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Sustainable bioactive hydrogels for organic
contaminant elimination in wastewater

Jinlong Zhang 1, Jason C. White 2, Jinglei He1, Xuefeng Yu1, Chuanhao Yan1,
Liang Dong1, Shu Tao 1 & Xilong Wang 1

Immobilized enzyme bioremediation is a promising technique for eliminating
pollutants to alleviate water scarcity pressure but is severely hindered by poor
enzymatic activity and stability. An effective charge-assisted H-bonding
approach is developed to achieve high laccase loading and enzymatic activity
on bio(cellulose)-based hydrogels. Notably, this strategy can be readily
extended to lipase and catalase. The bio-based hydrogels are synthesized by
grafting deoxyribonucleic acid onto the cellulose backbone through a one-
step structural regulation, achieving high mechanical strength, enzyme load-
ing and contaminant capture for degradation. The biocompatible laccase-
immobilized hydrogels exhibit significant removal and degradation perfor-
mance for diverse organic micropollutants, including parent and substituted
polycyclic aromatic hydrocarbons, per- and polyfluoroalkyl substances, anti-
biotics and organic dyes. Further testing focused on parent and substituted
polycyclic aromatic hydrocarbons shows minimal influence of various co-
existing interfering substances on performance of the laccase-immobilized
bioactive hydrogel, with its contaminant removal anddegradation efficiency in
authentic wastewater being 93.0- and 64.3-fold that of commercial free lac-
case, respectively. This work provides an effective strategy for sustainable
bioremediation of wastewater and other pollutant streams, while simulta-
neously enabling the development of innovative enzyme catalysts.

Global water scarcity poses a significant obstacle to achieving the
United Nations’ Sustainable Development Goals1–3. Current estimates
are that four billion people lack access to fresh surface and ground-
water resources at least one month annually, while an estimated 500
million people face year-round water scarcity4. A crucial strategy for
alleviating water scarcity pressure is the purification and reuse of
contaminated wastewater via treatment plants5; however, conven-
tional strategies are often ineffective at removing micropollutants6.
Found at low concentrations (ng/L-μg/L) relative to other pollutants of
public concern7,8, micropollutants are ubiquitous and pose a sig-
nificant risk to both environmental and human health due to high
toxicity (cancer and neurotoxicity), persistence, and strong bioaccu-
mulation potential9,10. Therefore, the development of effective and

sustainable strategies to effectively eliminate these pollutants from
marginal water sources is urgently needed.

To date, conventional wastewater remediation approaches include
sorption, flocculation, advanced oxidation, and biodegradation9,11,12.
Among them, biodegradation, particularly enzyme-catalyzed degrada-
tion, exhibits a number of advantages such as low cost, negligible sec-
ondary pollution, and the ability to overcome the complex cultivation
processes and harsh operating conditions through microbiological
degradation12,13. However, the sensitive tertiary structure of relevant
enzymes may undergo denaturation during harsh remediation condi-
tions, subsequently hampering long-term stability and widespread
applicability14. In addition, many enzymes of interest function as water-
soluble homogeneous degrading agents that require expensive
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ultrafiltration systems for analyte recovery. Consequently, most strate-
gies involve disposal after single use, increasing cost and confounding
efforts to align with the principles of a circular green economy15.

Enzyme immobilization technologies can effectively address
many of the aforementioned shortcomings by utilizing carrier mate-
rials to confine the enzymes within a specific space, thereby safe-
guarding and potentially enhancing their degradation activity and
facilitating enzyme recycling15. Recently, a number of enzyme carriers
have been synthesized, including carbon nanomaterials (e.g., carbon
nanotubes), hydrogels, and metal-organic frameworks16–19, opening
possibilities for green bioremediation of wastewater. Among these
materials, hydrogels have generated much interest due to their highly
amenable three-dimensional polymer carrier structure and soft
matrices for enzyme immobilization, which is a direct function inher-
ent resemblance to natural extracellularmatrices known to be suitable
for protein retention (allowing enzyme adaptation and structural
optimization)20. Unfortunately, many current hydrogels for enzyme
immobilization rely heavily on synthetic polymers with complex
design and synthesis conditions, resulting in high energy consumption
and cost, as well as lack of environmental sustainability with regard to
ecological risk20,21. Consequently, bio-based materials have been
attracting increasing research attention. For example, deoxyr-
ibonucleic acid (DNA)-based hydrogels have been used for immobi-
lizing enzymes (galactose oxidase, glucose oxidase, and horseradish
peroxidase) to increase their enzymatic activity by enhancing diffusion
and cascade effects22,23. Additionally, effective enzyme-immobilized
hydrogels must possess high mechanical strength and micropollutant
capture potential as these factors are critical for their practical
application6,24. However, the construction of hydrogels that demon-
strate sustainability, cost-effectiveness, excellent mechanical strength
and ability formicropollutant capture remains a formidable challenge.

On this basis, the key to effective pollutant elimination lies in high
enzyme loading and the maintenance/optimization of the associated
enzymatic activity within the hydrogel19. However, reconciling these
two factors remains problematic25 because (1) hydrogels typically
possess a limited specific surface area, resulting in low enzyme loading
and immobilization26; (2) weak forces (electrostatic, hydrophobic, and
ordinary H-bond) between the enzyme and hydrogel lead to low
stability27; (3) stronger interaction forces (such as covalent bonding)
between them often significantly change the enzymatic conformation
and lead to inactivation15,27. Additionally, much of the current research
on enzyme immobilization for environmental remediation primarily
focuses on a single pollutant or a specific class of chemicals, which
greatly limits its application and commercial viability. Furthermore,
manyof these studies evaluate performancewith laboratory-simulated
wastewater28. However, authentic wastewater has a complex compo-
sition containing a diverse range of co-existing substances, including
dissolved organic matter (DOM), heavy metals, and other organic
pollutants19. These factors inevitably influence the effectiveness of
micropollutant remediation.

