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Cu/Zn/histidine supramolecular assemblies
with optimized Cu catalytic sites as an
alternative of superoxide dismutase

Hao Jin1,2, Xuanqi Zhu1,2, Mengsi Zhang2, Hao Zheng1, Yang Chen1, Dong Yao 3,
Shuwei Liu2 & Hao Zhang 1,2

Superoxide dismutase (SOD), featured with unique metal catalytic sites, is the
first defense against reactive oxygen species (ROS) damage in vivo and well
used in the treatment of oxidative stress-related diseases. However, the cata-
lytic activity of natural SOD is limited by the metal ion coordination with rigid
amino-acid residues. Inspired by the Cu2+/histidine residue coordination in Cu-
Zn-SOD, in this work, the Gibbs free energy change of the break/reform of
coordination bonds in the tetracoordinated structure formed by Cu2+ and
different groups in histidine is calculated, which reveals that in comparison to
the Cu catalytic site coordinated with four imidazolyls, the coordination with
one amino, one carboxyl and two imidazolyls possesses the lowest overall
energy as well as the lowest breaking energy of one of the coordination bonds.
Thus, catalytic site stability and catalytic reaction activity can be balanced
sufficiently. Accordingly, the as-prepared Cu/Zn/histidine (CuZnHis) supra-
molecular assemblies with optimized Cu catalytic site present a significantly
enhanced SOD activity up to 37900 Unit/mg, which is at least 5.4 times higher
than that of natural Cu-Zn-SOD. As a proof of concept in treating oxidative
stress-related diseases, the CuZnHis assemblies promote macrophage polar-
ization from M1 to M2 phenotype and the expression of anti-inflammatory
factors, and inhibit the periodontitis in male animal models.

Redox homeostasis of the cells is the basis for maintaining normal life
activities, which is fundamentally achieved by the net physiological
balance of intracellular redox reactions1–3. The imbalance of intracel-
lular redox, typically the increase of reactive oxygen species (ROS)
level, may causemore than 200 oxidative stress-related diseases, such
as rheumatoid arthritis4, atherosclerosis5, periodontitis6, and so on7,8.
As the first defense against ROS damage, superoxide dismutase (SOD)
can effectively eliminate superoxide anion (O2

·−) and reduce oxidative
stress by virtue of its unique catalytic site formed by the coordination
of metal ions and amino-acid residues9–11. With respect to metal pro-
thetic groups, the most frequent types of SOD include Cu-Zn-SOD and

Mn-SOD12,13. For Cu-Zn-SOD, the catalytic site is the tetracoordinate
structure of copper ion (Cu2+) with four imidazolyls of histidine
residues14–16, and the coordinated zinc ion (Zn2+) plays the role in
maintaining structural integrity17–19. For Mn-SOD, the catalytic site is
the tetracoordinate structure of manganese ion (Mn2+) with three
imidazolyls of histidine residues and one carboxyl of aspartic acid
residue11,20. Despite the catalytic sites of natural SOD are clear, the
catalytic activity is generally limited in 2500-7000 Unit/mg, which is
not fully satisfactory for more extensive applications.

Taking mostly used Cu-Zn-SOD as the example, in the catalytic
reaction, the coordinatedCu2+ reacts with oneO2

·− to form cuprous ion
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(Cu+) and oxygen (O2), and subsequently, Cu+ and another O2
·− gen-

erate Cu2+ and hydrogen peroxide (H2O2) in the presence of hydrogen
ion (H+) to finish a catalytic cycle and present SOD activity14,15,21,22. This
process is accompanied by the break/reformof the coordination bond
between Cu2+ and one of the imidazolyls, leading to the redox reaction
of Cu2+ with electron gain or loss15,16,23,24. However, the simultaneous
coordination of Cu2+ with four imidazolyls generates severe steric
hindrance25. On the one aspect, this is unfavorable to the binding of
catalytic sites and reactants, thus reducing the efficiency of catalytic
reaction26,27. On the other aspect, the overall energy of the catalytic site
is high, which reduces the stability. In addition, the energy required to
break the Cu2+/imidazolyl coordination bond is not the lowest in
comparison to Cu2+/carboxyl and Cu2+/amino coordination, leading to
a negative impact on the catalytic activity also28,29. In view of these
problems, targeted optimization of the catalytic site of Cu-Zn-SOD is
promising for enhancing the activity of SOD.

As mentioned above, the rigid Cu2+/imidazolyl coordination may
be the key that limits the activity of Cu-Zn-SOD. To optimize Cu cata-
lytic site, it is necessary to reduce the overall energy of Cu2+ coordi-
nation environment and particularly the energy required to break one
of the Cu2+-related coordination bond30,31. Inspired by Mn-SOD with
both Mn2+/imidazolyl and Mn2+/carboxyl coordination, additional
groups may also participate in the Cu catalytic site of SOD, which is
expected to combine the advantage of bothCu-Zn-SOD andMn-SOD32.
In this scenario, molecular histidine instead of histidine residue may
introduce additional Cu2+/carboxyl and Cu2+/amino coordination,
which is considered as an alternative in catalytic site optimization33–35.
Operationally, supramolecular assembly is capable of constructing
innovative nanomaterials with the compatibility of structural integrity
and dynamic binding, which is potential for designing artificial SOD
with improved catalytic activity36,37. In existing studies, metal ion/
amino-acid coordination has been employed to build supramolecular
nanomaterials towards artificial SOD38–40. Although the catalytic func-
tion has been verified, the catalytic activity is still at relatively low level.
The main limitations are attributed to the differences of natural SOD
and artificial ones in the species of amino-acid ligands and the lack in
regulating coordination conformation, which are the keys for opti-
mizing Cu catalytic site and enhancing catalytic activity.

In this work, by estimating the Gibbs free energy change (ΔG) of
thebreak/reformof Cu2+/histidine coordinationwith differentmanner,
a Cu catalytic site with optimized coordination environment of one
amino, one carboxyl and two imidazolyls is proposed. This optimized
Cu catalytic site is further achieved by regulating the entropy-driven
formation process of Cu/Zn/histidine (CuZnHis) supramolecular
assemblies. In comparison with the Cu2+/imidazolyl bond of natural
SOD, the break/reform of Cu2+/amino bond of CuZnHis assemblies
exhibits lower energy, thus significantly enhances catalytic activity.
The CuZnHis assemblies present the SOD activity as high as 37900
Unit/mg, which is at least 5.4 times higher than that of natural Cu-Zn-
SODandalsooneof thebest in existing artificial SODs41–47. As a proof of
concept in treating oxidative stress-related diseases, the CuZnHis
assemblies can promote the macrophage polarization from M1 to M2
phenotype and theexpressionof anti-inflammatory factors, and inhibit
the periodontitis in male animal models (Fig. 1).

