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Abstract

Bioorthogonal catalysis using transition metal catalysts (TMCs) provides a toolkit for the
in situ generation of imaging and therapeutic agents in biological environments. Integrating TMCs
with  nanomaterials mimics key properties of natural enzymes, providing bioorthogonal
‘nanozymes’. ZnS nanoparticles provide a platform for bioorthogonal nanozymes using ruthenium
catalysts embedded into self-assembled monolayers on the particle surface. These nanozymes
uncage allylated pro-fluorophores and prodrugs. The ZnS core combines the non-toxicity and
degradability with the enhancement of Ru catalysis through the release of thiolate surface ligands
that accelerate the rate-determining step in the Ru-mediated deallylation catalytic cycle. The
maximum rate of reaction (Viax) increases ~2.5 fold as compared to the non-degradable gold
nanoparticle analog. The therapeutic potential of these bioorthogonal nanozymes is
demonstrated by activating a chemotherapy drug from an inactive prodrug with the efficient killing

of cancer cells.
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Introduction

Bioorthogonal chemistry uses abiotic chemical reactions as tools for biological and
biomedical applications.’* Bioorthogonal catalysis via transition metal catalysts (TMCs) provides
in situ continuous generation of imaging and therapeutic agents using transformations that cannot
be accomplished by natural enzymes.®-® However, the direct use of “naked” TMCs faces
difficulties including poor water solubility, low stability, and lack of biocompatibility.'®'" In particular,
TMCs are generally very sensitive to the presence of serum proteins, limiting their utility in
biological and biomedical applications.':'® Incorporating TMCs into nanomaterials provides
bioorthogonal ‘nanozymes’ that feature enhanced solubility, stability, and biocompatibility.'*-'®
The resulting nanozymes can activate therapeutics and imaging agents in situ from inactive

precursors, providing on-demand “drug factories” for therapeutic applications including anti-
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cancer,'®?” antimicrobia and anti-inflammatory treatments.*
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Non-degradable nanomaterials, including gold nanoparticles and polystyrene

microparticles.'® 233339

are commonly used as supports for bioorthogonal nanozymes. The lack
of biodegradability of these scaffolds raises concerns for bioaccumulation and long-term toxicity.*°
Degradable scaffolds have the potential to increase the ultimate biocompatibility of nanozymes.
As an example, Weissleder and Miller et al. used biodegradable poly(lactic-co-glycolic acid)
(PLGA) polymeric nanoparticles to encapsulate palladium (Pd) catalysts and established

anticancer therapy through activation of prodrugs.?® %’

Inorganic nanomaterials offer versatile platforms for bioorthogonal nanozymes, with
control of structure and properties provided through engineering of the surface functionalization.*’
Zinc-based nanoparticles are feature biodegradability and high biocompatibility.*? We report here
the use of zinc sulfide nanoparticles (ZnS_NP) to formulate nanozymes (ZnS_NZ) through the

encapsulation of ruthenium TMCs'

inside the monolayer (Figure 1a). Significantly, the
degradation process enhanced bioorthogonal catalysis in solution and in cells by the release of
thiolate surface ligands (Figure 1b, c). The therapeutic potential of ZnS_NZ was demonstrated by
the activation of mitoxantrone, an anticancer drug. ZnS_NZ provided more efficient eradication of
cancer cells compared to comparable gold nanoparticle-based nanozymes (Au_NZ) at similar
catalyst levels. Taken together, this study demonstrated the integration of biocompatible
degradable nanozymes with enhanced bioorthogonal catalysis through mechanism-based

acceleration of catalysis via controlled nanoparticle degradation.



Results and discussion

ZnS_NP and Au_NP nanozymes were fabricated with a core diameter ~15 nm (Figure S1,
supporting information for NP fabrication) and functionalized with identical cationic ligands. The
resulting surface monolayer ligand features three crucial components: 1) a hydrophobic aliphatic
chain to stabilize nanoparticles and encapsulate catalysts; 2) tetra(ethylene glycol) spacer to
provide biocompatibility; and 3) a quaternary ammonium headgroup for enhanced water solubility
and cell penetration (Figure 1a, Figure S2-3).
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Figure 1. Schematic presentation of (a) generation of zinc sulfide nanozymes (ZnS_NZ) from zinc sulfide
nanoparticles (ZnS_NP) and structures of substrates (pro-Rho and pro-Mit) and products (Rho and Mit),
(b) the catalytic acceleration of ZnS_NZ, and (c) degradability of zinc sulfide platform.