In this work, a simple structural regulation strategy is used to
synthesize bio-based hydrogels (Cellulose-DNA) with high enzyme
loading/activity andmechanical strength conveyed through the use of a
cross-linker to graft DNA onto the cellulose backbone for capturing
micropollutants. This effective and scalable enzyme immobilization
strategydemonstrates highenzyme loadingandactivitywith laccase, an
oxidoreductase enzyme widely utilized for the degradation of pollu-
tants. Mechanistically, Cellulose-DNA hydrogels rely on charge-assisted
hydrogen bonding (CAHB), which has an intermediate strength
between weak interactions and strong covalent bonds. The laccase-
immobilized Cellulose-DNA hydrogels demonstrate significant
removal/degradation performance and applicability for three repre-
sentative micropollutants (i.e., fluoranthene: Flu, 1-Methylfluoranthene:
1-MFlu, 3-Nitrofluoranthene: 3-NFlu), as well as per- and polyfluoroalkyl
substances (PFAS), antibiotics, and organic dyes. Importantly, excellent

remediation performance for 16 USEPA priority parent polycyclic aro-
matic hydrocarbons (PAHs, including Flu) and two substituted PAHs (1-
MFlu, 3-NFlu) in authentic wastewater is demonstrated. This study
provides a theoretical framework for the advancement of enzyme
immobilization techniques and presents a viable approach for their
application as a highly efficient environmental remediation tool.

Results
Synthesis and characterization of Cellulose-DNA hydrogels
Cellulose-DNAhydrogels were synthesized through a simple structural
regulation strategy, aiming to simultaneously increase specific surface
area and enhance mechanical strength (Fig. 1a). An increase in a cross-
linker 1,4-butanediol diglycidyl ether (BDE) concentration from 0 to
1.6 g significantly enhanced the hydrogel compressive strength (up to
1.25MPa) (Fig. 1b, Supplementary Fig. 1);mechanistically, BDE serves as
a bridge connecting cellulose chains and DNA via covalent bonding.
However, the Cellulose-DNA hydrogels BET surface area (SBET < 134.5
m2/g, Supplementary Fig. 2) decreased when the concentration
exceeded 0.8 g. Field-emission scanning electronmicroscopy coupled
with energy dispersive spectroscopy (FESEM-EDS) images of the
Cellulose-DNA hydrogels revealed significantly enhanced porous
structure at the optimal BDEdose (0.8 g) compared to thosehydrogels
without BDE or at higher BDE doses (1.6 g) (Fig. 1c–e). This enhanced
porous structure facilitatedgreater exposureof active sites for enzyme
immobilization (Fig. 1b) and potential micropollutant capture by DNA.
Specifically, these Cellulose-DNA hydrogels exhibited a specific sur-
face area of 145.9 m2/g, DNA assembly of 485.7mg/g, compressive
strength of 1.12MPa, and laccase loading capacity of > 937.3mg/g
(Supplementary Table 1, Supplementary Fig. 3). This optimized
hydrogel was selected for subsequent evaluation and enzyme
immobilization.

FESEM-EDS images of the Cellulose-DNA hydrogels demonstrate
relatively uniform elemental distribution of N, P (from DNA) C, and O
on the surface (Supplementary Fig. 4). X-ray photoelectron spectro-
scopy (XPS) analysis clearly showsN and P signals in the Cellulose-DNA
hydrogels (Supplementary Fig. 5a). In addition, Fourier transform
infrared spectroscopy (FTIR) spectra show two characteristic peaks
attributable to the DNA base thymine (1692 cm-1) and PO2- (1228 cm-1)
(Fig. 1f)29,30. Moreover, significant enhancement of the C-O-C peak
intensity at 1159 cm-1 on the FTIR spectra and at 533.8 eVon theO1sXPS
spectra of Cellulose-DNA hydrogels were observed compared to that
of the DNA-free hydrogels (Fig. 1g)31,32. This is attributed to the for-
mation of C-O-C covalent bonds between BDE and -OH groups on the
cellulose skeleton, indicating the successful grafting and cross-linking
of DNA onto the cellulose skeleton.

Meanwhile, the binding energy for P 2p1/2 (134.7 eV) and P 2p3/2

(133.7 eV) peaks on the P 2p spectra of Cellulose-DNA hydrogels
remains unchanged compared to that of DNA (Supplementary
Fig. 5b)33. However, the N-C-O/N-C =O and C-NH2 peaks on the N 1 s
spectra left-shifted by 0.7 eV (Fig. 1h), and the signal intensity for the
C-NH2 peak on the N 1 s spectra was significantly lower than that on
DNA33,34. This phenomenon arises from the cross-linking reaction
between BDE and the C-NH2 groups on DNA. The above results col-
lectively confirm successful assembly of DNA onto the cellulose ske-
leton through BDE-mediated crosslinking mediated by covalent
bonding with -NH2 groups. In addition, the crystalline structure
(2θ: 15.3°, 16.5°) of a portion of cellulose is evident on the X-ray dif-
fraction (XRD) spectra of Cellulose-DNA hydrogels (Fig. 1i).