Results and Discussion
To optimize the Cu catalytic site based on Cu2+ and histidine, the
coordination modes of them are considered first. Starting from the
tetracoordinate structure of Cu2+ with the imidazolyls in histidine
residues of natural Cu-Zn-SOD, the influence of binding site of histi-
dine on the stability and catalytic activity of Cu catalytic site is sys-
tematically investigated. For convenience, the coordination of Cu2+

with four imidazolyls is defined as StructureA (Fig. 2a), with one amino
and three imidazolyls is defined as Structure B (Fig. 2b), with one
carboxyl and three imidazolyls is defined as StructureC (Fig. 2c).While

the coordination of Cu2+ with one amino, one carboxyl and two imi-
dazolyls is defined as Structure D (Fig. 2d). By calculating the ΔG in the
transformation from Structure A to B, C, and D, the thermodynamic
stability of the above four structures is determined. Since reduced
energy indicates the increase of thermodynamic stability, the order of
structure stability should follow the sequence of Structure D, C, A and
B (Fig. 2). In general, amino coordination declines structure stability,
and carboxyl coordination enhances structure stability. The reason is
attributed to the steric hindrance of coordination structure and the
length of coordination bond. Although the steric hindranceof amino is
small, the bond length of Cu2+/amino coordination is longer than that
of Cu2+/imidazolyl coordination, resulting in the worse stability of
Structure B. The Cu2+/carboxyl coordination processes both lower
steric hindrance and shorter bond length than that of Cu2+/imidazolyl
coordination, which improves the stability of Structure C. Note that
Cu2+/amino coordination and Cu2+/carboxyl coordination coexist in
Structure D. On the one hand, the significant reduction of steric hin-
drance not only improves the stability of Cu catalytic sites but also
strengthens the contact of catalytic sites and reactants. On the other
hand, the relative instability of Cu2+/amino coordination gives the
chance for improving catalytic activity.

The catalytic activity depends on the break/reform of one of the
coordination bonds in the Cu catalytic site, which leads to the redox
reaction of Cu2+ with electronic gain or loss. Since the coordinative
environment of Cu catalytic site of the four structures is different, the
broken/reformed bond is determined first. Considering the catalytic
principle of Cu-based SOD, the coordinative group with stronger
protonation ability is more likely to participate in the catalytic reac-
tion. So, Cu2+/imidazolyl coordination should be involved for Structure
A, Cu2+/amino coordination for Structure B and D, and Cu2+/carboxyl
coordination for StructureC. Because theΔGof reactionmainly relates
to enthalpy, entropy and temperature, the difference in the structure
of Cu catalytic site will not cause a significant difference in the overall
ΔG of catalytic reaction, which is supported by the calculated results in
Fig. 3. However, from the viewpoint of initiating reaction, the catalytic
activity should be determined by the breaking of Cu2+ coordination
bond mainly. For Structure A, the calculated ΔG of the first two steps
associatedwith the breaking of Cu2+/imidazolyl bond is −11.55 kcal/mol
(Fig. 3a). And the ΔG associated with Cu2+/amino bond breaking in
Structure B is −10.62 kcal/mol (Fig. 3b). For Cu2+/carboxyl bond
breaking in Structure C, the ΔG is −10.68 kcal/mol (Fig. 3c). The cal-
culated results reveal that the Cu catalytic sites of the above three
structures almost possess the same ability to initiate catalytic reac-
tions. In comparison, the ΔG of the first two steps for Structure D
reaches −21.46 kcal/mol (Fig. 3d), which means that Cu2+/amino bond
breaking is easier to occur spontaneously, thus improving the catalytic
activity potentially. Compared with the natural Cu-Zn-SOD catalytic
site of oneCu2+with four imidazolyls, the coordinationofCu2+with one
amino, one carboxyl, and two imidazolyls may act as an optimized
catalytic site. This catalytic site is helpful to maintain structural stabi-
lity, reduce steric hindrance, enhance the contact with reactants,
reduce the energy to initiate catalytic reaction, and therewith improve
the catalytic activity.

Accordingly, CuZnHis(L) supramolecular assemblies are prepared
through an entropy-driven self-assembly of Cu2+, Zn2+, and L-histidine.
The so-called entropy-driven self-assembly refers to the regulated self-
assembly of components by enhancing the total entropy of system48.
In the experiments, acetone is introduced into the aqueous solution to
increase the mixing entropy of the blending system significantly,
which weakens the dependence of assembly process on specific
interactions and permits to regulate the assembly structure
dynamically49. The as-prepared CuZnHis(L) assemblies present an
average diameter of 264 nm under transmission electron microscopy
(TEM), a hydrated diameter of 474 nm, and a surface potential of
+56.8mV (Fig. 4a, b). Although CuHis(L) assemblies are also prepared
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in the absence of Zn2+, their TEM size is 429nm, which is much higher
than that of CuZnHis(L) assemblies (Fig. S1). This indicates the effect of
Zn2+ on reducing the size of assemblies. The characteristic peaks of
CuZnHis(L) assemblies at 1628 and 1703 cm−1 in the Fourier transform
infrared (FTIR) spectrum are assigned to the stretching vibration of
carbonyl group, the peak at 2914 cm−1 is attributed to the stretching

vibration of C-H, and the peak at 3312 cm−1 is attributed to the
stretching vibration of N-H (Fig. 4c). In addition, the characteristic
peaks at 1356 and 1524 cm−1 in the Raman spectrum originate from the
imidazole ring structure (Fig. S2). By combining the data of FTIR and
Raman spectra, the existence of histidine in CuZnHis(L) assemblies is
proved. In element mapping detection, C, O and N signals, the main
elements of histidine, are strong. Meanwhile, strong Cu and weak Zn
signals are also displayed, whichnot only proves the existence ofmetal
ions, but also indicates the relative contents (Fig. S3). The
thermogravimetry-mass spectrometry (TG-MS) data under an air
atmosphere show that CuZnHis(L) assemblies lose free and bound
water in their structure first. Then, histidine begins thermal decom-
position at 155 °C and completes at 530 °C. The remains are CuO and
ZnO (Figs. 4d, S4). Further combined with the contents of Cu and Zn
measured by inductively coupled plasma-atomic emission spectro-
metry (ICP-AES), the mass fraction of each component in CuZnHis(L)
assemblies is estimated as 19.1%, 0.6%, 70.4% and 9.9% for Cu, Zn, L-
histidine, and water, respectively.

