K. and M.A.V.;
resources, M.A.V.; writing—original draft preparation, T.R.K.; writing—review and editing, M.A.V.
and E.J.-G.; supervision, A.I.S., M.G. and B.L.; funding acquisition, M.G. and B.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Slovenian Research Agency, grant numbers P2-0152,
N2-0316, and L2-50050, and bilateral project BI-US/22-24-127.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: The authors are thankful to Sergey Milikisiyants (NCSU) for his help with the
EPR data analysis. Lucian Lucia gratefully acknowledges the funding from WestRock, specifically from
Peter W. Hart, for the background analytical lignin studies helping to inform the work conducted.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Ullah, I.; Chen, Z.; Xie, Y.; Khan, S.S.; Singh, S.; Yu, C.; Cheng, G. Recent advances in biological activities of lignin and emerging

biomedical applications: A short review. Int. J. Biol. Macromol. 2022, 208, 819–832. [CrossRef]
2. Michalak, M. Plant-Derived Antioxidants: Significance in Skin Health and the Ageing Process. Int. J. Mol. Sci. 2022, 23, 8–12.

[CrossRef]
3. Kabir, A.S.; Yuan, Z.-S.; Kuboki, T.; Xu, C. Development of Lignin-Based Antioxidants for Polymers. In Production of Materials

from Sustainable Biomass Resources. Biofuels and Biorefineries; Fang, Z., Smith, R., Jr., Tian, X.F., Eds.; Springer: Singapore, 2019;
Volume 9, pp. 39–59. [CrossRef]

4. Qian, Y.; Qiu, X.; Zhu, S. Sunscreen performance of lignin from different technical resources and their general synergistic effect
with synthetic sunscreens. ACS Sustain. Chem. Eng. 2016, 4, 4029–4035. [CrossRef]

5. Gordobil, O.; Olaizola, P.; Banales, J.M.; Labidi, J. Lignins from agroindustrial by-products as natural ingredients for cosmetics:
Chemical structure and in vitro sunscreen and cytotoxic activities. Molecules 2020, 25, 1131. [CrossRef]

6. Rácz, A.; Papp, N.; Balogh, E.; Fodor, M.; Héberger, K. Comparison of antioxidant capacity assays with chemometric methods.
Anal. Methods 2015, 7, 4216–4224. [CrossRef]

7. Rumpf, J.; Burger, R.; Schulze, M. Statistical evaluation of DPPH, ABTS, FRAP, and Folin-Ciocalteu assays to assess the antioxidant
capacity of lignins. Int. J. Biol. Macromol. 2023, 233, 123470. [CrossRef]

8. Takatsuka, M.; Goto, S.; Kobayashi, K.; Otsuka, Y.; Shimada, Y. Evaluation of pure antioxidative capacity of antioxidants: ESR
spectroscopy of stable radicals by DPPH and ABTS assays with singular value decomposition. Food Biosci. 2022, 48, 101714.
[CrossRef]

9. Patil, S.V.; Argyropoulos, D.S. Stable Organic Radicals in Lignin: A Review. ChemSusChem 2017, 10, 3284–3303. [CrossRef]
10. Davies, M.J. Detection and characterisation of radicals using electron paramagnetic resonance (EPR) spin trapping and related

methods. Methods 2016, 109, 21–30. [CrossRef]
11. Sanna, D.; Delogu, G.; Mulas, M.; Schirra, M.; Fadda, A. Determination of Free Radical Scavenging Activity of Plant Extracts