Interestingly, a comparison of the XRD spectra of Cellulose- and
Cellulose-DNA hydrogels shows that the covalent bond formation
between cellulose and BDE during DNA assembly partially damaged
the cellulose crystalline structure as indicated by the variation of peak
position and intensity at 22.6° on the spectra (Fig. 1i). This processmay
disrupt the H-bonds among cellulose chains35, leading to significant
increases in the specific surface area and mechanical strength from
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19.1 m2/g and 0.20MPa for the Cellulose hydrogels to 145.9 m2/g and
1.12MPa for the Cellulose-DNA hydrogels, respectively (Fig. 1b). Given
that DNA was assembled onto the cellulose skeleton through BDE,
which has a longer molecular chain compared to the H-bonds among

cellulose chains,DNAassembly likely expanded the inter-chain spacing
and thus increased the specific surface area (Fig. 1a).

The covalent bonds between BDE and DNA on the cellulose skele-
ton are stronger andmore stable than the H-bonds among the cellulose
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Fig. 1 | Synthesis and characterizationof Cellulose-DNAhydrogels. a Illustration
of the suggested microstructure of the Cellulose-DNA hydrogels by a simple
structural regulation strategy. b Effect of BDE dose (0-1.6 g) used for DNA assembly
on BET specific surface area (m2/g), compressive strength (MPa), and laccase
loading (mg/g) of Cellulose-DNA hydrogels. The impact of BDE dose on the
immobilized amount of laccase on the Cellulose-DNA hydrogels aligns with the
specific surface area data and demonstrates significant potential for laccase
immobilization. The green elliptical shadow represents the optimal BDE dose
during the synthesis of the Cellulose-DNA hydrogels. FESEM images of the
Cellulose-DNAhydrogels synthesized using0 gBDE (c), 0.8 g BDE (d), and 1.6 g BDE

(e). FTIR spectra (f), O 1 s (g) and N 1 s (h) XPS spectra, and XRD patterns (i) of the
Cellulose hydrogels, Cellulose-DNA hydrogels and DNA. Energy-optimized geo-
metries and the energy gap (Egap = ELUMO – EHOMO, eV) of cellulose and cellulose (H-
bond interaction) inCellulosehydrogels (j), cellulose andDNA (BDEcrosslinking) in
Cellulose-DNA hydrogels (k) via DFT calculations. Highest occupied molecular
orbital: HOMO, lowest unoccupied molecular orbital: LUMO. The molecules with a
greater Egap, which is an important stability indicator in chemicals, are more stable
and less reactive. In (b), data are presented as mean ± S.D. from three repli-
cates (n = 3).
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chains; thus, DNA assemblymay enhance overall mechanical strength of
the hydrogels. The BDE crosslinking interactions between cellulose and
DNA in Cellulose-DNA hydrogels was evaluated by DFT calculations
using an important stability indicator (Egap = ELUMO – EHOMO)

36,37; this
analysis was meant to provide further insight into the underlying
molecular mechanisms by which DNA assembly could enhance the
mechanical strength of the Cellulose hydrogels and the stability of the
H-bond interactions between intra- and inter-molecules of cellulose. The
Egap values for the BDE crosslinking (4.94 eV, Fig. 1j, k) from the
Cellulose-DNA hydrogels are significantly greater than that of the
H-bond from Cellulose hydrogels (3.55 eV), indicating higher stability
with DNA inclusion. These experimental and theoretical results con-
sistently demonstrate that the covalent bond connection of DNA to
cellulose through BDE served as a bridge during structural regulation,
thereby enhancing hydrogel mechanical strength. In addition, the
Cellulose-DNA hydrogels exhibited significant micropollutant capture
capability (e.g., Flu, Supplementary Fig. 6 and Supplementary Table 2);
given the nature of these processes, applicability to additional micro-
pollutants should be possible, subsequently facilitating degradation by
the immobilized enzyme.

Performance of immobilized laccase on Cellulose-DNA
hydrogels
Laccase loading on the Cellulose-DNA hydrogel increased with
increasing concentration (Supplementary Fig. 7a), with the maximum
amount at 2.5mg/mL (1022mg/g) of the enzyme. To our knowledge,
this loading capacity surpasses that of all materials reported in pre-
vious studies (Supplementary Table 1), which can be attributed to the
significant specific surface area of the Cellulose-DNA hydrogels.
However, enzymatic activity of the immobilized laccase decreased
significantly from 203.2 U/g at 2.0mg/mL laccase to 133.3 U/g at
2.5mg/mL laccase; this reduction was due to steric hindrance of the
excess enzyme that induced conformational changes and inhibited
substrate interaction. Therefore, Cellulose-DNA hydrogels immobi-
lized with 937.3mg/g laccase (2.0mg/mL laccase) were used in sub-
sequent stability and degradation performance tests. 1H nuclear
magnetic resonance spectroscopy (1H NMR) and confocal laser scan-
ning microscopy (CLSM) further demonstrated strong laccase immo-
bilization on the Cellulose-DNA hydrogel (Supplementary Fig. 8,
Supplementary Table 3). Importantly, the immobilized laccase exhib-
ited a broader pH (3-7) and temperature (15-55 oC) functional range for
maintaining enzymatic activity above 80% (Supplementary Fig. 7b, c)
relative to the free laccase. In addition, after storage for 30 days, the
immobilized laccase maintained an enzymatic activity level as high as
96.1% (Supplementary Fig. 7d), significantly surpassing that of the free
laccase (59.1%). Notably, even after undergoing 7 reaction cycles with
the substrate 2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), the immobilized laccase maintained excellent enzymatic
activity (95.1%) with an immobilized laccase amount of up to 896.1mg/
g (Supplementary Fig. 7e). These findings underscore the significant
potential of Cellulose-DNAhydrogels for preserving and stabilizing the
laccase enzymatic performance.

