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M AT E R I A L S  S C I E N C E

Enhanced activity and self-regeneration in dynameric 
cross-linked enzyme nanoaggregates
Rui Wang1,2, Shang Wang2†, Jinghua Chen1, Yan Xu2, Xiaowei Yu2*, Mihail Barboiu3*, Yan Zhang1*

Directed evolution, enzyme design, and effective immobilization have been used to improve the catalytic activity. 
Dynamic polymers offer a promising platform to improve enzyme activity in aqueous solutions. Here, amphiphilic 
dynamers and lipase self-assemble into nanoparticles of 150- to 600-nanometer diameter, showing remarkable 
threefold enhancement in catalytic activity. In addition, they also demonstrated the ability to promote the revers-
ible refolding of the partially or completely denatured lipase. The catalytic efficiency is completed with its more 
convenient handling of dynameric nanoparticles facilitating the efficient recovery and reuse of the enzyme with 
cost-effective uses. Molecular simulation studies revealed an in-depth understanding of how the dynamer action 
mechanism affects the conformational changes of lipase. The dynamer served as an effective hydrophobic sup-
port, facilitating the lid opening and substrate access to the catalytic triad, resulting in a substantial activation 
with an improved stability and recyclability of the lipase.

INTRODUCTION
Enzymes play a crucial role in biotechnology owing to their high 
catalytic efficiency and environmental friendliness (1–4). Among the 
various types of enzymes, lipase (EC 3.1.1.3) is notable for its high 
activity and stability. It catalyzes long-chain triglyceride hydrolysis, 
as well as ester synthesis and exchange reactions, making it one of the 
most widely used enzymes in the food/oil, pharmaceutical, paper/
leather, and cosmetic industries (5–9). Effective strategies, including 
directed evolution (10–12), rational protein design (13–16), enzyme 
immobilization and cross-linking (17–20), and chemical modifica-
tion (21–23) have been used to improve the performance of lipases 
and reduce costs. Although they have been proven very useful and 
successful, they always require time-consuming molecular-level mu-
tagenesis, massive amounts of screening work, in-depth structural anal-
ysis, and complex modification processes.

In our previous studies, we reported a breakthrough simple meth-
odology using dynamic polymers (dynamers), which can be directly 
added into aqueous reactions, markedly improving the activities of 
the enzyme (24–26). We postulated that the noncovalent or reversible 
covalent interactions with the adaptive dynamers induced the cross-
linked enzyme aggregates in the reaction solutions, resulting in higher 
enzyme loading and activity, biomimetic stabilization, and low carrier 
loadings. The adaptive dynameric cross-linked enzyme aggregates 
(dCLEAs) have been illustrated for both carbonic anhydrase and li-
pase, showing great activation effects in solution, which suggests their 
suitability for wider applications (18, 27, 28).

The key challenge in the construction of such dCLEA systems is en-
suring gentle interactions between the encapsulating dynameric cross-
linkers and the enzyme. This prevents deactivation/denaturation which 

frequently observed with the enzyme encapsulation in more glassy ma-
trixes. In any of our previous studies, the dynameric cross-linking oc-
curred in aqueous solutions with important enhancements of the 
enzymatic activity. Fundamentally, the catalytic efficiency of the en-
zyme must be completed with its more convenient handling within 
solid nanoparticles rather than a liquid formulation providing a facile 
separation/decontamination from the product. We postulate that one 
of creative strategies for addressing these challenges and to achieve im-
proved performances in terms of both catalytic activity and stability, 
facilitating the efficient recovery and reuse of the enzyme with cost-
effective uses, is to generate the dCLEAs within protective nanoparti-
cles for further applications.

Here, we used a series of amphiphilic dynamers, which contain 
both hydrophilic and hydrophobic components that cross-link lipase, 
resulting in the production of scalable dynamer-lipase nanoparticles 
that remarkably outperform the enzyme activity in solution. In addi-
tion, we analyzed the aggregation and the conformational changes of 
lipase through dynameric particle size detection and fluorescence 
quenching in solution. Moreover, we have also explored the impacts 
of dynameric enzyme nanoparticles on thermally and chemically 
denatured lipases during their refolding process. Furthermore, the 
molecular dynamic (MD) simulations were used to investigate the 
potential influences of dynamer addition on lipase catalysis, particu-
larly focusing on the conformational changes in the pocket region for 
interfacial activation. These diverse investigation angles may lead to 
deeper and unexplored functions of dynameric cross-linking phe-
nomena for lipase activation/reactivation.

