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Thermal hydrolysis pretreatment (THP) is often used to improve the anaerobic digestion performance of waste
activated sludge (WAS) in wastewater treatment plants (WWTPs). During the THP process, the proteins and
polysaccharides in the biomass will undergo hydrolysis and Maillard reaction, producing biorefractory organic
substances, such as recalcitrant dissolved organic nitrogen (rDON) and melanoidins. In this study, a series of
spectroscopy methods were used to quantitatively analyze the Maillard reaction of glucose and lysine, and the
interaction mechanisms of the Maillard reaction products (MRPs) and lysozyme were investigated. Results
showed that the typical aromatic heterocyclic structures in MRPs, such as pyrazine and furan, were found to
quench molecular fluorescence of lysozyme, resulting in an unfolding of standard protein structure and increase
in lysozyme hydrophobicity. Significant loss of enzyme activity was detected during this process. Thermody
namic parameters obtained from isothermal titration calorimetry (ITC) confirmed that the interaction between
MRPs and lysozyme occurred both exothermically and spontaneously. Density functional theory (DFT) calcu
lations suggested that the molecular interactions of MRPs and protein included parallel dislocation aromatic
stacking, T-shaped vertical aromatic stacking, H-bond and H-bond coupled to aromatic stacking.

1. Introduction
The increasing amount of WAS from WWTPs pose a true environ
mental challenge as urbanization expands for the future (Peccia and
Westerhoff, 2015; Ebner et al., 2015; Vassilev and Vassileva, 2016; De
Schouwer et al., 2019; Xiao et al., 2020). Considering the rich organic
components and nutrient in WAS, the reuse of WAS as a renewable
resource is the ultimate way to proceed in accordance with the concept
of sustainable urban development (Zhao et al., 2014; Azevedo et al.,
2019; Cho and Kim, 2019; Ngan et al., 2019; Situmorang et al., 2020).
The hydrothermal technology has drawn wide attention in recent years
because it can effectively enhance the potential value of WAS as a
resource (Zhao et al., 2014; Torri et al., 2017; Hamzah et al., 2019). For
the past few years, THP has primarily been used as a pretreatment to