Importantly, immobilized enzymes often exhibit inherent dis-
advantages, including potential coverage of active sites by carriers,
which can lead to steric hindrance and a loss of flexibility in ligand
binding during degradation38. Limitations such as this often reduce
substrate affinity of the immobilized relative to the free enzyme (i.e.,
higher Michaelis constant: Km). A high Km value indicates that the
immobilized enzyme has a low substrate affinity, necessitating a high
substrate concentration to attain the maximum reaction rate (vmax)

39.
However, the laccase-immobilized Cellulose-DNA hydrogels demon-
strate higher affinity (Km: 0.2498mmol/L) and reaction rate (vmax:
0.5315 μmol/(L·min)) towards the substrate ABTS due to analyte cap-
ture by DNA as compared to the free enzyme (Supplementary Fig. 7f).
This clearly indicates the lack of impact of the aforementioned

challenges, which can be attributed to: (1) capture of the substrate
ABTS by DNA in the laccase-immobilized hydrogels facilitates analyte
mass transfer and diffusion to the active sites on laccase; (2) the
structural similarity between Cellulose-DNA hydrogels and natural
extracellularmatrices provides a protective physical environment that
shields enzymes from environmental stresses, which enables dynamic
adaptation and optimization of the 3-dimensional conformation and
activity of laccase20,40; (3) the specific interactions between the
Cellulose-DNA hydrogels and laccase ensure stable loading while
preserving the functional 3-dimensional conformation (Supplemen-
tary Fig. 9). These combined mechanisms resulted in an increased
activity of the immobilized laccase, which will facilitate subsequent
micropollutant elimination.

Mechanism of laccase immobilization on Cellulose-DNA
hydrogels: CAHB
Both laccase (composed of amino acids, point of zero charge: PZC =
3.72) andCellulose-DNAhydrogels (composed of polysaccharides and
DNA, PZC = 4.11) are hydrophilic and negatively charged at the
experimental pH 6.0 (Supplementary Fig. 10). Hence, electrostatic
repulsion could hinder the stable and significant immobilization onto
the hydrogel, but it is evident that other driving forces must be
responsible for their interaction. Recently, several studies have
reported a short and strong H-bond known as CAHB with covalent
bond-like properties (up to 48% strength)41,42 that can form between
favorably oriented and charged donor-acceptor pairs that have similar
proton affinity or PZC (|ΔpKa| or |ΔPZC|<~5.0, Supplementary
Note 1)43,44. This short and strong H-bond has been shown to facilitate
the stable immobilization of ionizable organic chemicals on various
materials44,45. Therefore, CAHB could serve as the dominant driving
force for stable laccase immobilization on Cellulose-DNA hydrogels
given their |ΔPZC| value (0.39) (Supplementary Fig. 10). To test this, we
measured the solution pH variation of laccase before and after
immobilization on Cellulose-DNA hydrogels (Fig. 2a). The solution pH
significantly and linearly increases with an increasing amount immo-
bilized on the hydrogels, which is attributable to the gradual depletion
of H+ from the H2O upon CAHB formation (Fig. 2b)37. Additionally, a
characteristic peak at 3809 cm-1 occurs in the high-frequency region of
the FTIR spectra and at 17.90 ppm in the very low-field region of
1HNMR spectra of the Cellulose-DNA hydrogels after laccase immobi-
lization (Fig. 2c, d). These findings strongly suggest CAHB
formation46,47. Notably, these potential CAHB peaks disappear upon
replacing the solvent H2O with D2O (deuteration), again confirming
that laccase was stably and abundantly immobilized on Cellulose-DNA
hydrogels through CAHB. Importantly, the laccase immobilized on
Cellulose-DNA hydrogels via CAHB exhibits significant comprehensive
performance, outperforming the vast majority of immobilized laccase
prepared via other approaches reported previously (Supplementary
Fig. 11, Supplementary Table 4). In addition, comparable outcomes
were observed for the immobilization of catalase (applied in textile
industry, cosmetic therapy, etc., Supplementary Fig. 12) and lipase
(utilized in plastic degradation, food manufacturing, etc., Supple-
mentary Fig. 13) on the Cellulose-DNA hydrogels, demonstrating the
versatility of CAHB as an effective strategy for enzyme immobilization.
The immobilized amount (normalized by specific surface area) of the
three enzymes on the Cellulose hydrogels (without DNA) decreased by
28.3-39.2% compared to that on the Cellulose-DNA hydrogels, which is
primarily attributed to the fact that both C-OH and P-OHgroups on the
Cellulose-DNA hydrogels contribute to enzyme immobilization via
CAHB (Supplementary Fig. 14).