The degradability of nanoparticles was quantified through changes in optical spectra and
size distribution. ZnS_NP and Au_NP were incubated in deionized water at 37°C in the dark for
5 days. As shown in Figure 2a, a ~20% decrease in fluorescence was observed for ZnS_NP,
suggesting the degradation of ZnS_NP. Au_NP, however, did not degrade under the same
conditions, as evidenced by the negligible change in the surface plasmon resonance (SPR) band
(Figure 2b). The size distributions of ZnS_NP and Au_NP before and after the incubation were
consistent with the optical spectra (Figure 2c and d). The size distribution of ZnS_NP changed
from monomodal to bimodal (Figure 2c), indicating small particles were generated during the
degradation, followed by the formation of agglomerates via flocculation and coalescence

processes. In contrast, Au_NP exhibited minimal changes in particle size and size distribution



(Figure 2d), demonstrating particle stability. research suggests that the presence of oxidants
leads to the dissolution of ZnS.** We then incubated ZnS_NP under a nitrogen atmosphere and
with hydrogen peroxide, respectively. As expected, ZnS_NP in a nitrogen environment had
minimal size change, while ZnS_NP incubated with hydrogen peroxide degraded significantly
(Figure S4).

We hypothesized that the changes in ZnS_NP size were first induced by the detachment
of surface ligands. The release of thiolate surface ligands was tracked using Ellman’s reagent
(5,5'-dithiobis-(2-nitrobenzoic acid), DTNB). In the presence of free thiols, DTNB reacts with thiols
to generate a yellow-colored product. Both ZnS_NP and Au_NP (20 nM) were mixed with 0.1 mM
DTNB, and the absorbance was measured at 412 nm. A continuous increase of absorbance was
observed for ZnS_NP + DTNB, while almost constant absorbance was found in the control groups
(Figure 2e). The release of ligands from ZnS_NP was further studied using electrospray ionization
mass spectrometry (ESI-MS). ZnS_NP was incubated in deionized water at 37°C for 3 days and
the resulting solution was lyophilized and resuspended in methanol for ESI-MS. A peak
representing oxidized ligands (disulfides) was observed (Figure S5), verifying the release of

surface ligands during the degradation of ZnS_NP.
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Figure 2. (a) Normalized fluorescence of 100 nM ZnS_NP in deionized water at 37°C in dark (Aex=265 nm,
Aem=360-560 nm). The decrease in fluorescence indicates the degradation of ZnS_NP. (b) Normalized
absorbance spectra of 20 nM AuNP in deionized water at 37°C in dark indicating minimal degradation. (c)
and (d) Size distribution of ZnS_NP (c) and Au_NP (d) before and after incubation for five days. (e)
Absorbance at 412 nm of nanoparticles (20nM) reacted with 0.1 mM Ellman’s reagent (DTNB). The
increased absorbance of ZnS_NP + DTNB mirrored the release of thiolate ligands (Figure S5) during the
degradation. N=3, mean + SD shown.

Bioorthogonal nanozymes were generated by encapsulating a ruthenium-based transition
metal catalyst [Cp*Ru(cod)CI] (Cp* = pentamethylcyclopentadienyl, cod = 1,5-cyclooctadiene)
into the monolayers of ZnS_NP and Au_NP to generate ZnS_NZ and Au_NZ, respectively. The
encapsulation of the Ru catalyst for both nanozymes was quantified by inductively coupled
plasma mass spectrometry (ICP-MS), with 1300 + 100 catalyst molecules per ZnS_NZ and 1400
+ 200 Ru per Au_NZ (Supporting Table 1). The TEM and DLS (Figure S6-7) confirmed ZnS_NZ
and Au_NZ did not show any aggregation after encapsulation. The release of catalysts from
nanozymes in water was tracked for 5 days. Au_NZ had the negligible release of the catalyst,

while ZnS_NZ, surprisingly, released less than 2% of the total catalyst (Figure S8).