improve anaerobic digestion (AD) efficiency in the engineering field (Li
et al., 2017; Yuan et al., 2019). Such processes are known to effectively
improve the bioavailability of organic matter.
Recently, more attention has been paid to the effect of organic matter
conversion in sludge during THP on the AD process, as THP is widely
used as a pretreatment for the AD process (Chen et al., 2019; Yin et al.,
2019; Usman et al., 2019, 2020; Hao et al., 2020). THP can intensify
hydrolysis of the macro biopolymers in WAS and increase the methane
production of AD, but the possible negative effects of THP also should be
considered, such as formation of biorefractory by-products (Zhang et al.,
2020). Particular concerns include the recalcitrant nitrogen-containing
organic compounds with dark color produced in the WAS THP pro
cess, and their poor biodegradability (Zhang et al., 2020; Wang et al.,
2021). These recalcitrant compounds, when placed in sludge treated by
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thermal hydrolysis, were resistant to conversion by AD microorganisms
(Usman et al., 2020). An additional number of studies further reported
the identification of products from biopolymer conversion after sludge
THP processing, and all studies noted the emergence of molecules of
heterocyclic amines, furans, aldehydes, and ketones (Chen et al., 2019;
Hao et al., 2020; Usman et al., 2020). Furthermore, all those molecules
were identified as typical organic structures from Maillard reaction
(Zhang et al., 2020). Besides, it has already been reported that the
addition of melanoidins produced by food waste (FW) hydrothermal
treatment inhibited the acidification process during anaerobic digestion
of FW (Yin et al., 2019).
As recalcitrant organic compounds, Maillard reaction products
(MRPs) are known for poor microbial degradability and adverse bio
logical effects beyond a certain concentration including genotoxicity,
cytotoxicity and antimicrobial activity (Chandra et al., 2008; Wang
et al., 2011), which allows them to persist in the environment (Ivarson
and Benzing-Purdie, 1987). This means that the recalcitrant chemicals
in MRPs will not only affect the efficiency of AD, but the undegraded
MRPs in AD sludge dewatering filtrate also enter the subsequent
wastewater biological treatment and UV disinfection unit (Dwyer et al.,
2008a, 2009), as these recalcitrant MRPs were found to strongly quench
UV light and inhibit the side-stream nitrogen removal process such as
anammox and nitrification (Gu et al., 2018; Zhang et al., 2020). For
example, Dwyer et al. (2008b) has reported an 18% decrease of
UV-transmission from 59 ± 1.3% to 41 ± 0.8% and a 50% increase of
average effluent organic nitrogen content from 1.8 ± 0.17 mg L− 1 to 2.8
± 0.14 mg L− 1 based on the historical data from the 16th June 2006
through to the 28th December 2007 of Oxley Creek WWTP (Australia)
after commissioning the sludge THP process (140–165 ◦ C, 2.6–6 bar, 30
min). Despite the increasing number of research publications reporting
the adverse effects of the MRPs, the study of the Maillard reaction in the
field of wastewater treatment is still in its early stage. Enzymatic re
actions play an essential role in environmental biological processes such
as AD (Bano et al., 2017), but how those recalcitrant heterocyclic
compounds in MRPs interact with proteins and inhibit enzyme-driven
biodegradation reactions is still unclear (Hellwig et al., 2016). In gen
eral, molecules with a rich functional group structure can interact with
proteins through non-covalent interactions, resulting in changes in the
secondary structure of proteins (Xu et al., 2020). Structural changes in
proteins may, in turn, lead to a reduction in their enzymatic activities
(Chen et al., 2016; Martinez-Gonzalez et al., 2017). Report shows that
humic acid, as another example, binds to enzymes and inhibits
enzyme-catalyzed hydrolysis reactions (Huang et al., 2021). Interaction
mechanisms like electrostatic force, covalent bond, and sweep floccu
lation were suggested (Li et al., 2019a, 2019b). As a newly identified
issue, an in-depth understanding of the mechanisms of MRPs-enzyme
interaction is essential to ensure a sustainable application of THP in
wastewater sludge treatment.
In this study, we investigated the effects of MRPs on the enzymatic
function of proteins. The interaction mechanism of lysozyme and tem
plate MRPs prepared with glucose and lysine were investigated by multispectroscopic methodologies, including the fluorescence quenching
analysis, Fourier transform infrared Spectroscopy (FTIR), ultraviolet
visible (UV–vis) spectrophotometry and circular dichromatic (CD)
spectrum. The thermodynamic parameters of the interaction, including
enthalpy (ΔH), entropy (ΔS) and Gibbs free energy (ΔG), were measured
by isothermal titration calorimetry (ITC). DFT was used to further verify
the rationality of the molecular reaction mechanisms.