RESULTS
Dynamer synthesis and characterization
Rhizopus chinensis lipase proRCL from Rhizopus chinensis CCTCC 
M201021 was chosen as the target enzyme (29). The gene (Gene-
Bank accession no. EF405962) of proRCL was cloned from Rhizopus 
chinensis CCTCC M201021 and expressed at high levels in Pichia 
Pastrois1. Despite enhancements in expression levels and thermo-
stability achieved through genetic engineering, the performance of 
proRCL in the papermaking industry remains preliminary. Thus, in 
addition to genetic method, we propose using a crowding/cross-
linking strategy to enhance the lipase performances via its adaptive 
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gentle entrapment using reversible interactions in self-protecting dy-
nameric lipase nanoparticles. Substantial activity enhancement as 
well as enzyme lifetime improvement may lead to important produc-
tion increase and reduced manufacturing costs in industry. Therefore, 
imine-linked dynamers P1 and P2 have been synthetized by us-
ing benzene-1,3,5-tricarbaldehyde (1) cores and hydrophilic PEG-
bis-(3-aminopropyl)-terminated (2, PEG, number-average molecular 
weight ~ 1500) and two different hydrophobic 1,6-hexanediamine (3) 
and 1,12-dodecanediamine (4), respectively (Fig. 1A). The molar 
ratio between 1:2:3/4 was set as 1:0.75:0.75, achieving steady equilib-
rium after 24 hours at 60°C. Moreover, a hydrophilic dynamer (P0) 
was generated as a reference with a molar ratio between 1:2 of 1:1.5. 
The hydrophobic functional groups within the amphiphilic dyna-
mers were used to facilitate the enzyme lid opening and the access 
to the active site (24, 25). The linker was used to confer good solubility 
in water and compatibility with the hydrophilic regions of the enzyme. 
Conjugation with high molecular hydrophilic poly(ethyleneglycol) 
(PEG) is often used to enhance protein stability in water, but it has a 
detrimental effect on their activity. We postulated that connecting 
low molecular PEG frameworks can accommodate both stability 
and activity.

The structural analysis of the dynamers in D2O by nuclear mag-
netic resonance spectrometry (fig. S1) showed the disappearance of the 
peak of the aldehyde groups of 1, confirming the successful generation 

of dynamers through imine formation reaction. Imine bond exchanges 
can occur with the amino groups on the surface of lipases, enforcing 
the noncovalent hydrophobic or hydrophilic interactions between dy-
nameric segments and enzyme surfaces (Fig. 1B). The hydrolytic stabil-
ity of imine bonds in dynameric systems is high at slightly acidic and 
neutral pH in aqueous solution. We have previously demonstrated that 
PEG or alkyl vicinal chains may limit the diffusion of water to the reac-
tion side, providing a protective effect (24–26). Gel permeation chro-
matography (GPC) revealed that the apparent molecular weights of the 
dynamers P0 to P2 were 8288, 8457, and 5090 g/mol, respectively, with 
polydispersity indices of 1.876, 1.527, and 1.223, indicating the pres-
ence of a single species in solution (table S1).

Dynameric cross-linked lipase aggregates
To investigate the morphology of lipase-dynamer complex in solu-
tion, the mixture was subjected to dynamic light scattering (DLS) 
particle size analysis. Initially, a 50 μM lipase solution in phosphate-
buffered saline (PBS; 50 mM) was analyzed as the reference, resulting 
in a particle size of 2000 to 3000 nm, reminiescent with the protein 
cluster formation via lipase aggregation in solution. Then, increasing 
amounts of each dynamer were added to the lipase solution. At very 
low concentration of dynamers, such as 0.5 μM, substantially smaller 
particle sizes (800 to 1000 nm) were observed, suggesting partial en-
capsulation of lipase by the interacting dynamers, which affected the 

Fig. 1. Synthesis and characterization of the dynamers. (A) Synthesis of hydrophilic reference P0 and hybrid amphiphilic P1 and P2 dynamers via amino-carbonyl/
imine reversible chemistry. (B) Lipase-dynamer interactions: imine bonds formation with amino groups on the surface of lipases and hydrophobic and hydrophilic interac-
tions. (C) DLS experiments showing the size of the nanoparticles formed by lipase and increasing amounts (0.005 to 0.1 mM) of P1 or P2. (D) TEM images of P1 (0.01 mM)/
lipase and P2 (0.01 mM)/lipase nanoparticles in water.
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enzyme self-aggregation. When the concentration of dynameric solu-
tion reached a critical value (i.e., 0.01 mM for P1 and 0.0025 mM for 
P2), the lipase was completely encapsulated and dispersed, forming 
smaller nanoparticles of 100 to 200 nm. The nanoparticle size pro-
gresively increased to a maximum value of 500 to 600 nm when the 
dynamer concentration raised up to 0.1 mM of P1 or 0.05 mM of P2 
(Fig. 1C and fig. S2A). When the amount of dynamers exceeded a cer-
tain threshold, pure dynameric nanoparticles of 150 to 250 nm (bars 
in fig. S2A) became predominant in solution, similar to reference pure 
dynameric solutions presenting the same values across the entire con-
centration range (lines in fig. S2A).