Through DPPH Assay: An EPR and UV-Vis Study. Food Anal. Methods 2012, 5, 759–766. [CrossRef]
12. Celiz, G.; Renfige, M.; Finetti, M. Spectral analysis allows using the DPPH* UV–Vis assay to estimate antioxidant activity of

colored compounds. Chem. Pap. 2020, 74, 3101–3109. [CrossRef]
13. Zheng, L.; Lin, L.; Su, G.; Zhao, Q.; Zhao, M. Pitfalls of using 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay to assess the radical

scavenging activity of peptides: Its susceptibility to interference and low reactivity towards peptides. Food Res. Int. 2015, 76,
359–365. [CrossRef]

https://doi.org/10.1016/j.ijbiomac.2022.03.182
https://doi.org/10.3390/ijms23020585
https://doi.org/10.1007/978-981-13-3768-0_2
https://doi.org/10.1021/acssuschemeng.6b00934
https://doi.org/10.3390/molecules25051131
https://doi.org/10.1039/c5ay00330j
https://doi.org/10.1016/j.ijbiomac.2023.123470
https://doi.org/10.1016/j.fbio.2022.101714
https://doi.org/10.1002/cssc.201700869
https://doi.org/10.1016/j.ymeth.2016.05.013
https://doi.org/10.1007/s12161-011-9306-1
https://doi.org/10.1007/s11696-020-01110-8
https://doi.org/10.1016/j.foodres.2015.06.045


Int. J. Mol. Sci. 2024, 25, 9044 11 of 12

14. de Menezes, B.B.; Frescura, L.M.; Duarte, R.; Villetti, M.A.; da Rosa, M.B. A critical examination of the DPPH method: Mistakes
and inconsistencies in stoichiometry and IC50 determination by UV–Vis spectroscopy. Anal. Chim. Acta. 2021, 1157, 338398.
[CrossRef] [PubMed]

15. Yeo, J.; Shahidi, F. Revisiting DPPH (2,2-diphenyl-1-picrylhydrazyl) assay as a useful tool in antioxidant evaluation: A new
IC100 concept to address its limitations. J. Food Bioact. 2019, 7, 36–42. [CrossRef]

16. Yeo, J.D.; Shahidi, F. Critical Re-Evaluation of DPPH assay: Presence of pigments affects the results. J. Agric. Food Chem. 2019, 67,
7526–7529. [CrossRef]

17. Lange, H.; Schiffels, P.; Sette, M.; Sevastyanova, O.; Crestini, C. Fractional Precipitation of Wheat Straw Organosolv Lignin:
Macroscopic Properties and Structural Insights. ACS Sustain. Chem. Eng. 2016, 4, 5136–5151. [CrossRef]

18. Smit, A.T.; Dezaire, T.; Riddell, L.A.; Bruijnincx, P.C.A. Reductive Partial Depolymerization of Acetone Organosolv Lignin to
Tailor Lignin Molar Mass, Dispersity, and Reactivity for Polymer Applications. ACS Sustain. Chem. Eng. 2023, 11, 6070–6080.
[CrossRef]

19. Miller, T.A.; Adams, R.N. Spin-Spin and Electron-Exchange Rates of Radicals and Radical Ions. J. Am. Chem. Soc. 1966, 88,
5713–5714. [CrossRef]

20. Steelink, C. Free radical studies of lignin, lignin degradation products and soil humic acids. Geochim. Cosmochim. Acta 1964, 28,
1615–1622. [CrossRef]

21. Nanassy, A.J.; Vyas, A. Electron Spin Resonance in Pyrolyzed Lignin. J. Macromol. Sci. Part B 1969, 3, 271–292. [CrossRef]
22. Kocheva, L.S.; Karmanov, A.P.; Mironov, M.V.; Belyy, V.A.; Polina, I.N.; Pokryshkin, S.A. Characteristics of chemical structure of

lignin biopolymer from Araucaria relict plant. Questions and answers of evolution. Int. J. Biol. Macromol. 2020, 159, 896–903.
[CrossRef]

23. Bährle, C.; Nick, T.U.; Bennati, M.; Jeschke, G.; Vogel, F. High-Field Electron Paramagnetic Resonance and Density Functional
Theory Study of Stable Organic Radicals in Lignin: Influence of the Extraction Process, Botanical Origin, and Protonation
Reactions on the Radical g Tensor. J. Phys. Chem. A 2015, 119, 6475–6482. [CrossRef]