Then the structure of CuZnHis(L) assemblies is further char-
acterized. On the whole, the XRD pattern of the assemblies does not
show diffraction peaks, implying an amorphous structure without
cupric oxides or cupric hydroxides (Fig. S5). Matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-TOF
MS) demonstrates that the fragments of assemblies possess Cu/histi-
dine coordination structure (Fig. 4e). So, the coordinative environ-
ment of copper ions is studied by X-ray photoelectron spectroscopy
(XPS). The Cu 2p characteristic peaks and Auger spectrum prove that
the valence of Cu is +2 (Figs. S6, S7). Further analysis reveals that the
ratio of amino, carboxyl, and imidazolyl coordinated with Cu2+ is close
to 1:1:2 according to the ratio of peak area (Fig. 4f). The valence and
coordination environment of copper ions are further confirmed by
synchrotron radiation photoelectron spectroscopy. The absorption
edge ofCuZnHis(L) assemblies is nearCuO, indicating that the average
valence of copper ions is +2 (Fig. 4g). According to the fitting of
extended X-ray absorption fine structure spectra (EXAFS), Cu2+ has a

Fig. 1 | Schematic illustrationof thework.Top: the optimizationofCucatalytic site andpreparation ofCuZnHis assemblieswithoptimizedcatalytic site. Bottom: the anti-
inflammatory mechanism.

Fig. 2 | Comparison of the thermodynamic stability of Cu catalytic sites with
different structures. a Cu2+ coordinates with four imidazolyls. b Cu2+ coordinates
with one amino and three imidazolyls. c Cu2+ coordinates with one carboxyl and
three imidazolyls. d Cu2+ coordinates with one amino, one carboxyl and two
imidazolyls.
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tetracoordinate structure. There are three Cu-N bonds and one Cu-O
bond aroundCu2+ (Table S1, Fig. 4h, i). Therefore, the coordination site
of Cu2+ with one amino (Cu-N), one carboxyl (Cu-O), and two imida-
zolyls (Cu-N) is verified (Fig. 4i illustration).

As mentioned above, the formation of CuZnHis(L) supramole-
cular assemblies involves an entropy-driven self-assembly process,
because the sum of intermolecular weak interactions makes the
influence of system entropy prominent. Regarding the self-assembly
driving forces, the structure of CuZnHis(L) assemblies can be seriously
damaged by EDTA, DMSO, and Tween-20 solutions, indicating that the
driving forces mainly include coordination, π-π, and hydrophobic
interactions (Fig. S8a–c). While urea and NaCl have no significant
influence on the structure of assemblies, excluding the driving forces
of hydrogen bonding and electrostatic interaction (Fig. S8d, e). Note
that EDTA, DMSO, and Tween-20 do not exist in vivo, so their damage

to the assemblies does not raise doubt on biological stability. Reg-
ulationof self-assembly is embodied in three aspects. Thefirst aspect is
the regulation of pH. The influence of pHon entropy is relatively small,
mainly affecting the coordination of metal ions and histidine. The
mixed solution containing Cu2+, Zn2+, and L-histidine presents strong
acidity at room temperature, so that the coordination of Cu2+ and
imidazolyl in L-histidine is dominant on account of the protonation of
the amino and the inhibition of carboxyl ionization. Under this con-
dition, no product is generated in the mixed solution (Fig. S9). Then
the pH adjustment by adding NaOH in the solution promotes the
deprotonation of -NH3

+ and the formation of -COO−, thereby facilitat-
ing theCu2+/amino andCu2+/carboxyl coordination. But the increase of
pH has no obvious effect on the entropy, and there is still no product
generated at room temperature (Fig. S10). Thus, the regulation of
temperature is performed as the second aspect. The influence of

Fig. 3 | Comparison of theΔG of each step of the reaction catalyzed by Cu siteswith different structures. aCu2+ coordinates with four imidazolyls. bCu2+ coordinates
with one amino and three imidazolyls. c Cu2+ coordinates with one carboxyl and three imidazolyls. d Cu2+ coordinates with one amino, one carboxyl and two imidazolyls.
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temperature on entropy is manifested more directly. Based on pH
adjustment, the increased reaction temperature at 50 °C greatly
accelerates the reaction rate and the generation of products, though
the morphology of the products is irregular (Fig. S11). The increase in
entropy caused by the rise in reaction temperature does indeed drive
the self-assembly process, but the regularity of the products still needs
to be improved. The above results highlight the importance of the
system entropy influenced by solvent composition as the third aspect
of regulation. The addition of acetone significantly increases the total
entropy of the system, and the morphology of the products becomes
regular gradually. The optimumacetone-to-water volume ratio is 2:1, at
which point the products with spherical morphology are generated
(Fig. S12). This means that the entropy increase of the mixed solvents
compared to single solvent does indeed drive the self-assembly.
However, when the ratio of acetone further rises to 4:1, insoluble his-
tidine is clearly observed in the system, because the self-assembly is
suppressed due to the poor solubility of histidine (Fig. S13). The
assembly process is monitored by low-temperature electron para-
magnetic resonance (EPR) spectra. The continuous shift of EPR peak
reflects the variation of the coordinative environment of Cu2+ during
the assembly (Fig. S14). In addition, the pH of the solution does not
change significantly with the extension of reactionduration, indicating
no obvious hydrolysis of Cu2+ (Fig. S15). These results support the
gradual and partial replacement of Cu2+/imidazolyl bond by Cu2+/car-
boxyl and Cu2+/amino bond via entropy-driven process. Methanol,
ethanol and DMSO are also employed to regulate the assembly

process, but the effect is worse than acetone (Fig. S16). Furthermore,
L-histidine is replaced by D-histidine for the preparation. The as-
prepared CuZnHis(D) assemblies indicate similarmorphology and size
to CuZnHis(L), except the opposite chirality (Fig. S17).