template MRPs in a stainless-steel hydrothermal reactor (Cämmerer and
Kroh, 1995). Considering that the Maillard reaction does not require
high temperatures, a mild thermal hydrolysis temperature (100 ◦ C) was
selected to avoid side reactions such as caramelization and deamination.
At the same time, a long heating time (2 h) ensures the adequate pro
cessing of the Maillard reaction. UV–vis spectra and molecular weight
distribution of MRPs were evaluated (see in Text S2). MRPs samples (0
min and 120 min) for X-ray photoelectron spectroscopy (XPS) mea
surements were performed using a Thermo Fisher Kalpha spectrometer
with an Al Kα X-ray source (1486.6 eV). The N 1 s, O 1 s and C1s core
levels were deconvoluted into subcomponents by XPSPEAK 4.1. The
organic species of template MRPs were further analyzed through a gas
chromatography− mass spectrometer (GC–MS) and the detailed infor
mation can be seen in Text S2 in SI.
2.2. Procedure for MRPs- lysozyme interaction
Specifically, a wide range of concentrations of MRPs (5, 10, 15, 20,
30, 40, 50, 60, 80, 100, 120 mg/L) were titrated into dissolved lysozyme
solution (50 mg/L), followed by a 160-rpm stirring for 20 min at 25 ◦ C.
The changes in enzyme activity, Zeta potential and hydrodynamic
diameter were determined immediately after the batch experiment.
Enzyme activity was assessed by measuring the degradation rate of
peptidoglycan on the Micrococcus lysodeikticus cell wall (ML, Sigma
–Aldrich) by lysozyme over a fixed period of time, as the lysozyme can
attack the peptidoglycans in the cell walls, causing a decrease in the
suspension absorbance at wavelength 450 nm. The detailed information
can be seen in Text S3. Zeta potential was measured on a Zetasizer 3000
(Malvern Instruments, UK). Hydrodynamic diameter was determined in
triplicate by using a Malvern Zetasizer Nano ZS (Instruments Worces
tershire, United Kingdom) operating with a He–Ne laser at a wavelength
of 633 nm and a detection angle of 90◦ .
Three-dimensional excitation-emission matrix (3D-EEM) fluores
cence spectroscopy, combined with microtitrimetry were used to
quantitatively explore the MRPs-lysozyme interaction (see in Text S4).
Next, the obtained results were fitted with the Stern–Volmer model to
determine the quenching type. Changes in the hydrophobicity of lyso
zyme, MRPs, and their complex were evaluated by their binding ability
with hydrophobic chromophore bromophenol blue (BPB) (Chelh et al.,
2006). The CD and FTIR spectra were applied to obtain the information
about the changes in protein secondary structures (see in Text S2). The
thermodynamic properties of the MRPs-lysozyme interaction were ob
tained by an ITC experiment (see in Text S5).
2.3. Quantum chemical calculations
DFT was employed for the intermolecular interaction stimulation
using the Gaussian 16 software, and the detail procedure is given as Text
S6.
3. Results and discussion
3.1. The characterization of glucose-lysine MRPs
The Maillard reaction has been demonstrated its performance as a
non-negligible side effect in sludge thermal hydrolysis process, since the
typical THP conditions, e.g. 165 ◦ C for 30 min, overlap with that of the
Maillard reaction. In our previous study, a three-stage pathway of the
Maillard reaction under sludge hydrothermal condition were proposed
(Wang et al., 2021). In general, the intense hydrolysis of proteins and
polysaccharides at high temperature exposes abundant free amino and
aldehyde groups to initiate the hydroxyl condensation of the Maillard
reaction, resulting in the formation of Schiff base and Amadori products;
Enolization reaction is followed to form furan intermediate, accompa
nied by side reaction generating heterocyclic such as pyrazine; Furan
intermediates are further polymerized to form macromolecular colored