24. Chambon, C.L.; Fitriyanti, V.; Verdía, P.; Yang, S.M.; Hérou, S.; Titirici, M.M.; Brandt-Talbot, A.; Fennell, P.S.; Hallett, J.P.
Fractionation by Sequential Antisolvent Precipitation of Grass, Softwood, and Hardwood Lignins Isolated Using Low-Cost Ionic
Liquids and Water. ACS Sustain. Chem. Eng. 2020, 8, 3751–3761. [CrossRef]

25. Sadeghifar, H.; Sadeghifar, H.; Ragauskas, A.; Ragauskas, A.; Ragauskas, A.; Ragauskas, A. Perspective on Technical Lignin
Fractionation. ACS Sustain. Chem. Eng. 2020, 8, 8086–8101. [CrossRef]

26. Matos, M.; Claro, F.C.; Lima, T.A.M.; Avelino, F.; Hansel, F.A.; Maciel, G.M.; Lomonaco, D.; Magalhães, W.L.E. Acetone: Water
fractionation of pyrolytic lignin improves its antioxidant and antibacterial activity. J. Anal. Appl. Pyrolysis 2021, 156, 105175.
[CrossRef]

27. An, L.; Wang, G.; Jia, H.; Liu, C.; Sui, W.; Si, C. Fractionation of enzymatic hydrolysis lignin by sequential extraction for enhancing
antioxidant performance. Int. J. Biol. Macromol. 2017, 99, 674–681. [CrossRef] [PubMed]

28. Ilyasov, I.R.; Beloborodov, V.L.; Selivanova, I.A.; Terekhov, R.P. ABTS/PP decolorization assay of antioxidant capacity reaction
pathways. Int. J. Mol. Sci. 2020, 21, 1131. [CrossRef] [PubMed]
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30. Pyrzynska, K.; Pȩkal, A. Application of free radical diphenylpicrylhydrazyl (DPPH) to estimate the antioxidant capacity of food

samples. Anal. Methods 2013, 5, 4288–4295. [CrossRef]
31. García, A.; Alriols, M.G.; Spigno, G.; Labidi, J. Lignin as natural radical scavenger. Effect of the obtaining and purification

processes on the antioxidant behaviour of lignin. Biochem. Eng. J. 2012, 67, 173–185. [CrossRef]
32. Gil-Chávez, J.; Gurikov, P.; Hu, X.; Meyer, R.; Reynolds, W.; Smirnova, I. Application of novel and technical lignins in food and

pharmaceutical industries: Structure-function relationship and current challenges. Biomass Convers. Biorefinery 2021, 11, 2387–2403.
[CrossRef]

33. Ponomarenko, J.; Dizhbite, T.; Lauberts, M.; Volperts, A.; Dobele, G.; Telysheva, G. Analytical pyrolysis—A tool for revealing of
lignin structure-antioxidant activity relationship. J. Anal. Appl. Pyrolysis 2015, 113, 360–369. [CrossRef]

34. Sun, S.N.; Cao, X.F.; Xu, F.; Sun, R.C.; Jones, G.L. Structural features and antioxidant activities of lignins from steam-exploded
bamboo (Phyllostachys pubescens). J. Agric. Food Chem. 2014, 62, 5939–5947. [CrossRef]

35. Gong, W.; Xiang, Z.; Ye, F.; Zhao, G. Composition and structure of an antioxidant acetic acid lignin isolated from shoot shell of
bamboo (Dendrocalamus latiforus). Ind. Crop. Prod. 2016, 91, 340–349. [CrossRef]

36. Verrillo, M.; Savy, D.; Cangemi, S.; Savarese, C.; Cozzolino, V.; Piccolo, A. Valorization of lignins from energy crops and
agro-industrial byproducts as antioxidant and antibacterial materials. J. Sci. Food Agric. 2022, 102, 2885–2892. [CrossRef]

37. Polak, J.; Bartoszek, M.; Chora, M. Antioxidant Capacity: Experimental Determination by EPR Spectroscopy and Mathematical
Modeling. J. Agric. Food Chem. 2015, 63, 6319–6324. [CrossRef]
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