CuZnHis(L) assemblies with optimized Cu catalytic site exhibit
enhanced SOD activity. As shown in Fig. 5a, the assemblies are capable
of scavenging O2

·− with the clearance rate close to 100% at a very low
dose of 1μg/mL. The removal ability of the assemblies onO2

·− is further
proved by the EPR spectra (Fig. 5b). Significantly, the IC50 value and
specific activity of CuZnHis(L) assemblies are 0.132μg/mL and 37900
Unit/mg, respectively,measuredbyWST-8method. In comparison, the
IC50 value and specific activity of natural SOD measured under the
same conditions are only 0.738μg/mL and 6800 Unit/mg (Fig. S18).
The measured activity of natural SOD consists with the reported
activity generally concentrated in 2500-7000 Unit/mg50. It means that
the SOD activity of CuZnHis(L) assemblies is at least 5.4 times higher
than that of natural SOD. Even in the comparison with other artificial
SODs in the ever-reported works, the SOD activity of CuZnHis(L)
assemblies is also far ahead41–47. As shown in Table S2, the activity of
CuZnHis(L) assemblies is much higher than that of common nanoen-
zymes, such as cerium oxide nanoenzyme and platinum-based
nanoenzyme41,51, also being 1.7 times of the single-atom nanoenzyme
with the highest SOD activity reported43. In addition, the IC50 value
and specific activity of CuHis(L) assemblies without coordinated Zn2+

are 0.339μg/mL and 14700 Unit/mg, respectively (Fig. S19). The dif-
ference in specific activity between CuZnHis(L) and CuHis(L)
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Fig. 4 | Characterization of the morphology, composition and structure of
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assemblies is mainly attributed to the difference in specific surface
area and, therefore, the number of exposed catalytic sites. Due to the
larger size, the specific surface area ofCuHis(L) assemblies is estimated
as 6.2 m2/g, which is only 37.3% of that of smaller CuZnHis(L) assem-
blies (Fig. S20). Correspondingly, the specific activity of CuHis(L)
assemblies is 38.8% of that of CuZnHis(L) assemblies. Considering the
specific surface area, their exposed catalytic sites and SOD activities
are almost at the same level. Meanwhile, the small amount of Zn2+

present in CuZnHis(L) assemblies form tetra-coordinated structure
with N/O atoms (Fig. S21, Table S3), which has limited contribution on
SOD activity. Furthermore, the specific surface area of CuZnHis(L)
assemblies is also not so high, which is 16.6 m2/g (Fig. S20b), so the
inner Cu sites are suppressed in participating catalytic reaction. It
implies that the activity of a single Cu catalytic site should reach a very
high level.

The SOD activity of CuZnHis(L) assembles is time- and
concentration-dependent (Fig. 5c), but not affected by solvents.
Besides water, the assemblies still maintain good O2

·− scavenging
ability in ethanol, isopropyl alcohol, acetonitrile, and DMF (Fig. 5d).
Moreover, by normalizing the O2

·− scavenging ability of natural SOD
and CuZnHis(L) assemblies, the influence of temperature and pH on
SOD activity are studied. Natural SOD and the assemblies do not show
significant change in the activity in the temperature range of 5–35 °C.
However, at 80 °C, the activity of natural SODbegins to decline, due to
the conformational change and inactivation of natural enzyme. In
comparison, the activity of CuZnHis(L) assemblies increases rather
than decreases, because the catalytic reaction is accelerated at ele-
vated temperature (Fig. 5e). In the pH range of physiological envir-
onment, both natural SOD and the assemblies showgood stability, and
the SOD activity is minimally affected (Fig. 5f). Apart from the tem-
perature and pH stability, CuZnHis(L) assemblies also demonstrate

good catalytic specificity. The existing artificial SODsgenerally face the
common problems of nanoenzymes, that is, the active sites are
exposed on the surface and prone to bind to the substrates, resulting
in poor catalytic specificity. For example, while having SOD activity,
artificial SODs usually exhibit high catalase (CAT) activity. Because
CuZnHis(L) assemblies simulate the Cu catalytic sites of natural SOD
accurately, they show low CAT activity and good catalytic specificity
(Fig. S22). In addition, the O2

·− scavenging ability of CuZnHis(D) is very
close to CuZnHis(L), with an IC50 value of 0.137μg/mL and a specific
activity of 36500 Unit/mg, indicating that the chiral difference does
not influence the SOD activity (Fig. 5a).

The high SOD activity endows CuZnHis assemblies with a good
anti-inflammatory effect in vitro. CCK-8 tests show that the assemblies
cause little damage to fibroblast cell L929 and rat periodontal ligament
stem cell RPDLSC. The relative cell survival is still over 90% at the
concentration of 200 μg/mL (Figs. S23, S24). The hemolysis test indi-
cates that after co-incubation of red blood cells (RBCs) with the
assemblies, the hemolysis rate is not significantly different from that of
the negative control (Fig. S25). This reveals that the assemblies do not
cause breakage and dissolution of RBCs, showing good biocompat-
ibility. Reliable biosafety andbiocompatibility stem from the structural
stability of the assemblies. TEM observation indicates that the
assemblies can enter RAW264.7 cells and maintain the original mor-
phology (Fig. S26). The cell entry pathways of the assemblies are
confirmed by inhibitor investigations. As shown in Fig. S27, the co-
incubation with EIPA (macropinocytosis inhibitor), chlorpromazine
(clathrin-mediated endocytosis inhibitor), and nystatin (caveolin-
mediated endocytosis inhibitor) significantly reverses the cellular
uptake of assemblies, suggesting that the entry pathways include
macropinocytosis, clathrin-mediated endocytosis, and caveolin-
mediated endocytosis. Based on the good biosafety and
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Fig. 5 | Characterization of the SOD activity of CuZnHis assemblies. a The spe-
cific activity graph of CuZnHis(L) and CuZnHis(D) according to the scavenging of
O2·

−. b EPR spectra for the evaluation of O2·
− scavenging ability of CuZnHis(L) and

CuZnHis(D). c Time-dependent absorbance changes with different concentrations
of CuZnHis(L). Smaller difference means stronger O2·

− scavenging ability. d EPR

spectra for the evaluation of O2·
− scavenging ability of CuZnHis(L) in different