The reference homodynamer P0 did not form stable particles for 
whole range of tested concentrations, confirming that heterogeneous 
nucleation and the formation of dynamer lipase nanoparticles were 
only promoted by amphiliphic dynamers. The minimum concentra-
tion required to form stable P1-lipase nanoparticles was two times 
higher than that of P2, indicating stronger binding of more hydro-
phobic P2 to lipase.

Transmission electron microscopy (TEM) confirmed that, compared 
to the reference dynamers P1 or P2 (0.01 mM), for which spherical nano- 
sized particles around 75- to 150-nm diameter were observed in water 
(fig. S2, B and C), the P1-lipase and P2-lipase complexes formed spher-
ical nanoparticles with larger diameters of around 100 to 200 nm (Fig. 
1D), indicating the encapsulation of lipase into P1 or P2.

Lipase activation with the dynamers
The hydrolytic reaction of p-nitrophenol palmitate (pNPP), which 
produces p-nitrophenol (pNP), was chosen to evaluate the influences 
of P0, P1, or P2 dynamers on the catalytic activity of lipase (30, 31). 
In the following experiments, increasing amounts of dynamers were 
added into the ultraviolet (UV) cuvette containing 100-U lipase and 
the substrate pNPP. The UV absorbance of pNP at 410 nm was re-
corded at the time intervals of 2, 5, and 10 min, to monitor the reac-
tion rates at different stages.

First, P1 or P2 dynamers themselves did not exhibit any activity 
in the hydrolysis of pNPP (fig. S3), serving as negative controls. 
Moreover, P0 showed no obvious activation effect on lipase (fig S4). 
Increasing the concentrations of both dynamers P1 and P2, the hy-
drolytic efficiency of lipase was markedly enhanced (Fig. 2, A to D), 
achieving nearly double the lipase activity at a concentration of 0.04 
mM. However, when the concentration continuously increased to 
0.16 mM, a sharp decrease of lipase activity was observed, although 
it remained higher than the original activity, indicating an inhibi-
tion effect at a specific concentration of 0.2 mM dynamers.

The activity enhancement observed at low concentration, followed 
by an inhibition effect induced at a high concentration of dynamers, 
was not reported in previous studies in solution. It is more than evi-
dent that the interaction between lipases and dynamers is essential for 
enzyme activation in such complexes, which exhibit higher activates 
than simple lipases dissolved in aqueous solution. The formation of 
nanoparticles at low concentration of dynamers (<0.04 mM) pro-
vides optimal aggregates with lipase, leading, as previously observed, 
to water soluble complexes with a few dynamers attached to the lipase 
surface (Fig. 2E). This may suggest minor compression of enzyme pro-
tein structure and the interfacial configuration between the dynamers 
and the enzyme lid necessary for observing an activation effect.

The combined amphiphilic effects from hydrophilic PEG chain and 
the hydrophobic alkane chains in 3 and 4, together with the facilitated 
proton relaying of the amine groups, resulted in lipase exhibiting much 

higher activity. This was achieved by adding an optimal amount of dy-
namer for creating an effective effect by simply aggregation of lipases 
glued by dynamers and still present on the surface of particles, being 
accessible to the reagents and producing a substantial activation effect 
(Fig. 2F). When the amount of dynamer exceeded a critical threshold, 
bigger aggregates, instead of stable particles, were observed in the DLS 
study. These aggregates may completely pack lipase and affect the ac-
cessibility of substrate to lipase, resulting in the inhibition of lipase 
(Fig. 2G).