To gain further understanding of the mechanisms of activity
between laccase and Cellulose-DNA hydrogels at the molecular level,
we conducted MD simulations to identify the specific binding sites
responsible for CAHB formation. The simulation was performed for
100ns, ensuring that the interaction between laccase and the
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Cellulose-DNA hydrogels had reached equilibrium (Supplementary
Fig. 15). Figure 2e illustrates the contributions from individual amino
acids in laccase towards H-bond formation. Aspartic acid (Asp) over-
whelmingly contributed 80.37%, which is 4.1-fold the sum of all other
amino acids, including histidine (His, 8.36%), arginine (Arg, 7.17%),
glutamine (Glu, 1.51%), serine (Ser, 1.18%), glycine (Gly, 0.46%) and
leucine (Leu, 0.41%). A significant contribution from Asp can be
attributed to the formation of strong CAHB (laccase−COO−···H+···−OP/C
−hydrogels) between the carboxylic groups (‒COOH) on Asp and the
oxygen-containing hydroxyl groups (C-OH, P-OH) on Cellulose-DNA
hydrogels due to a small |ΔPZC| between them (1.00, Supplementary
Fig. 16a–c). Weak ordinary H-bonds formed between Cellulose-DNA
hydrogels and the ‒NHgroupsonHis andArg contributed little to their
overall H-bond interactions with laccase due to high |ΔPZC| (8.99 and
8.30, Supplementary Fig. 16d–i). We further identified the dynamics of
the representative conformations of H-bond interactions between
Asp/His/Arg and P-OH/C-OH groups on Cellulose-DNA hydrogels
within 100ns simulation. At 17 ns and 23ns, the ‒NH group on Arg
formed H-bonds with P-OH and C-OH groups on Cellulose-DNA
hydrogels, respectively (Fig. 2f–h); at 35 ns and41 ns, the ‒NHgroupon
His formed H-bonds with their C-OH and P-OH groups, respectively
(Fig. 2i, j). These H-bonds are relatively weak. Subsequently, strong
CAHBbetween the ‒COOHgrouponAsp andP-OHgrouponCellulose-

DNA hydrogels was established at 77 ns, and finally, laccase stably
bound to C-OH groups on Cellulose-DNA hydrogels through strong
CAHB was evident at the final equilibrium state of 100 ns (Fig. 2k, l). In
addition, uncharged neutral amino acids, including glutamine, serine,
glycine and leucine, theoretically formed ordinary H-bonds with
Cellulose-DNA hydrogels, which also contributed little to the overall
H-bond interactions with laccase43.

To quantitatively evaluate the strength and stability of different
H-bond conformations obtained byMD simulation, DFT calculations
were performed. The CAHB (bond energy: ≤ -111.51 kJ/mol; bond
length: ≤ 2.489 Å; and bond angle: ≥ 178.98°) formed between Asp
and Cellulose-DNA hydrogels is clearly stronger than ordinary
H-bonds (bond energy: ≥ -26.69 kJ/mol; bond length: ≥ 2.722 Å; and
bond angle: ≤ 171.39°) that formed between His/Arg and Cellulose-
DNA hydrogels (Fig. 3a–i, Supplementary Fig. 17). In addition, the
CAHB ( ≥ 4.29 eV) exhibits a greater Egap value than the ordinary
H-bond (≤ 3.56 eV) (Fig. 3j), indicating greater stability. Based on
these experimental and computational findings, we conclude that
Cellulose-DNA hydrogels primarily form strong and stable CAHB
with Asp from laccase, which ensures efficient enzyme immobiliza-
tion, activity and stability. The simulation results also have potential
applicability for bioreactor design and programmable enzyme
modification.
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Micropollutant removal by laccase-immobilized hydrogels
The contaminant removal performance of laccase-immobilized Cellu-
lose-DNA hydrogels was evaluated using three representative micro-
pollutants (Flu, 1-MFlu, 3-NFlu). Thesemicropollutants have beenwidely
detected in numerous aquatic environments and pose a significant risk
tohumanhealthdue to their carcinogenic, neurotoxic, and reproductive
toxicity48,49. The total removal efficiency (the sum of sorption and

degradation, > 93.5%) and net degradation efficiency (> 46.7%) of three
micropollutants by the laccase-immobilized Cellulose-DNA hydrogels
was 2.45-9.13 times that of the free laccase control (<23.8%) (Fig. 4a). The
degradation rate of Flu (0.36μg/h), 1-MFlu (0.38μg/h) and 3-NFlu
(0.30μg/h) by the laccase-immobilizedhydrogels during0-4 h (reaching
equilibrium) was 16.85-fold (Flu), 10.38-fold (1-MFlu), and 14.84-fold (3-
NFlu) that achieved by free laccase, respectively (Fig. 4b). This
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significantly greater activity at the early timepoints can be attributed to
the capture of these three micropollutants. Importantly, the laccase-
immobilized Cellulose-DNA hydrogels exhibited significant total
removal efficiency (> 90.2%, Fig. 4c) and net degradation efficiency
(> 46.2%, Supplementary Fig. 18) after undergoing 7 cycles, along with
excellent long-term operational performance (30 days, Supplementary
Fig. 19), highlighting the robustness of design. In addition, this hydrogel
demonstrated impressive total removal efficiency (>92.3%) and net
degradation efficiency (> 58.2%) towards PFAS (pentadeca-
fluorooctanoic acid: PFOA, perfluorooctanesulfonic acid: PFOS, using

the mediator 1-hydroxybenzotriazole), antibiotics (sulfamethoxazole:
SMX, ciprofloxacin: CIP, using the mediator 1-hydroxybenzotriazole)
and organic dyes (malachite green: MG, congo red: CR), demonstrating
the significant potential of this strategy for addressing a wide range of
emerging organic pollutants (Supplementary Fig. 20).