solvents. e Comparison of SOD activity between CuZnHis(L) and natural SOD at
different temperatures. f Comparison of SOD activity between CuZnHis(L) and
natural SOD at different pH. In Fig. 5a–f, data are presented as mean ± SD (n = 3).
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biocompatibility, the effect of CuZnHis assemblies on the expression
of inflammatory factors in macrophages is used to evaluate the anti-
inflammatoryperformance. Inflammatory factors aremainly produced
by immune cells, including both pro-inflammatory factors and anti-
inflammatory factors. The former promotes the occurrence of
inflammation or enhances the inflammatory reaction process. The
latter reduces or even terminates the inflammatory response. In our
work, the studies on the expression of inflammatory factors are carried
out at three levels. The first is the determination of major cytokines,
where qRT-PCR is used to detect the expression of related genes in
RAW264.7 cells. CuZnHis assemblies significantly downregulate the
expression of pro-inflammatory factors related genes (IL-1β and TNF-
α), and upregulate the expression of anti-inflammatory factors related
genes (IL-10 and TGF-β) (Fig. 6a). The second is the determination of
relevant markers located on the membrane of RAW264.7 cells. As
revealed by immunofluorescence staining, the expression of M1-type
polarization marker CD86 in CuZnHis(L) and CuZnHis(D) groups is
significantly decreased (Fig. 6b, c), and the expression of M2-type
polarization marker CD206 is significantly increased (Fig. 6d, e). The
third is the determination of relevant markers in the cytoplasm of
RAW264.7 cells. Flow cytometry shows that CuZnHis assemblies sig-
nificantly reduce the percentage of iNOS positive macrophages
(Fig. 6f), but increase the percentage of Arg-1 positive macrophages
(Fig. 6g). Further quantitative and statistical analysis more intuitively
demonstrates the inhibition of iNOS expression and the promotion of
Arg-1 expression by CuZnHis assemblies (Fig. S28). The aforemen-
tioned results indicate that CuZnHis assemblies can affect the phe-
notypes and functions of macrophages. The decreased expression of
pro-inflammatory factors, including IL-1β, TNF-α, CD86, and iNOS, and
the increased expression of anti-inflammatory factors, including IL-10,
TGF-β, CD206, and Arg-1, clearly reflect the anti-inflammation of
CuZnHis assemblies, which have the potential to treat oxidative stress-
related diseases. It should be noted that the expression of pro-
inflammatory factors in the CuZnHis(D) group is lower than that in the
CuZnHis(L) group, and the expression of anti-inflammatory factors is
opposite. This means that the CuZnHis(D) assemblies with D-type
structure possess better anti-inflammatory effect than CuZnHis(L),
though their SOD activity is similar. The differences in anti-
inflammatory properties between CuZnHis(L) and CuZnHis(D)
assemblies are mainly attributed to the influence of chirality on cells,
with the primary reason being the reduction in immunogenicity
caused by the “stealth-like” effect of theD-type structure52,53. Almost all
the proteins in living organisms are composed of L-type amino-acids,
but the spatial conformation of D-type structure does not match the
natural receptors, which can effectively avoid being recognized by
immune system, thereby avoiding the activation of pro-inflammatory
signaling pathways54,55. The influence of chirality is further reflected in
the ability to resist oxidative stress injury. The damage caused by ROS
to cells and organisms can be indirectly reflected by the level of mal-
ondialdehyde (MDA). Compared with CuZnHis(L), CuZnHis(D)
assemblies have stronger inhibitory effect on lipid peroxidation reac-
tions, manifested as lower intracellular MDA level and stronger ability
to resist oxidative stress injury (Fig. S29). CuZnHis(D) assemblies can
promote the decrease in the expression of pro-inflammatory factors
and the increase in the expression of anti-inflammatory factors more
obviously56,57. The influence of chirality is also reflected in the anti-
oxidant capacity. Glutathione (GSH) is the most abundant low-
molecular-weight antioxidant in mammalian cells, and the consump-
tion of GSH is a key factor in activating cellular autonomic
inflammation58. Compared with CuZnHis(L), CuZnHis(D) assemblies
prevent the decrease of intracellular GSH levels more obviously, show
stronger antioxidant capacity, and alleviate the inflammatory response
by reducing the expression of pro-inflammatory factors (Fig. S30).

As a proof of concept in treating oxidative stress-related diseases,
CuZnHis assemblies remarkably inhibit the periodontitis in male

animal models. The immune response triggered by periodontal tissue
inflammation leads to the release of a large number of active sub-
stances, exacerbating the imbalance of the antioxidant system and
tissue damage. Therefore, periodontitis is a representative disease
related to oxidative stress59,60. For the established male animal models
(Fig. 7a), severe inflammationoccurs in theupper secondmolar of rats,
and the gums are seriously red and swollen, forming deep periodontal
pockets and large area absorption of alveolar bone. During the treat-
ment, rats are administered with CuZnHis assemblies once every two
weeks for a total of two times. The reason for choosing this time
interval is that CuZnHis assemblies can maintain structural stability
and functional stabilitywithin twoweeks.After incubation in simulated
body fluid and serum for two weeks, the morphology of CuZnHis(L)
assemblies is still maintained (Figs. S31, S32). The coordination struc-
ture of CuZnHis(L) assemblies is also difficult to damage. After two
weeks’ incubation in simulated body fluid, the released Cu2+ is only 4%.
Most importantly, the SOD activity of CuZnHis(L) assemblies keeps as
high as31600Unit/mgafter twoweeks’ storage, only showing adecline
of 16.6% (Fig. S33).

After the complete treatment cycle, Micro-CT, H&E and immu-
nofluorescent staining data of the rat maxilla are used to evaluate the
therapeutic effect. The Micro-CT scan and subsequent 3D recon-
struction results show that the alveolar ridge height is greatly reduced
in the control group, and even the root bifurcation is visible (Fig. 7b).
Quantitative analysis shows that the distance from the cementoenamel
junction (CEJ) to the alveolar bone crest (ABC) (CEJ-ABC) is 0.61, 0.70
and 0.66mm at distal, median and mesial positions, respectively
(Fig. S34). After the injection of CuZnHis assemblies into periodontal
pocket, the periodontal inflammation is greatly inhibited. Intuitively,
the CEJ-ABC values are 0.28, 0.33, and 0.49mm in CuZnHis(L) group,
and for CuZnHis(D) group, they are 0.27, 0.31, and 0.37mm, which are
about 56% and48%of those in the control group (Fig. S34). The healing
of periodontal tissues is also reflected in H&E staining. In the control
group, a large number of inflammatory cells (mark with arrows) are
infiltrated in the periodontal tissues, and the arrangement of collagen
fibers (mark with dotted lines) is disordered, and edema and degen-
eration occur. After the treatment, the inflammatory cell infiltration in
periodontal tissues is reduced and the collagen fibers are arranged in
an orderly manner, showing a good curative effect (Fig. 7c). Immu-
nofluorescent staining of periodontal tissues demonstrate that CuZn-
His treatment significantly reduces the expression of IL-1β and TNF-α
(Fig. 7d), and the downregulation of pro-inflammatory factors also
demonstrates the ability of CuZnHis assemblies for treating inflam-
matory diseases. Similar to in vitro experiments, the difference in anti-
inflammationcausedby chiral difference is alsoobserved in vivo. In the
determination of periodontal tissues, CuZnHis(D) assemblies better
increase the SOD level (Fig. S35), reduce the MDA level (Fig. S36), and
increase the GSH level (Fig. S37), showing stronger capacity in anti-
oxidant, which highlights CuZnHis(D) assemblies as better anti-
inflammatory candidates.