Reactivation of denatured lipases
A final set of experiments was conducted to study the impacts of dy-
namers on the partially and completely denatured lipases, as well as 
their refolding process. First, lipase was heated at high temperature 
for a period of time to reach a partially denatured state having only 
half of the original activity. Two dynamers were added both before 
and after the thermal treatment, and the impacts on lipase activity 
were examined. In all the thermal processes, no precipitation was ob-
served in the mixed solution. When dynamers (0.02 mM) were added 
before the heat treatment, unfortunately, dynameric/lipase nanopar-
ticles (fig. S5C) irreversibly collapsed/aggregated (fig. S5D), leading 
to similar or even higher vulnerability of the denatured lipase under 
confined conditions at high temperatures. In contrast, when the dy-
namers were added to the lipase solution after heat treatment, a no-
table promotion effect was further detected (Fig. 3D). The presence of 
P1 increased the activity of lipase by 5-, 2.8-, and 2.3-folds after 2, 5, 
and 10 min at 60°C, respectively. Comparing the promotion effect of 
P1 to that of the original lipase (threefold) and to partially denatured 
lipase (fivefold), it revealed that the presence of P1 not only contrib-
uted to the activation of lipase but also assisted in the refolding and 
reactivation process of the denatured lipase (Fig. 3). Compared to P1, 
the P2 showed lower promotion efforts on the reactivation process of 
denatured lipase. This phenomenon can be attributed to the more 
plastic behaviors of dodecyl hydrophobic component of P2, which 
may induce more rigid interactions with the exposed hydrophobic 
parts in lipase compared to the more fluid hexyl hydrophobic compo-
nent of P1, making it difficult to restore the structure and activity of 
the thermally denatured lipase (Fig. 3, A and B).

Subsequently, the impacts of P1 on lipase activity with different 
denaturation degrees were explored. Lipase was thermally treated 
with 60°, 65°, and 70°C for 2, 5, and 10 min, respectively. As shown 
in Fig. 3C, the addition of P1 at the optimum concentration led to a 
lower activity promotion effect on lipase when subjected to higher 
temperature. For example, comparing the activity of lipase after 2 min 
of thermal treatment, with the presence of P1, the lipase pretreated 
under 60°C recovered to fivefold of its original activity. However, the 
treatment at 65°C for 2 min only led to twofold recovery of the activ-
ity, while 70°C exhibited no obvious activation effect from P1. Simi-
larly, the longer time under thermal treatment, the lower promotion 
effect of P1 was detected. For example, after treatment of 60°C for 2, 
5, and 10 min, the activities of lipase were promoted to 5.3-, 2.8-, 
and 2.4-folds of its original activity, respectively. These results indi-
cated that an increased denaturation degree of lipase corresponds to 
a decrease in the promotion effect of P1 for the lipase refolding 
process.

Thereafter, the promotion effects of P1 on completely denatured li-
pase were determined. It is well known that oxidization-reduction re-
agents such as glutathione [oxidized glutathione/glutathione (reduced 
form)] or molecular chaperones were frequently used for accelerating 



Wang et al., Sci. Adv. 11, eads9371 (2025)     12 March 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

4 of 9

the protein refolding process (32, 33). In this case, 8 M guanidine hy-
drochloride and 40 mM dithiothreitol in a 50 mM (pH 8.0) phosphate 
buffer were used as the chemical denaturants, resulting in 100% lose of 
the original activity of lipase. After the removal of the denaturant, vari-
ous concentrations of P1 were added, and the mixtures were incubated 
at room temperature for 60 min to assist the refolding process of lipase. 
As shown in Fig. 3D, P1 exhibited obvious promotion effects for the 
lipase refolding. After the incubation, the relative activity of lipase with-
out P1 was recovered to 2.23% of the original activity, while the addition 

of 0.08 mM P1 led to 5.8-fold of the activity increase, reaching 12.97% 
of the relative activity. These results indicated that the refolding rate, 
which calculated as relative enzyme activity compared to that of lipase 
without chemical denaturation, was substantially improved by the ad-
dition of the dynamer P1.

Lipase-dynamer interaction study
Fluorescence spectroscopy was used to detect the interactional be-
haviors between the dynamer and lipase. As a tryptophan-containing 

Fig. 2. The activity enhancement effect of the dynamers on lipases and the schematic illustration of the progressive formation of dynamer-lipase complexes. 
(A and C) The relative activity of lipases after incubation with dynamers of various time and concentrations, as compared to the free lipase. (B and D) The real-time hydro-
lysis activity of lipase with increased concentrations of P1 and P2, respectively. (E) Illustration of low concentration of dynamers (c < 0.04 mM) with lipases, resulting in 
the formation of water-soluble species with a few dynamers attached to the surface of the lipase. (F) Illustration of optimal amount of dynamer (0.04 mM < c < 0.08 mM) 
with lipases, with the aggregation of lipases glued by dynamers while the lipases are present on the surface of particles. (G) Illustration of exceeding critical amount of 
dynamer (c > 0.16 mM), resulting in bigger particles with lipases buried within dynameric capsules and low accessibility for the reagents. S, substrate; P, product.
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protein, lipase has a maximum emission peak at 366 nm under the 
excitation wavelength of 280 nm (34). The UV-visible full spectra of 
dynamers showed maximum absorbances at 300 to 325 nm (fig. S6), 
thus presenting minimal interference to lipase concerning fluores-
cent quenching experiments. As shown in fig. S7, the fluorescence 
intensity of lipase decreased notably with the increasing amount of 
P0, P1, and P2. Subsequently, the association constant (Ka) was cal-
culated for each dynamer, based on Stern-Volumer relation (34). 
With good fitting to the equation, P1 (7349 M−1) and P2 (7169 M−1) 
showed twofold higher Ka values than that of P0 (3499 M−1) (fig. 
S8). Nevertheless, the reference dynamer P0 still showed an obvious 