2. Materials and methods
2.1. MRPs preparation
Reagents used in the experiment are shown in Text S1 in Supporting
Information (SI). A 1:1 mixture of glucose (10 g/L) and lysine (10 g/L) as
the most basic precursor of Maillard reaction was heated to prepare
2
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substances with the prolongation of heating time. Since MRPs is a
complex mixture, it is not feasible to separate MRPs from the hetero
geneous sludge colloid system after thermal hydrolysis. Lysine and
glucose were used in this study to prepare template MRPs, as lysine is the
most abundant amino acid in sludge and has high Maillard reaction
activity.
Organic species including furan, pyrazines, pyrrole, pyridine, ke
tones, and phenols in the template MRPs were detected by GC–MS
(Table S1), which were identified as characteristic products of the
Maillard reaction. Other studies also identified the soluble products
following the sludge THP and confirmed the formation of heterocyclic
structure products such as pyrrole, pyrazine, and furan (Chen et al.,
2019). Meanwhile, these newly formed heteroatom-containing hetero
cyclic compounds, such as pyrazine and furan, also pose new queries
regarding the biodegradability of organic matters after thermal hydro
lysis process is performed. XPS was applied to further confirm the
chemical structure transformation of N element in MRPs (Fig. S1). The
N1s spectrum of lysine centralized at 400.4 eV which corresponded to
protein-N while the MRPs were divided into three peaks, suggesting that
the amino group of lysine changed into pyrazinic-N (398.3 eV),
pyridinic-N (399.5 eV), and C–N-C (401.5 eV).
UV–vis spectra and fluorescence spectra were proved effective in
quantitatively assessing the extent of Maillard reactions. The UV–vis
absorption spectra of MRPs show a significant UV-quenching charac
teristic which intensifies with the prolongation of heating time (Fig. S2),
consistent with the previous studies (Chen et al., 2020; Wang et al.,
2021). The enhanced UV absorption peak intensity was attributed to the
generation of an increasing number of conjugated structures in the
Maillard reaction. In MRP products, for example, π electrons in the ar
omatic structure of pyrazine and furan can be excited by ultraviolet light
to jump to π* antibonding orbitals. Accordingly, a red shift from 202 nm
to 216 nm was also observed because the newly formed conjugated
structures reduced the energy required for electron to transition in ul
traviolet light. The 3D-EEM profiles show that two distinct fluorescence
peaks, λex/em = 365/440 nm and λex/em = 230/450 nm, intensified with
THP time (Fig. S3), indicating the formation of melanoidins, which are
brown pigment substances (Morales and Salvio, 2001; Dwyer et al.,
2009). Figure S4 further confirmed that the liquid color changed from
white to brown with heating time. The development of fluorescence was
associated with the polymerization and polycondensation reaction in
the final stage of the Maillard reaction (Morales and Salvio, 2001). The
molecular weight distribution data also identified the macromolecular
substances generated by polymerization and polycondensation (Fig. S5).
The peak at 50 Da may be attributed to the small molecule ketone
produced by the “Strecker degradation” in the Maillard reaction
(Fig. S5). Also notable, there is toasted aroma gradually produced during
this process (data not shown). UV-quenching ability, aroma, and color

are three distinct characteristics of the Maillard reaction, a
non-enzymatic browning reaction (Cui et al., 2019; Zhang et al., 2020).
3.2. Influence of MRPs on the enzyme activity of lysozyme
As shown in Fig. 1a, the enzyme activity of lysozyme gradually
decreased by 31% from 503 U/mg to 345 U/m with an increase to 2 for
the mass ratio of MRPs to lysozyme. This suggests that the MRPs inhibit
the catalytic activity of lysozyme. With the addition of MRPs, the surface
charge of lysozyme rapidly decreased (Fig. 1b), indicating that the MRPs
have affinity to lysozyme through electrostatic interaction, where the
MRPs is highly electronegative while the lysozyme is positively charged
(Bekedam et al., 2007). The specific interactions of MRPs and enzyme
were explored in the following sections.
3.3. Interaction of MRPs-lysozyme
3.3.1. Fluorescence quenching of MRPs-lysozyme
Fluorescence quenching is direct evidence to provide some charac
terization about molecular interactions if fluorophores in organic matter
are involved in reactions. Two distinct fluorescence peaks at Ex/Em =
275/340 nm (peak A) and Ex/Em = 225/340 nm (peak B) were detected
in the 3D-EEM profile of lysozyme, which was attributed to the presence
of tryptophan (Trp) and tyrosine (Tyr) in lysozyme (Fig. 2a). After the
addition of MRPs, the fluorescence intensity of peak A and peak B
decreased from 1225 and 1030 a.u to 859 and 743 a.u, respectively,
showing a significant fluorescence quenching effect (Fig. 2b). A variety
of mechanisms exist which lead to fluorescence quenching, such as
excited state reaction, molecular rearrangement, energy transfer,
ground state complex formation, and collision quenching (Liang et al.,
2016). All of these mechanisms may affect the enzyme function of
proteins. Quenching titration was applied to quantitatively investigate
fluorescence-quenching types of the MRPs-lysozyme system, including
diffusion-controlled dynamic quenching and chemical static quenching.
Generally, these two quenching types were distinguished by the
quenching rate constant (Kq). Diffusion-controlled dynamic quenching
(Kq < 2.0 × 1010 L/mol/s) is associated with the interactive collision of
molecules, while chemical static quenching (Kq > 2.0 × 1010 L/mol/s)
attributes to the coordination between quencher and biomacromolecule
(Xu et al., 2020). The Stern–Volmer plots of F0/F shows a good linear
correlation between F0/F and mass concentration (g/L) (Fig. 2c). It is
already known that the average lifetime of a tryptophan-related chro
mophore is ~5 × 10− 9 s (Shou et al., 2018). Since MRPs are complex
mixtures, the exact molality cannot be determined. We calculated the
theoretical molecular weight of MRPs according to the critical Kq (2.0 ×
1010 L/mol/s). The maximum theoretical molecular weight was 43.2 Da
and 32.9 Da, based on fluorescence quenching of peak A and B