The environmental applicability of the laccase-immobilized
hydrogels for removal of several micropollutants under a range of
environmental conditions was further evaluated (Supplementary
Figs. 21-22). Importantly, hydrogel performance was not significantly
inhibited (<6.1%) under harsh conditions, including at pH 4.0-9.0 and
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in the presence of a range of coexisting anions/cations, heavy metals,
other organic contaminants, or DOM. Conversely, the corresponding
inhibition imposed on free laccase under these conditions was as high
as 21.2% (Supplementary Fig. 23). Last, the performance of the laccase-
immobilized hydrogels and free laccase towards 16 USEPA priority
PAHs, along with the two substituted PAHs 1-MFlu and 3-NFlu, in
authentic wastewater from three Coal Chemical Plants (Ningxia and
Shaanxi, China) was evaluated (Fig. 4d, Supplementary Fig. 24, Sup-
plementary Table 6). The removal efficiency of free laccase con-
sistently remained below 3.89%, which is likely a function of the
enzyme’s susceptibility to inactivation within the complex wastewater
environment (Supplementary Table 7). Conversely, the total removal
efficiency (66.2-95.4%) and net degradation efficiency (40.7-77.2%)
achieved by the laccase-immobilized hydrogels were 22.3-93.0- and
17.5-64.3 times that of free laccase, respectively. Importantly, this level
of performance surpasses that of the majority of other reported
methods (including advanced oxidation processes, sorption, etc.) and
materials (including sorbents and chemical catalysts, etc.) used for
remediation (Fig. 4e, Supplementary Table 8). These observations
underscore the high environmental applicability (robustness) of lac-
case immobilized on Cellulose-DNA hydrogels, and in particular, the
importance of CAHB to enhancing their stability (Supplementary
Fig. 25), activity and mechanical strength.

The potential degradation mechanisms of three representative
micropollutants by the immobilized laccase were investigated by DFT
calculations and gas chromatography-mass spectrometry. Based on
previous work50, laccase degraded contaminants via a single electron
redox process (Fig. 4f). Given that C13 of 3-NFlu exhibited the highest
Fukui electrophilic (f�A ) index (0.0966) along with abundant HOMO
(Fig. 4g, Supplementary Table 9), its degradation pathway was pro-
posed based on the identified degraded products (Fig. 4h, Supple-
mentary Fig. 26). Specifically, 3-NFlu was first converted to 3-
nitrofluoranthene-4-ol, then to 3-nitrofluoranthen-4(2H)-one by tau-
tomerization. The intermediate product 3-nitrofluoranthen-4(2H)-one
underwent ring-opening and was converted to 2-nitro-9-fluorenone,
then to 3-nitrobenzoic acid and phthalic acid. Subsequently,
3-nitrobenzoic acid and phthalic acid were converted to proto-
catechuic acid and 1,2-benzoquinone or 1,4-benzoquinone via oxida-
tion and tautomerism processes, respectively, and the resulting
intermediate was finally mineralized to H2O and CO2. The degradation
pathways for Flu (Supplementary Figs. 27, 28 and Supplementary
Table 10) and 1-MFlu (Supplementary Figs. 29, 30 and Supplementary
Table 11) are similar to those of 3-NFlu as they are congeners.

To further investigate the removal and degradation mechanisms
of other pollutants (e.g., phenolic compounds), we conducted cate-
chol elimination experiments, given that some studies suggest that the
treatment of phenolic pollutants by laccase may lead to catalytic
polymerization rather than complete degradation to CO2 and H2O

51,52.

Our results confirm this phenomenon, as phenolic pollutants (e.g.,
catechol) can be degraded and catalytically polymerized to valuable
phenolic polymers (e.g., dimers and trimers) by laccase-immobilized
hydrogels (Supplementary Fig. 31), offering a potential pathway for
resource recovery of these contaminants in wastewater treatment.

To evaluate the environmental friendliness and economic feasi-
bility of laccase-immobilized hydrogels for practical application, toxi-
city and bioconcentration factors of the degraded products,
biocompatibility of the laccase-immobilized hydrogels, the costs of
large-scale synthesis and remediation were assessed. The degraded
products of the above three representative micropollutants demon-
strated lower acute toxicity (i.e., Daphnia magna -Log10

(48 h LC50)) and
bioconcentration levels than the corresponding parent compounds
(Supplementary Fig. 32), indicating a reduction in the ecological
toxicity of the pollutants. In addition, the laccase-immobilized Cellu-
lose-DNA hydrogels showed no significant toxicity (24 and 48 h) to
L929 mouse fibroblast cells at 1-10mg/mL (Supplementary Fig. 33),
indicating they possess suitable biocompatibility and environmental
friendliness. Importantly, theplant-gate levelized cost of synthesizing 1
ton of laccase-immobilized hydrogels is approximately 2.11–1135 times
lower than that of previously reported immobilized laccase (Supple-
mentary Fig. 34a, b, Supplementary Tables 12-14, Supplementary
Note 2). To remediate 1 ton of wastewater containing 50μg/L 3-NFlu
(with a removal efficiency > 90%), the cost that uses the laccase-
immobilized hydrogels is about 4.78 times lower than that of free
laccase, and this advantage increases to 19.7 times after 7 cycles of
reuse (treating 7 tons of wastewater) (Supplementary Fig. 34c, d).
These results collectively demonstrate that the laccase-immobilized
hydrogels offer excellent environmental sustainability and cost-effec-
tiveness, with significant potential for large-scale applications.