quenching effect, indicating that the interactions between lipase and 
dynamers may arise partly from the bonding of hydrophilic PEG to 
the lipase and partly from the hydrophobic interactions between hy-
drophobic regions in lipase and the aklyl groups in dynamers.

Circular dichroism (CD) spectroscopy was used to study the ef-
fect of dynamers on protein secondary structures. From the obtained 
spectra, P1 and P2 alone without lipase showed no obvious peaks 
(fig. S9). In contrast, the typical peaks of α helix and β sheet in lipase 
can be observed at 208 and 226 nm, respectively (fig. S10), which 
decreased slightly after the addition of 0.04 to 0.16 mM P1 and P2, 
indicating the preserved typical structure of lipase. Subsequently, the 

Fig. 3. The thermostabilization and reactivation of lipases by the dynamers. (A and B) The effect of the addition of dynamer P1 and P2 with increasing concentrations 
after heat treatment on lipase hydrolysis activity. (C) The promotion effect of P1 on the lipase refolding process after thermal treatment at 60°, 65°, and 70°C. (D) The rela-
tive activity of lipase with the addition of different concentrations of P1 after complete denaturation. (E) Circular dichroism (CD) spectra of heat-denatured lipase and 
heat-denatured lipase upon addition of 0.04, 0.08, and 0.16 mM P1.
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CD spectrum of denatured lipase solutions (under heat treatment at 
60°C for 10 min) showed that characteristic peak of β sheet at 226 nm 
present decreased ellipticity, which nearly disappeared, indicating 
the gradual loss of typical structure of lipase. Thereafter, the addition 
of 0.04 to 0.16 mM P1 to a denaturated lipase solution resulted in a 
gradual recovery of these characteristic peaks (Fig. 3E), demonstrating 
the important role of dynamer P1 in promoting the refolding process 
of denatured lipase.

Impacts of the hydrophobic alkane chains
Comparing P1 and P2 clearly showed that they have different im-
pacts on the catalytic activity of lipase. Consequently, two additional 
dynamers, P3 and P4, were synthesized with similar backbones, 
using 1,4-diaminobutane and 1,8-diaminooctane as hydrophobic al-
kane chains (fig. S12). As the result, P3, which has the shortest alkane 
chain, showed almost no effect on lipase activity across concentrations 
of 0.04 to 0.8 mM (fig. S13), likely due to inefficient encapsulation of 
lipase. Meanwhile, P4 exhibited excellent activation of lipase at con-
centrations up to 0.16 mM; however, it showed unexpected decreased 
activity at higher concentrations, indicating substantial disruption of 
lipase structures due to overcrowded hydrophobic components. More-
over, both P3 and P4 demonstrated only minor reactivation effects on 
thermally denatured lipases (fig. S14), whereas P2, with an appropriate 
hydrophobic chain length, was the only dynamer that greatly enhanced 
the catalytic performance of lipase.

The turnover numbers here were calculated as the number of 
moles of substrate converted per second by one mole of enzyme ac-
tive sites. As shown in table S2, the turnover number of free lipase 
was recorded as 2.4437 × 10−7 μmol/s, which increased up to 8.2597 × 
10−7 μmol/s with the presence with dynamer P1.

Furthermore, the loading efficiency of lipase on different dynam-
ers at various concentrations was measured. As illustrated in fig. 
S15, the loading efficiency of all dynamers rose from below 5% to 
more than 60% as the dynamer concentration increased from 0.005 
to 1.0 mM. Notably, the loading efficiency increased with longer hy-
drophobic alkane chains in the dynamers, with the value for P3 sub-
stantially lower than that of other dynamers, highlighting the critical 
role of hydrophobic chains.

MD simulations
Modeling of Rhizopus chinensis lipase (RCL) was conducted at the 
critical micelle concentration (CMC) of its substrate pNPP. Thus, 
further MD simulations were performed to explore the impacts of 
dynamer P1 on lipase catalysis, in both systems with the absence 
and presence of dynamer P1, referred as RCL-CMCpNPP and RCL-
CMCpNPP-P1, respectively. Figure 4A showed four representative 
snapshots during the 500-ns simulation.