Fig. 1. Relative activity of lysozyme as a function of the MRPs/lysozyme mass ratio (a); Zeta potential (b) of MRPs-lysozyme complex. The lysozyme concentration
was set at 50 mg/L.
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Fig. 2. EEM profile of lysozyme (a) and lysozyme + MRPs (b); EEM characterization of lysozyme-MRPs: (c) Stern–Volmer plot, (d) plot of log [(F0 F)/F] vs log[Q].

respectively (Table S2 and S3), far less than the actual molecular weight
of the MRPs (Fig. S5). This implied that a static quenching occurred in
the interaction and MRPs-lysozyme coordination was formed. The KSV
for Tyrosine and Tryptophan were 4.08 L/g and 3.83 L/g based on
Stern–Volmer plots. Furthermore, Fig. 2(d) shows a pair of strong linear
correlations between log [(F0-F)/F] and log [Q]. The number of bonding
site index (n) were 0.27 and 0.25 for Trp and Tyr, which were both far
from 1.0, indicating the coordination between MRPs and lysozyme is a
multi-site combination.
Pyrazine derivatives in MRPs have been found to strongly quench
protein fluorescence through π-π stacking with aromatic functional
groups in protein (Shen et al., 2019). It has been reported that aromatic
compounds like pyrazine could interact with proteins and lead to a static
quenching, according to the thermodynamic parameter of the

pyrazine–BSA system (Ma et al., 2019). UV–vis spectra of the
MRPs-lysozyme system also showed a red shift from 196 nm to 202 nm
with the increase in dosage of the MRPs (Fig. S7), suggesting that the
stacking of conjugated structures in MRPs and lysozyme may reduce the
energy required for electron excitation in the conjugated system. In
addition, previous literature also reported that pyrazien may bind with
hydrophobic groups of protein, implying that the hydrophobic effect
cannot be ignored (Shen et al., 2019). The hydrodynamic diameter
decreased and reached a minimum at 625 nm when the MRPs concen
tration was 120 mg/L (Fig. S8). The smaller particle size could explain
the enhancement of the molecular binding in the presence of both MRPs
and lysozyme.