The SOD activity of CuZnHis assemblies is compared with
MnTMPyP and Tempol, two drugs in existing antioxidant therapies.
After determination, the SOD activities of MnTMPyP and Tempol are
6200 Unit/mg and 32 Unit/mg, respectively (Figs. S38, S39), which are
only 17% and 1‰of theCuZnHis assemblies. This indicates the superior
performance of CuZnHis assemblies. After the treatments, biosafety is
systematically evaluated. Compared with the healthy rats of the same
age, CuZnHis injection does not cause toxic side effects. The liver
function (Fig. S40), kidney function (Fig. S41), and ion detection
(Fig. S42) of the rats in the treatment groups are all normal. In addition,
H&E staining of major organs in the treatment groups also shows
normal histological morphology (Fig. S43). The pharmacokinetic
behavior of CuZnHis(L) assemblies after administration via the tail vein
is also examined. The blood circulation half-life of the assemblies is
0.88 ±0.03 h, and the blood concentration decreases rapidly
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Fig. 6 | Effect of CuZnHis assemblies on the expression of inflammatory factors
in macrophages. a The relative mRNA expression tested by qRT-PCR of pro-
inflammatory factors related genes (IL-1β and TNF-α) and anti-inflammatory factors
related genes (IL-10 and TGF-β) in lipopolysaccharide (LPS)-induced RAW264.7
cells after different treatments. Immunofluorescent staining (b) and quantitative
analysis of fluorescence intensity (c) of CD86 in LPS-induced RAW264.7 cells after
different treatments. Immunofluorescent staining (d) and quantitative analysis of

fluorescence intensity (e) of CD206 in LPS-induced RAW264.7 cells after different
treatments. The scale bar is 50 μm. The expression of iNOS (f) and Arg-1 (g) in LPS-
inducedRAW264.7 cells after different treatmentsmeasuredbyflowcytometry, the
gate strategies were shown in Source Data. In Fig. 6a–e, data are presented as
mean ± SD (n = 3), and *p <0.05, **p <0.01, ***p <0.001 versus the Control group.
Statistical significance was calculated via Student’s t-test.
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(Fig. S44). The accumulation of the assemblies in major organs
decreases over time, which is basically metabolized after 7 days,
avoiding the risk of long-term retention (Fig. S45). The reliable bio-
safety of CuZnHis assemblies indicates the prospect in the treatment
of oxidative stress-related diseases. It should be mentioned that there
are still deficiencies in our work. For instance, the focus is mainly on
the optimization of catalytic sites and the preparation of assemblies
without delving deeply into the in vivo metabolic and excretory
behaviors of assemblies, and the importance of bacterial pathogens in
the treatment of periodontitis. These will also be the key issues that
need to be addressed in the future work. Besides, we are also con-
stantly exploring the possible combinations of other metal ions and
amino-acid to develop artificial SODs with higher performance and
further expand the applications against oxidative stress-related dis-
ease, such as ischemia-reperfusion injury and ulcerative enteritis.

In summary, inspired by the Cu2+/histidine residue coordination
in natural Cu-Zn-SOD, an optimized Cu catalytic site is proposed for
enhancing the activity of artificial SOD. Theoretical calculation
result indicates that the tetrahedral coordination of Cu2+ with one
amino, one carboxyl and two imidazolyls is superior in terms of both
site stability and catalytic activity. Accordingly, the CuZnHis
assemblies with optimized Cu catalytic site prepared by entropy-
driven self-assembly method present a significantly enhanced SOD
activity up to 37900 Unit/mg, which is at least 5.4 times higher than
that of natural Cu-Zn-SOD. As a proof of concept in treating oxida-
tive stress-related diseases, CuZnHis assemblies promote the
polarization of macrophages from M1 to M2 phenotype and the
expression of anti-inflammatory factors, thus effectively curing
periodontitis in male animal models. This work demonstrates a
state-of-the-art design of artificial SOD by optimizing the catalytic
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Fig. 7 | Therapeutic effect of CuZnHis assemblies on oxidative stress-related
diseases. a Schematic illustration of the operations involved in animal experi-
ments.bMicro-CT images of themaxilla of rats after different treatments. The scale
bar is 1mm. c H&E stained images of the maxillary slices of rats after different
treatments. Inflammatory cell infiltration is indicated by arrows, and the

arrangement direction of collagen fibers is indicated by dotted lines (n = 3). The
scale bar is 200 μm. d Immunofluorescent staining of pro-inflammatory factors (IL-
1β and TNF-α) in the maxillary slices of rats after different treatments (n = 3). The
scale bar is 500 μm.
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sites of natural SOD, which provides efficient candidates for the
treatment of oxidative stress-related diseases.

Methods
Experimental materials
L-histidine (≥99%), sodium hydroxide (NaOH, 96%), copper nitrate
trihydrate (Cu(NO3)2·3H2O, 99%), ethylene diamine tetraacetic acid
disodium salt dihydrate (EDTA, 99%), urea (≥99.5%), sodium chloride
(NaCl, 99.8%), and riboflavin sodium phosphate (93%) were purchased
from Aladdin. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, AR) was
purchased from Chengdu Kelong Chemical Co., Ltd. D-histidine (99%)
and 5,5-dimethyl-1-pyrroline N-oxide (DMPO, 97%) were purchased
from Shanghai Macklin Biochemical Technology Co., Ltd. Total
superoxide dismutase assay kit with WST-8, lipid peroxidation MDA
assay kit, GSH and GSSG assay kit, Triton X-100, DAPI, and bovine
serum albumin (BSA) were purchased from Beyotime. Isopropyl alco-
hol (AR), and N, N-dimethylformamide (DMF, AR) were purchased
from Tianjin Tiantai Chemical Co., Ltd. Acetone (AR) was purchased
from Xilong Chemical Co., Ltd (Foshan). Ethanol absolute (SG),
methanol (AR), and hydrochloric acid (AR) were purchased from
Sinopharm Chemical Reagent Co., Ltd. PBS (0.01M) was purchased
from Biosharp. Tween-20 was purchased from BioFroxx. L929 mouse
fibroblast cells, RAW264.7 cells, and cell counting kit-8 (CCK-8) were
purchased fromHyCyte. Rat periodontal ligament stem cells (RPDLSC)
were purchased from Otwo Biotech. Cell culture flask and cell scraper
were purchased from BaiDi Biotechnology Co., Ltd. (BDBIO). Confocal
culture dish (1050001) was purchased from SAINING Biotechnology.
DMEM culture medium, lipopolysaccharide (LPS), and hematoxylin-
eosin (H&E) staining kit were purchased from Solarbio. Genomic PCR
primer was purchased from Takara. CD16/32 antibody, IL-1β antibody,
andTNF-α antibodywerepurchased fromProteinTech. CD86antibody
and CD206 antibody were purchased from Affinity. PE-labeled iNOS
antibody, PE-labeled Arg-1 antibody, and APC-labeled F4/80 antibody
were purchased from BioLegend. Wistar rats (6-week-old, male) were
purchased from Liaoning Changsheng Biotechnology Co., Ltd. Iso-
flurane was purchased from RWD.