Discussion
In summary, Cellulose-DNA hydrogels with high enzyme loading/
activity, excellent mechanical strength and cost-effectiveness were
constructed through a simple structural control strategy. The hydro-
gels exhibited strong micropollutant affinity (i.e., capture) that facili-
tated subsequent degradation by the immobilized enzyme. Our work
presents an effective approach for enzyme immobilization (CAHB)
that imparts excellent tolerance to pH-, temperature-, and storage
conditions, as well as a high degree of recyclability. Importantly, the
CAHB not only optimized both enzymatic activity and loading capa-
city, but also demonstrated transferability to additional enzymes,
including catalase and lipase. Notably, apart from the enzymes tested
in this work, the CAHB strategy has a great potential to be extended to
other enzymes or microorganisms specifically designed to degrade
emerging recalcitrant contaminants, such as the recently discovered
enzyme for depolymerizing plastics (wax worm saliva enzymes)53 and
the anaerobic microorganisms for defluorinating PFAS12.

Fig. 4 | Micropollutant removal by laccase-immobilized Cellulose-DNA hydro-
gels. a Removal efficiency of micropollutants (Flu, 1-MFlu, 3-NFlu) at 2, 10, 50μg/L
by laccase-immobilized Cellulose-DNA hydrogels (the sum of sorption and degra-
dation), immobilized laccase (net degradation), and free laccase. b Removal
kinetics of three micropollutants at 50 μg/L by laccase-immobilized Cellulose-DNA
hydrogels (the sum of sorption and degradation), immobilized laccase (net
degradation), and free laccase. c Reusability of laccase-immobilized Cellulose-DNA
hydrogels for three micropollutants removal at 50μg/L over 7 cycles. d Removal
efficiency of 16 USEPA priority PAHs, 1-MFlu and 3-NFlu in the first of two Coal
Chemical Plant wastewater samples collected from Ningxia, China, by laccase-
immobilized Cellulose-DNA hydrogels (the sum of sorption and degradation),
immobilized laccase (net degradation), and free laccase, as well as their measured
concentrations. e Comparison of removal performance of 16 USEPA priority PAHs
in authentic wastewater, PFAS (e.g., perfluorooctanesulfonic acid: PFOS), anti-
biotics (e.g., sulfamethoxazole: SMX) and organic dyes (malachite green: MG) by
the laccase-immobilizedCellulose-DNAhydrogels (sorption andbiodegradation) in

this work and other materials or approaches in previous reports. The relevant
references and data are listed in Supplementary Table 8. fDegradationmechanism
of micropollutants by immobilized laccase. Specifically, micropollutants under-
went oxidation near the T1 copper center of laccase, leading to electron release;
subsequently, these electrons were transferred through a tripeptide pathway
consisting of Histidine-Cysteine-Histidine (His-Cys-His) to a trinuclear copper
cluster site; finally, O2 molecules in proximity to the trinuclear copper cluster site
accepted these electrons, resulting in their reduction to H2O. The sites where
contaminants aremost readily attacked and degraded are those most likely to lose
electrons.g 3-NFlumolecular structurewith labeledatomic positions, theHOMOof
Flu, and the distribution of electrophilic (f�A ) attacking sites based on the com-
pressed Fukui function (CFF). A greater f �A value and the more HOMO distribution
indicate a greater likelihood of losing electrons. h Proposed degradation pathways
of 3-NFlu by immobilized laccase. In (a–d), data are presented as mean ± S.D. from
three replicates (n = 3); the dosage of free laccase was equivalent to the immobi-
lized amount of laccase on the Cellulose-DNA hydrogels.
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The laccase-immobilized Cellulose-DNA hydrogels demonstrated
impressive performance in removal and degradation of micro-
pollutants, including PFAS, antibiotics, organic dyes, parent and sub-
stituted PAHs.Notably, performance levels here exceed thatofmostof
other reported methods or materials. Further evaluation using parent
and substituted PAHs as examples indicates that the excellent removal
and degradation performance by the laccase-immobilized Cellulose-
DNA hydrogels was not significantly affected by complex matrices,
including anions/cations, heavy metals, organic compounds, or DOM.
Removal efficiency of these contaminants was 17.5-93.0 times that of
the commercial free laccase in authentic wastewater. Importantly, the
laccase-immobilized Cellulose-DNA hydrogels not only reduced the
ecological toxicity and hazards of the pollutants but also demon-
strated excellent biocompatibility and cost-effectiveness.

These findings provide a framework and design paradigm for
advanced bioreactors to efficiently and sustainably remove con-
taminants from wastewater, and have far reaching implications for
water remediation and re-use in agriculture, public health, and other
sectors. Looking forward, future research could focus on the following
areas: (1) exploring the co-immobilization of multiple enzymes to
enhance performance through cascade catalysis and synergistic reac-
tions, as well as related enzyme-mediator systems; (2) targeting pro-
grammable enzyme modifications to precisely construct advanced,
high-performance enzyme-based catalysts for specific catalytic func-
tions, potentially expanding application of the CAHB strategy beyond
wastewater remediation to the areas such as drug delivery and biofuel
cells; (3) investigating the integration with other advanced methods
(e.g., advanced sorbents and oxidation techniques) and optimizing
scalability for industrial applications, including further cost optimiza-
tion and scale-up trials.

Methods
Materials
All the chemicals and materials in this study are of analytical grade or
higher and were used directly without additional purification (Sup-
plementary Note 3).

Synthesis of Cellulose- and Cellulose-DNA hydrogels
The natural biopolymer cellulose (5 g) was dissolved in a solution
(95 g) containing urea (12wt%) and NaOH (7wt%) at −12 oC35. The
resulting cellulose solution (5wt%) was then subjected to centrifugal
degassing at 2900 x g for 15min and was then transferred to a mold
maintained at 60 oC for 5 h forhydrogel formation. The hydrogelswere
soaked in 75% ethanol for 6 h and subsequently rinsed with DI-water
for 3 days to eliminate any residual impurities.