Fig. 3. Secondary structure changes of lysozyme interact with MRPS: (a) CD spectra of lysozyme and MRPs-lysozyme; (b) second derivative resolution enhanced and
curve-fitted amide I region (1700–1600 cm− 1) for protein from lysozyme and MRPs-lysozyme complex.
4
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3.3.2. Secondary structure changes of protein
A CD spectrum can be used to detect the changes in secondary
structures of protein. The α-helical proteins had two negative peaks at
208 nm (n→π transition) and 222 nm (π→π* transition) while β-sheet
showed one negative peak at 218 nm (Banerjee and Sheet, 2017). As
shown in the CD spectra (Fig. 3a), the α-helix of proteins gradually
decreased with the addition of Maillard products, indicating the
MRPs-lysozyme interaction altered the conformation of protein mole
cules. Previous study also reported that secondary structure components
of protein changed after binding with macromolecule such as humic
substances (Tan et al., 2009). The π-π stacking and hydrogen bond of
MRPs and lysozyme results in structural changes in the protein, leading
to increased hydrophobicity of lysozyme. In addition, the hydrophobic
interactions between organic matter molecules could further contribute
to changes in protein structure (Takekiyo et al., 2009).
To better understand the protein structure changes in the MRPslysozyme complex, the protein (amide I band from 1700 to 1600
cm− 1) were characterized by infrared self-deconvolution with second
derivative resolution and curve-fitting (Xu et al., 2020). Fig. 3b showed
the fitted curve of amide I region (1700–1600 cm− 1) in lysozyme and
MRPs-lysozyme complex, while amide I band in the lysozyme and its
complex contained aggregated strands (1625–1610 cm− 1), β-sheets
(1640–1630 cm− 1), α-helices (1657–1648 cm− 1), 3-turn helices
(1666–1659 cm− 1), and antiparallel β-sheets (1695–1680 cm− 1)
(Table S5). The proportion of α-helices decreased, which aligns with the
results from CD spectra. A decrease in α-helix content of proteins rep
resents a loose molecular structure, and therefore, inner hydrophobic
groups were more easily exposed to express the hydrophobic property
(Jiang et al., 2015). This result suggests a significant increase of lyso
zyme hydrophobicity. It is also worth noting that changes in protein
structure could significantly affect normal biological function of a pro
tein as an enzyme (Vertegel et al., 2004).
The hydrophobicity evaluated by the BPB method showed that more
BPB was bound to the lysozyme after the addition of the MRPs
(Fig. S10), indicating the exposure of more hydrophobic sites in lyso
zyme. These hydrophobic sites occupied by BPB suggested that the hy
drophobic interaction between lysozyme and MRPs did not develop.

was spontaneous. The ITC analysis illustrated that the MRPs bound to
high affinity sites on the lysozyme, and successfully formed unremark
ably stable MRPs-lysozyme complexes.

3.3.3. Thermodynamic behavior of lysozyme-MRPs interaction using ITC
ITC was used to study the interaction between proteins and small
molecular components, which provides important diagnostic insights
concerning the molecular forces involved in the binding process (Pierce
et al., 1999). An iterative, nonlinear least-square regression method for a
multi-site model was used to calculate thermodynamic parameters of the
MRPs-lysozyme interaction. Such thermodynamic parameters include
binding enthalpies (ΔH), entropies (ΔS), and Gibbs free energy (ΔG).
The ΔH of MRPs-lysozyme is negative, indicating that the binding re
action is exothermic (Fig. S11). The values of ΔS, and ΔG were also
calculated (Table 1), which could potentially provide worthwhile in
sights into the type and magnitude of the molecular forces involved in
the binding process. The results show that there were three sites in the
MRPs-lysozyme interaction. The positive ΔS occurs because the water
molecules that are arranged in an orderly type around the protein ac
quire a more random configuration. This is a result of the second
structure changes and the enhancement of molecular hydrophobicity of
proteins. The negative ΔG value suggested that the interaction process

3.3.5. Interaction mechanisms of MRPs and proteins
Due to the aromaticity of typical heterocyclic rings such as pyrazine
and furan in MRPs, and the high electron cloud density of heterocyclic
atoms (N, O), the MRPs could bind to proteins through aromatic stacking
and H-bond. At some suitable spatial locations, the aromatic stack and
the H-bond between the molecules could coexist, resulting in higher
binding strength. The combination of MRPs and aromatic functional
groups in protein resulted in the fluorescence quenching of protein. At
the same time, the combination with the MRPs may lead to changes in
the polarity of protein residues. Unfortunately, this may also lead to the
destruction of hydrogen bonds within the protein molecules and the
gradual expansion of secondary structures (α-helix and β-sheet). The
unfolded proteins showed additional hydrophobic sites. However, MRPs
did not bind to proteins through hydrophobicity, possibly due to the
greater binding strength of the H-bond and aromatic stacking rather
than a hydrophobic interaction. With the accumulation of secondary
structure changes, the proteins could not function properly as enzymes.

Table 1
The enthalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG) of MRPs-lysozyme
complex.