Initially, the addition of dynamer into the system led to the for-
mation of two polymeric clusters crowding the lipase, which gradu-
ally merged together and moved toward the lid region of lipase. This 
phenomenon is probably driven by the favorable interfacial interac-
tion between dynamer P1 and the hydrophobic lid, which in turn 
facilitated the lid opening and the access of substrate pNPP to the 
catalytic triad of lipase, resulting in a substantial activation effect.

Moreover, as illustrated in Fig. 4 and fig. S11, the presence of 
dynamer P1 also induced conformational changes in RCL com-
pared to the RCL-CMCpNPP system, as evidenced by alterations in 
root mean square deviation, root mean square fluctuation (RMSF), 
and solvent-accessible surface area. Specifically, the RMSF value of 

the lid region (Gly109-Val121) covering the pocket exhibited a notable 
decrease, suggesting conformational change. In addition, the active 
site of RCL transitioned from a closed conformation at 0 ns to an 
open state at 500 ns (Fig. 4B), thereby enhancing the accessibility of 
the substrate pNPP for subsequent catalytic reactions.

By examining the substrate-binding pocket region (Tyr55, Gly109-
Val121, His171-Ala176, and His284) of RCL, which was covered by the 
lid, its hydrophilic surface area (SAphilic) and hydrophobic surface 
area (SAphobic) were compared on the basis of the amino acid prop-
erties. As shown in Fig. 4C, the presence of dynamer P1 resulted in 
a higher SAphobic value in the substrate-binding pocket of lipase, in-
dicating increased exposure of the pocket, probably owing to the lid 
movement upon the binding to dynamer P1. These simulation re-
sults correlated well with the phenomenon of interfacial activation 
(35, 36) and supported our earlier speculation inferred from Fig. 2.

Furthermore, two distinguished conformations of RCL, with 
open and closed lid, were analyzed during the MD simulation. Con-
sequently, compared to the RCL-CMCpNPP system, the presence of 
dynamer P1 substantially extended the exposure time of the cata-
lytic triad residues, particularly Ser172, during the 500-ns simulation 
(fig. S11D). It is well known that lipase can be fixed into an open 
structure upon contact with a hydrophobic surface, facilitating ex-
posure of the active center. Therefore, lipases in their open forms 
have been selectively immobilized on various hydrophobic supports 
to improve their activity and stability (37–39). In this study, the syn-
thetic dynamer served as an effective hydrophobic support, leading 
to aggregated lipases on the surface of the dynamer particles, while 
the open structure of lipase can be easily maintained.

DISCUSSION
In the current work, we present a simple and effective method to pro-
mote lipase activity and restore the thermally and chemically dena-
tured lipase by direct addition of functional amphiphilic dynamers 
into the enzyme reaction solution. Owing to the interfacial activation 
of lipase, the coexistence of hydrophilic and hydrophobic compo-
nents within dynamers led to an obvious enhancement of lipase ac-
tivity. By adjusting the ratio of PEG chain and diamine monomers, as 
well as the length of alkane chain in diamine monomer, we can regu-
late the hydrophilicity and hydrophobicity of dynamers, as well as 
their interaction strength and activation effects for lipase. Moreover, 
the dynamers can encapsulate the enzyme into the nanoparticulate 
catalytic complex through the multivalent dynameric cross-linking, 
facilitating close biochemical reaction in a physiological cell media. 
The dynameric cross-linking and protective confinement for lipase 
enhance its catalytic activity and also promote the refolding process 
of the folded, partially denatured, and completely but reversibly de-
natured lipase. Molecular simulation studies demonstrated confor-
mational change of lipase upon the presence of dynamer P1, leading 
to prolonged exposure of lipase active center and improved substrate 
accessibility. This strategy has successfully provided an important 
prospect and approach for the improvement of lipase performance.

MATERIALS AND METHODS
Materials
Benzene-1,3,5-tricarbaldehyde was purchased from Energy Chemi-
cal. PEG-bis-(3-aminopropyl)-terminated, 1,6-hexanediamine, and 
1,12-dodecane diamine were obtained from Sigma-Aldrich and used 
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as received. Other chemicals and solvents were purchased commer-
cially and used without further purification.