Characterization
JEOL JEM-2100F transmission electron microscope (TEM) with an
energy-dispersive X-ray spectroscopy (EDS) detector was used to col-
lect TEM images and EDS elementalmapping images. Malvern NanoZS
zetasizer was used to collect hydrated particle size and zeta potential.
Palytical B.V. Empyrean X-ray diffractometer (XRD) was used to collect
XRD pattern. Brucker Vertex 80V Fourier transform infrared spec-
trometer (FTIR) was used to collect FTIR spectra. Horiba LabRAM HR
Evolution Raman spectrometer was used to collect Raman spectra.
Bruker Autoflex Speed MALDI-TOF was used to collect mass spectra.
NETZSCH STA449F3 QMS403D Synchronous Thermal Analyzer cou-
pled to mass spectrometry was used to collect thermal gravimetric
analysis (TGA) and mass spectra of thermal decomposition products.
VG Escalab MKII X-ray photoelectron spectrometer (XPS) was used to
collect XPS spectra. Brucker Elexsys electron paramagnetic resonance
(EPR) spectrometer was used to collect the EPR spectra. Agilent 725
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
was used to measure the concentrations of Cu2+ and Zn2+. The Mettler
Toledo FE28pHmeterwasused tomeasure the pHof the solution. The
CMac Plus microplate reader was used to measure solution absor-
bance. The chemical state and configuration of Cu were investigated
by X-ray absorption spectroscopy from Shanghai Synchrotron Radia-
tion Facility (SSRF), BL14W beamline. The Applied Biosystems 7500
real-time fluorescence quantitative PCR instrument was used for qRT-
PCR experiments. Yokogawa CSU-W1 confocal laser scanning micro-
scope (CLSM) was used to collect CLSM images of cells. Beckman
Coulter CytoFLEX was used for flow cytometry analysis. KEW KW-MZJ
inhalation anesthesia system was used to anesthetoze rats. Scanco

μCT50 Micro-CT was used to acquire CT images. The BDS400 micro-
scope was used to acquire H&E and immunofluorescence-stained
images.

Preparation and characterization of CuZnHis assemblies
Computational studies. DFT calculations were carried out by the
Gaussian 16 software61. The PBE0 functional was adopted for all cal-
culations in combination with the D3BJ dispersion correction62,63. In
geometry optimization and frequency calculations, the def2-TZVP
basis set was used64. The singlet point energy calculations were per-
formed with the same basis set combination. The solvation effects of
water were considered during geometry optimizations using the SMD
solvation model64. Although the PBE0-D3BJ/def2TZVP/SMD (water)
calculation model still has limitations, for instance, the SMD implicit
solvent model may have deficiencies when simulating the specific
interactions between water molecules and solute Cu complexes, and
the calculations carried out under standard temperature and pressure
conditions also have limitations in simulating actual environmental
factors, the optimized computational model is reliable and provides
strong theoretical guidance for the optimization of catalytic sites.

Preparation of CuZnHis assemblies. 325.8 mg L-histidine, 50.4mg
NaOH, 253.68mg Cu(NO3)2·3H2O, and 312.36mg Zn(NO3)2·6H2O were
added to a mixed solution of 60mL deionized water and 120mL
acetone. Then the solutionwas stirred at 50 °C for 12 h andCuZnHis(L)
were prepared. The preparation method of CuZnHis(D) was the same
as that of CuZnHis(L), except replacing L-histidine with D-histidine.
After reaction, the product was centrifuged at 7200 × g for 10min. All
the supernatant was discarded and the precipitate was redissolved
with deionized water. Then the centrifugation and redissolution
operations were repeated for a total of 3 washes to remove unreacted
reagents.

XAFS data processing. The XAFS data were analyzed following stan-
dard procedures with the Athena module of the IFEFFIT software
package. The EXAFS spectra were derived through a two-step process,
first, the post-edge background was subtracted from the total
absorption, and second, normalizing was carried with respect to the
edge-jump step. Fourier transform was applied to the χ(k) data, con-
verting it into real (R) space with a Hanning window (dk = 1.0Å-1) to
separate EXAFS contributions from distinct coordination shells.
Quantitative structural parameters around central atoms were derived
through least-squares curve parameters fitting performed in the
ARTEMIS module of IFEFFIT software package65,66.

SOD activity of CuZnHis assemblies. The total SOD activity detection
kit (WST-8 method) was used to determine the SOD activity of the
tested substances, and the corresponding test solution (WST-8/
enzyme working liquid and reaction initiating working liquid) was
prepared with PBS. WST-8 could react with O2

·− generated by xanthine
oxidase to producewater-soluble formazandye, while substanceswith
the catalytic ability of SOD could remove O2

·− and inhibit the genera-
tion of formazan dye. The O2

·− scavenging ability of natural SOD,
CuZnHis(L), and CuZnHis(D) of different concentrations was mea-
sured and calculated by the difference in ΔAbs (Abs450nm − Abs630nm).
Inhibition rate = (ΔAbsControl1 − ΔAbsSample) / (ΔAbsControl1 −
ΔAbsControl2) ≈ (ΔAbsControl1 − ΔAbsSample) / ΔAbsControl1, and the SOD
enzyme activity unit in the test sample = inhibition rate / (1 - inhibition
rate) Unit. Then, the calculated result is divided by the mass of the
substance to be measured in the solution to obtain the catalytic
activity value in units/mg (When the inhibition rate in the above xan-
thine oxidase coupling reaction system is 50%, the SOD activity in the
reaction system is defined as an enzyme activity Unit). In the experi-
ment to verify the O2

·− scavenging ability of CuZnHis by EPR, riboflavin
sodium phosphate solution could produce O2

·− when irradiated by UV
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light with a wavelength of 365 nm, and DMPO was employed as a free
radical trapping agent.