DNA (3.0 g) from salmon sperm and varying amounts (0-1.6 g) of
the cross-linker 1,4-butanediol diglycidyl ether (BDE) were added to the
cellulose solution (5wt%) to enhance mechanical strength and increase
specific surface area. These augmented hydrogels should exhibit
increased enzyme loading, as well as enhancedmicropollutants capture
and degradation. The steps for preparing the DNA-assembled cellulose
hydrogel (Cellulose-DNA) are consistent with those for the unamended
gels. The characterization methods, including FESEM-EDS, FTIR, XRD,
and XPS, to evaluate the physicochemical properties of Cellulose- and
Cellulose-DNA hydrogels are described in Supplementary Note 4.

Immobilization of laccase on Cellulose-DNA hydrogels
For laccase immobilization, 40mg of hydrogel was added to the
phosphate buffer solution (KH2PO4, pH 6.0, 40mL) that contained
varying concentrations of laccase (0-2.5mg/mL) (Supplementary
Table 15). The resultingmixture was shaken in the dark at 180 rpm and
25 oC for 12 h. A preliminary investigation indicated that this time was
sufficient to achieve equilibrium for laccase immobilization (Supple-
mentary Fig. 35). After centrifugation at 2900 x g for 15min, the
supernatant was collected and the laccase content was determined

using the Bradford method (Supplementary Note 5, Supplementary
Fig. 36). The laccase immobilized hydrogels were rigorously washed
with phosphate buffer solution and stored in a refrigerator at 4 oC for
later use. The enzymatic activity of laccase in both free and immobi-
lized states was determined using the ABTS method (Supplementary
Note 6); the dose of the free laccasewas equal to the amount of laccase
immobilized on the Cellulose-DNA hydrogels. In addition, the pH and
temperature, reusability, storage and immobilization stability of the
laccase-immobilized Cellulose-DNA hydrogels were evaluated (Sup-
plementary Note 7). Additional characterization methods, including
NMR, FTIR, and CLSM, for the laccase immobilizationmechanisms are
detailed in Supplementary Note 8.

Pollutant removal
The removal of three representative pollutants (fluoranthene: Flu, 1-
Methylfluoranthene: 1-MFlu, 3-Nitrofluoranthene: 3-NFlu) at envir-
onmentally relevant concentrations (2-50μg/L) by free laccase and
laccase-immobilized Cellulose-DNA hydrogels was evaluated in 15mL
glass vials (see details in Supplementary Note 9 and Supplementary
Fig. 37). To quantify the net pollutant degradation efficiency by
immobilized laccase, Cellulose-DNA hydrogels or Cellulose-DNA
hydrogels with inactivated laccase-immobilized (sorption) can be
considered as a control to subtract its removal by laccase-immobilized
Cellulose-DNA hydrogels (sorption and degradation) that is con-
tributed fromsorption. Our preliminary test showeddifferent sorption
strength of a given pollutant by Cellulose-DNA hydrogels and
Cellulose-DNA hydrogels with inactivated laccase-immobilized, which
could be that the enzyme denaturation process after immobilization
may affect both the structural integrity and sorption sites of the
hydrogels. Hence, the net degradation efficiency of pollutants was
calculated using Cellulose-DNA hydrogels as a control (only sorption)
in this study. To ensure a fair comparison between the pollutant
removal efficiency of laccase-immobilized hydrogels and free laccase,
the dose of the free laccase was equivalent to the amount of laccase
immobilized on the Cellulose-DNA hydrogels. In addition, 7-cycle tests
for pollutant removal by laccase-immobilized Cellulose-DNA hydro-
gels were conducted to assess reusability. Moreover, to explore scal-
ability of the laccase-immobilized Cellulose-DNA hydrogels for
pollutant removal, the tests were expanded to include additional
contaminants beyond the three representativemicropollutants (Flu, 3-
NFlu, 1-MFlu); these tested pollutants included PFAS (pentadeca-
fluorooctanoic acid: PFOA, perfluorooctanesulfonic acid: PFOS), anti-
biotics (sulfamethoxazole: SMX, ciprofloxacin: CIP) and organic dyes
(malachite green: MG, congo red: CR) (Supplementary Note 9). In
addition, removal of the 16USEPApriority PAHs (including Flu) and the
two substituted PAHs (1-MFlu, 3-NFlu) from authentic wastewater
collected from three Coal Chemical Plants in Ningxia and Shaanxi,
China was also tested (Supplementary Note 9 and Supplementary
Fig. 38). The analytical methods for determining the analyte con-
centrations of the above pollutants and their degraded intermediate
products are described in Supplementary Notes 10,11.

Molecular dynamics simulation and density functional theory
calculations
Molecular dynamics (MD) simulation was performed using GROMACS
2020.6 to investigate the H-bond sites between laccase and the
Cellulose-DNA hydrogel54. The strength and stability of the repre-
sentative H-bond conformations obtained from MD simulation were
calculated by density functional theory (DFT) using the Gaussian
16 software package55. In addition, sorption energy (Esorp) of the
micropollutants and the energy gap (Egap) of the Cellulose- and
Cellulose-DNA hydrogels were determined by DFT calculation. The
degradation of micropollutants was analyzed using the highest occu-
pied molecular orbital (HOMO) and condensed Fukui functions to
isolate the attacking sites determined by DFT calculations. The
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methodological details for the MD simulation and associated DFT
calculations are described in Supplementary Notes 12, 13 and Supple-
mentary Fig. 39.

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
All data are available from the corresponding author upon
request. Source data are provided with this paper.
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