Synthesis of the dynamers
The dynamers were prepared by dissolving benzene-1,3,5-tricarbal
dehyde (1, 0.1 mmol) in 10-ml dried methanol, followed by addition 
of PEG-bis-(3-aminopropyl)-terminated (2, 0.075 mmol) and 1,6- 
hexanediamine (3, 0.075 mmol, for P1) or 1,12-dodecanediamine 
(4, 0.075 mmol, for P2) or 1,4-diaminobutane (0.075 mmol, for P3) 
or 1,8-diaminooctane (0.075 mmol, for P4). After stirring at 60°C 
for 18 hours to reach equilibrium, the solvent was then removed and 
replaced by 10 ml of distilled H2O to prepare the stock solutions.

Gel permeation chromatography
GPC coupled with the refractive index detector and an 18-angle 
multi-angle laser scattering detector (MALS) (Wyatt) was used to 

determine the molecular weight of the dynamers. NaBH4 (4.8 mg) 
was added to 2 ml of each dynamer solution in water and stirred for 
10 min, followed by addition of 2 ml of H2O and removal of the 
solvent by evaporation to 25% volume. After acidiation with 5% HCl 
to adjust pH to 2.0, followed by the addition of 20% NaOH to adjust 
pH from 12.0 to 13.0, the products were extracted with CHCl3, 
which were weighed and dissolved in the mobile phase (0.2 M NaCl) 
to prepare samples (5 mg/ml) for GPC.

DLS and TEM size analysis
Size analysis of complexes with different lipase/dynamer ratios was 
carried out by a DLS method. The procedure was started by adding 
5 μl of purified lipase to 1995 μl of PBS buffer [50 mM (pH 8.0)] in a 
2-ml quartz cuvette, with the initial size of pure lipase measured. 
Then, an increasing amount of dynamers (0.0005, 0.0025, 0.005, 0.01, 
0.025, 0.05, 0.1, 0.25, and 0.5 μl) was added into the cuvette respectively 

Fig. 4. The study of lipase activation mechanisms by using MD simulations. (A) The snapshots of RCL backbones in RCL-CMCpNPP-dynamer system at 0, 150, 300, and 
500 ns. The gray cartoon model represents RCL, and the yellow and blue molecules represent the substrate pNPP and the dynamer, respectively. (B) The simulated RCL 
conformations at 0 and 500 ns. (C) SAphilic of the pocket region of lipase in RCL-CMCpNPP system and RCL-CMCpNPP-P1 system during the 500-ns simulations; SAphobic of the 
pocket region of lipase in RCL-CMCpNPP system and RCL-CMCpNPP-P1 system during the 500-ns simulations.
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to measure the size of complexes. The average hydrodynamic diam-
eter and polydispersity index of complexes at 25°C were determined 
using a DLS detector (4-mW laser, 633-nm incident beam, 90° scat-
tering angle). Values were given as mean ± SD of three measurements.

TEM was used to confirm the morphology and particle sizes. Ten 
microliters of 0.01 mM P1 and P2 solution as well as the dynamer/
lipase complex (containing 0.01 mM dynamer) were retrieved to a 
coated copper wire. After evaporation in air, the TEM images were 
recorded by an 80-kV TEM.

Determination of the activation effects
The influence of dynamers on lipase catalytic reactivity was evaluated 
using a UV spectrophotometer to detect the absorbance of p-NP at 410 nm, 
which was produced by hydrolysis reaction of pNPP. The stock solution 
of pNPP was prepared by dissolving 0.015 g of pNPP into mixed solu-
tion of 5 ml of isopropanol and 45 ml of 50 mM phosphate buffer 
(pH 8.0). Then, a 100-μl lipase (100 U) in PBS solution (50 mM) was 
added to 2.4-ml substrate solution to initiate the hydrolytic reaction. 
The influences of dynamers on lipase activity were assessed by adding 
an increasing amount of dynamer solution. After 2-, 5-, and 10-min 
reaction, the absorbance of hydrolyzed p-NP at 410 nm was recorded. 
Then, the results were calculated as relative enzyme activity com-
pared with the result of the reaction of lipase alone, which was set as 
100%. Control experiments without the presence of lipase were also 
carried out to check the hydrolysis of dynamers alone.

Activity restoration of the denatured lipases
More experiments were carried out to explore the activation effect 
of P0-P2 on partially denaturated lipase (by heat treatment) and 
completely denaturated lipase (by chemical denaturant). The activity 
restoration effects of the dynamers on denaturated lipase were also 
determined using the pNPP method mentioned above. After lipase 
denaturation by thermal or chemical methods, increasing concenta-
tion of dynamers (0.004, 0.02, 0.04, 0.08, 0.12, and 0.16 mM) was 
added to reaction solution. Then, the results were calculated as rela-
tive enzyme activity compared with the result of the reaction of li-
pase alone, which taken as 100%.