Cell experiment
Toxicity of CuZnHis assemblies. The toxicity of CuZnHis assemblies
to L929 cells and RPDLSC cells was determined by CCK-8 assay. L929
cells and RPDLSC cells were inoculated in 96-well plates at a density of
8000 cells per well and co-cultured with CuZnHis assemblies with the
concentrations of 0, 25, 50, 100, 150, and 200 μg/mL for 24 h,
respectively, then the optical density values at 450 nm were used to
calculate the relative cell viability.

Hemolysis test. Rat 2% red blood cells were incubated with CuZnHis
assemblies at the concentrationsof0, 100, 200, and300μg/mL for 1 h at
37 °C as experimental groups, with PBS as a negative control group, and
with Triton X-100 as a positive control group. At the end of the incu-
bation period, the samples were centrifuged at 2000 rpm for 10min,
and the absorbance value of the supernatant at 541 nmwasmeasured to
calculate the hemolysis rate. Thehemolysis ratewas calculated using the
formula: (Asample−Anegative) / (Apositive−Anegative) ∗ 100%.

qRT-PCR. RAW264.7 cells were inoculated into 6-well plates at a density
of 2 × 105 cells/well, and LPS with a final concentration of 1μg/mL was
added 24h later to induce an inflammatory environment for 24h. The
experiment was divided into 6 groups: Control group, Cu(II)&Zn(II)
group, L-histidine group, CuZnHis(L) group, D-histidine group, and
CuZnHis(D) group. The final concentrations of Cu and Zn ions in Cu(II)
&Zn(II) group were 19.1μg/mL and 0.6μg/mL, respectively. The final
concentrations of L-histidine and D-histidine were both 70.4μg/mL.
The final concentrations of CuZnHis(L) and CuZnHis(D) were both
100μg/mL. After incubation for 24h, RNA was extracted for qRT-PCR
test to detect the gene expressions of IL-1β, TNF-α, IL-10 and TGF-β. The
primers used in the qRT-PCR experiment were shown in Table S4.

Immunofluorescent staining. RAW264.7 cells were inoculated into
confocal dishes at a density of 3 × 104 cells/well, and LPS with a final
concentration of 1μg/mL was added 24 h later to induce an inflam-
matory environment for 24 h. The experiment was also divided into 6
groups with the same dose concentration as the above experiment.
After incubation for 24 h, the cells were fixed with paraformaldehyde
(4%) for 15min. Then, CD86 (1:500, Affinity) and CD206 (1:500, Affi-
nity) primary antibodies were added and incubated at 4 °C overnight.
The next day, fluorescent secondary antibody (1:1000) was added and
incubated at 4 °C for 1h. After DAPI was added and incubated for 5min,
the cells were observed by CLSM.

Flow cytometry. RAW264.7 cells were inoculated into 6-well plates at
a density of 2 × 105 cells/well, and LPS with a final concentration of
1μg/mL was added 24 h later to induce an inflammatory environment
for 24 h. The experiment was also divided into 6 groups with the same
dose concentration as the above experiment. After incubation for 24 h,
cells were collected and blocked for 30min with 100μL of BSA solu-
tion (3%) and CD16/32 antibody (1:100, ProteinTech). Then, PE-labeled
iNOS antibody (1:200, BioLegend), PE-labeled Arg-1 antibody (1:200,
BioLegend), and APC-labeled F4/80 antibody (1:200, BioLegend) were
added and incubated for 30min. After incubation, the supernatantwas
discarded by centrifugation. The collected cells were added with BSA
solution (3%) and detected by flow cytometry. Each experiment was
repeated three times.

Animal experiment
Establishment of periodontitis model in rats. The animal experi-
ments related to this work have been approved by the Animal Ethics
Committee of the First Hospital of Jilin University. The feeding envir-
onment was 21–23 °C, 35–60% humidity, 12 h light-dark alternation.

ThirtymaleWistar rats of 6-week-oldwere selected for the experiment.
After anesthetizing the rats with isoflurane inhalation, a wire ligation
with a diameter of 0.25mm was inserted through the distal proximal
surfaceof themaxillary secondmolarof the rats, circumvented around
the neck of the molar, and carried out through the mesial proximal
surface of themolar. After ligature, keep about 2mmand bend back to
the gingiva to ensure that the wire ligation wire does not fall off. After
2 weeks, the wire ligation was removed, and the gums of the second
molar were red and swollen, forming deep periodontal pockets, and
the periodontitis model was successfully established.

Treatment of periodontitis by CuZnHis assemblies. Thirty rats were
randomly divided into 6 groups, which were named Control group,
Cu(II)&Zn(II) group, L-histidine group, CuZnHis(L) group, D-histidine
group and CuZnHis(D) group, respectively. Then, according to the
experimental group, the rats were administered once every 2 weeks
into the periodontal pocket with a total of two times. Among them:
Control group, 50μL normal saline was injected into the periodontal
pocket; Cu(II)&Zn(II) groups, 50μL mixed solution with Cu2+ con-
centration of 3.82mg/mL and Zn2+ concentration of 0.16mg/mL was
injected into the periodontal pocket; L-Histidine group andD-histidine
group, 50μL corresponding solution with the concentration of
14.08mg/mL was injected into the periodontal pocket; CuZnHis(L)
group and CuZnHis(D) group, 50μL corresponding solution with the
concentration of 20mg/mL was injected into the periodontal pocket.
The formation of deep periodontal pockets caused by periodontitis
provides space for the administration of CuZnHis, and can effectively
avoid the loss of drugs. After 4 weeks, the rats were euthanized, and
themaxillae were dissected. After being fixed in 4% paraformaldehyde
solution for 48 h, the samples were scanned, 3D reconstructed,
and analyzed by Micro-CT. Then the samples were decalcified in
EDTA solution for 4 weeks, and after sectioning, H&E staining were
performed to evaluate inflammatory cell infiltration in periodontal
tissue.

Detection of inflammatory factor expression in periodontal tissue.
The maxillae of each group of rats obtained in the experiment was
used for immunofluorescence staining to evaluate the expression of
inflammatory factor. The primary antibodies were IL-1β (1:100, Pro-
teinTech) and TNF-α (1:100, ProteinTech), and the incubation timewas
12 h. For the fluorescent secondary antibody, the incubation time was
1 h. Under fluorescence microscopy, the cell nuclei are stained blue by
DAPI and the target proteins appear red.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings of thiswork are availablewithin the paper
and its Supplementary Information file. Source data are provided with
this paper and the raw data are available upon request to the corre-
sponding authors. Source data are provided with this paper.
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