The highly recalcitrant MRPs produced during sludge thermal hy
drolysis play an inhibitory role in the biodegradability of sludge organic
fraction. Besides, the non-biodegradability of these recalcitrant sub
stances enables them to remain stable through the biochemical pro
cesses they undergo, from AD immediately following sludge thermal
hydrolysis to side-stream nitrogen removal process of digested sludge
supernatant and finally UV disinfection, and eventually also allows them
to be discharged into the environment where they can persist for a long

Parameter

N1

N2

N3

Kb (× 105M− 1)
ΔH (cal/mol)
ΔS (cal/mol/deg)
ΔG (cal/mol)

0.994
− 1518 ± 13.0
17.8
− 6822.4

1.03
− 2571 ± 44.0
14.3
− 6832.4

1.02
− 1735 ± 52.2
17.1
− 6830.8

3.3.4. Theoretical calculation of lysozyme-MRPs interaction
DFT calculations identified the molecular mechanisms of reaction
between typical aromatic heterocyclic structures in MRPs, such as 5hydroxymethylfurfural and 2,5-Dimethyl pyrazine, and amino acids
with aromatic rings in lysozyme, such as tryptophan and tyrosine. Based
on the 3D–EEM results, we used tryptophan and tyrosine to model en
zymes. The conformations of pyrazine-trp, pyrazine-tyr, furan-trp and
furan-tyr were optimized. An independent gradient model (IGM) anal
ysis was used to describe the intermolecular non-covalent interactions,
shown in Fig. 4. The color between the molecules varying from green to
blue indicated an increased interaction of molecular forces. Because of
its high electronegativity, the N atoms on the pyrazine ring have a strong
induction effect of electron withdrawing (-I effect). In addition, the
conjugative effect of electron withdrawing (-C effect) of the N atoms on
the pyrazine conjugate ring also increases the electron cloud density on
N atoms. This makes them prone to form stable hydrogen bonds with the
hydrogen atoms of the amino acids that are attached to N (Fig. 4a and b).
The electron cloud density of the hydrogen atom attached to N in amino
acids is relatively low due to the -I effect of N, which produces a high
ability to form hydrogen bonds with pyrazine-N. At the same time, the
aromatic pyrazine ring could interact with the benzene ring in amino
acids through parallel-dislocated aromatic stacking (Fig. 4a) and Tshaped vertical stacking (Fig. 4b). Both stacking effects undoubtedly
further enhanced the interaction between the two rings. The pyrazine
ring could also be stacked with tyrosine through a separate paralleldislocated aromatic stacking (Fig. 4c). Similarly, carbonyl O atoms in
furfural were also prone to form hydrogen bonds because of its -C and -I
effects, and the hydrogen bond could coexist with parallel-dislocated
aromatic stacking (Fig. 4d). T-shaped vertical or parallel-dislocated ar
omatic stacking alone can also maintain the interaction of furfural with
tryptophan and tyrosine (Fig. 4e and f). Therefore, it can be concluded
that hydrogen bonding and aromatic stacking can be developed in rich
form between the MRPs and lysozyme.

3.4. Environmental implications

5
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Fig. 4. Non-covalent interactions between pyrazine, furan and tryptophan and tyrosine using the IGM method (δginter = 0.01 a.u.): (a) pyrazine-trp (PD), (b)
pyrazine-trp (T), (c) pyrazine-tyr (PD), (d) furan-trp (PD), (e) furan-trp (T), (f) furan-tyr (PD). Color scheme: C = cyan, N = blue, O = red, and H = white. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Treatment (2018ZX07110004).

period (Ivarson and Benzing-Purdie, 1987). These recalcitrant chemicals
in MRPs might show biotoxicity since they can interact with proteins
through non-covalent binding, and induce proteins to lose their enzy
matic structure (Li et al., 2019a, 2019b; Xu et al., 2020). It is imperative
that the life paths of the MRPs are specifically identified and that their
impact on the biochemical processes involved is further clarified. The
mitigation techniques for MRPs in sludge thermal hydrolysis process
need to be specifically considered in order to improve subsequent
biochemical efficiency, and therefore prevents MRPs from entering into
the environment.

Supplementary materials
Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.watres.2021.117777.
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