Loading efficiency of lipase to dynamers
Liapse solution was prepared initially with the concentration of 
0.05331 mg/ml, followed by addition of dynamers to achieve the fi-
nal dynamer concentrations of 0.005, 0.02, 0.05, 0.1, 0.2, 0.4, 0.66, 
and 1.0 mM. The solutions were left incubated for 20 min. Thereaf-
ter, the solutions were centrifuged at 12,000 rpm for 10 min, with 
the supernatant collected to determine the protein concentration by 
the Bradford method (40).

Lipase-dynamer binding studies by 
fluorescence measurements
Purified lipase (from Rhizupos Chinensis CCTCC M201021) was 
dissolved in PBS buffer solution [50 mM (pH 8.0)] with a protein 
concentration of about 50 μM. The procedure was started by add-
ing 5 μl of lipase solution to 1500 μl of PBS buffer [50 mM (pH 8.0)] 
in a 2-ml quartz cuvette. The fluorescence emmision intensities 
were measured from 280 to 500 nm with the excitation wavelength 
of 280 nm. The Stern-Volmer relation (I0/I = 1 + Ka [P]) was used 
to calculate the Ka. The values in the highest fluorescence intensity 
of lipase at 366 nm were used and applied to the relation. I0 and I 
stand for the initial fluorescence intensity of lipase alone and the 

intensity of lipase with the presence of dynamers. [P] is the dyna-
mer concentrations.

CD studies
The CD spectra were recorded at wavelengths from 190 to 250 nm, 
using an Xe lamp (100 W) and a 1-mm path length quartz cuvette, 
at a speed of 60 nm/min. All observed CD spectra were baseline-
subtracted for PBS buffer [50 mM (pH 8.0)]. The CD spectrum of 
lipase alone was recorded by transferring a 400-μl sample composed 
of 25 μl of lipase stocking solution (50 μM) diluted by 375-μl PBS 
buffer [50 mM (pH 8.0)]. Then, the increasing amounts of P1/P2 
(0.02, 0.04, 0.08, and 0.16 mM) were added respectively. The final 
data were averaged from three measurements.

Molecular modeling and MD simulation studies
The x-ray crystal structure of RCL (Protein Data Bank ID: 6A0W, 
2.0 Å) obtained from the RCSB Protein Data Bank was used in this 
study. AmberTools18 was used to generate polymer parameter files 
and topological files for the simulations. The molecular structures of 
the polymers were optimized with Gaussian 16. GROMACS Pack-
age (version 2019.6) was used to perform all MD simulations. The 
force field AMBER14SB + parmbsc133 and general Amber force 
field 34 were used for all of the simulations. In addition, disulfide 
bond restraints were generated for the lipase disulfide bonds (Cys56-
Cys295, Cys67-Cys70, and Cys262-Cys271).

The MD was performed under two systems. The first was referred 
as the lipase-CMCpNPP system, in which the lipase was placed in a 
16 nm–by–16 nm–by–16 nm cubic simulation box filled with water 
and 200 pNPP molecules to represent the micelle concentration of 
pNPP. The other simulation system was referred as the lipase-polymer-
CMCpNPP system, in which lipase was placed in a cubic simulation box 
filled with water and 200 pNPP molecules, as well as 8 polymer mole-
cules to represent the lipase-polymer-CMCpNPP system with the opti-
mum concentration (0.04 mM) of polymer to promote lipase activity.

Periodic boundary conditions were set in the x, y, and z direc-
tions. Neutralization of the system was carried out by replacing wa-
ter molecules with Na+ and Cl− ions. The steepest descent energy 
minimization was used in the first 500 steps, and the conjugate gra-
dient method was used in the last 2000 steps. After energy minimi-
zation, 2 ns of constant number of particles, volume, and temperature 
(NVT) equilibration at 313 K was performed. Bond length con-
straints were applied to H-bonds based on Linear Constraint Solver 
(LINCS) for molecular simulations with bond constraints. Long-range 
electrostatic effects were handled using particle mesh Ewald (PME) 
and temperature coupling was performed using velocity rescaling 
with a stochastic term.

During heating, position restraints with a force constant of 10.0 kcal/
mol per Å2 were imposed on lipase. After NVT equilibration, 5 ns 
of constant number of particles, pressure, and temperature (NPT) 
equilibration at 313K was performed. The Berendsen’s method was 
used for pressure coupling. The cutoff distance for van der Waals 
interactions was 10.0 Å. After NPT equilibration, 200-ns production 
simulations were performed on both systems. Pressure coupling was 
applied using the Parrinello-Rahman method.
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