The catalytic activity of nanozymes was quantified by the uncaging of Rhodamine-based
pro-dye pro_Rho (synthesis in supporting information, Figure S9-10). Ruthenium catalysts
specifically cleave the allyloxycarbonyl groups of pro-Rho,* with fluorogenesis allowing

quantification of the catalytic activity of the nanozymes from the calibration curve of rhodamine



(Figure S11). As shown in Figure 3a, fluorescence increased after mixing nanozymes (5 nM) with
pro-Rho (10 uM), indicating both ZnS_NZ and Au_NZ were active. Notably, ZnS_NZ showed
~2.5-fold enhancement in fluorescence relative to Au_NZ. Significantly, physiological oxidant
level had negligible influence on the catalytic activity of nanozymes (Figure S12). The same
enhancement was also exhibited for the Vmax value (0.54 nM/min for ZnS_NZ and 0.22 nM/min
for Au_NZ) and kcat value (0.11/min and 0.044/min for ZnS_NZ and Au_NZ, respectively) from
the Michaelis-Menten kinetic model (Figure 3b and c). Moreover, K. increased ~2-fold for
ZnS_NZ relative to Au_NZ.

We next probed the mechanistic origin for the increase in catalytic efficiency of ZnS_NZ
relative to Au_NZ. Meggers et al. reported that the transfer of the allyl group from Ru catalysts to
nucleophiles is the rate-determining step in the deallylation catalytic cycle (Figure 3d).*® Therefore,
good nucleophiles (including thiols) enhance the rate of this step, and hence the overall catalytic
efficiency of uncaging.*® Based on these findings, we hypothesized that the acceleration of
ZnS_NZ was due to the release of thiolate ligands during the ZnS degradation (Figure 3d). To
support our hypothesis, we incubated ZnS_NZ with pro-Rho in PBS at 37°C for 48 h with
continuous shaking. The mixture was then lyophilized and resuspended in methanol for ESI-MS.
As shown in Figure 3e and Figure S13, the peak at 462 (m/z) indicates that the allyl group on the
pro-Rho has transferred to the thiol ligand. Moreover, the peak representing the oxidized disulfide
ligand (m/z 421) was not significantly presented, indicating that the detached thiol ligands were
allylated. This result indicates that thiol ligands were released from ZnS and participated in the

ruthenium catalytic cycle.
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Figure 3. (a) Kinetic study of 5 nM nanozymes with 10 uM pro-Rho in PBS at 37 °C. (b) and (c) The
Michaelis—Menten kinetics of 5 nM nanozymes. ZnS_NZ showed ~2.5-fold enhancement in catalytic activity.
Each data point represents the average of three replicates. Error bar stands for the standard deviation. (d)
Proposed mechanism for deallylation reaction using the Ru catalyst. Thiols that were released from ZnS
served as strong nucleophiles (Nu) and accelerated the rate-determining step of the catalytic cycle. (e) ESI-
MS spectrum after ZnS_NZ-mediated decaging of pro-Rho. The free ligands (m/z 421) were converted to
allylated ligand (m/z 462). The full spectrum is presented in Figure S13.

Having characterized the catalytic activity in solution, we investigated the ability of
nanozymes to uncage pro-Rho in living cells. HeLa cells were incubated with different

concentrations of ZnS_NZ and Au_NZ nanozymes in the culture medium for 24 h to evaluate



their cytotoxicity. Despite the same surface functionality and size, Au_NZ exhibited significantly
higher toxicity than ZnS_NZ (Figure 4). Based on these toxicity data, a 5 nM nanozyme
concentration was used for further cell studies. The cellular internalization of nanozymes was
measured by tracking Ru using ICP-MS after 24 h incubation. ZnS_NZ showed slightly lower
cellular levels than Au_NZ, possibly due to the degradation of ZnS_NZ (Figure S14). For the
pro-Rho activation study, Hela cells were treated with nanozymes for 24 h and washed with PBS
to remove excess nanozymes. Fresh media containing pro-Rho (100 pyM) was added to the cells
for another 24 h, and the activation of pro-Rho in cells was imaged using confocal microscopy,
with the intracellular fluorescence quantified using Imaged software. As displayed in Figure 5a,
cells treated with nanozymes exhibited green fluorescence while the negative control (pro-Rho
only) showed a negligible signal. This result verified the ability of nanozyme’ to perform
bioorthogonal catalysis in cells. Importantly, ZnS_NZ-treated cells showed ~2.5-fold brighter
fluorescence than Au_NZ from the confocal image (Figure 5a) and the quantification (Figure 5b).
Flow cytometry analysis of fluorescence (>10,000 cells/condition) provided results consistent with
the confocal data (Figure 5c), confirming the enhancement of catalysis in living cells by the ZnS

nanoparticle scaffold.
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Figure 4. Cytotoxicity of ZnS_NZ and Au_NZ. ZnS_NZ exhibited significantly less toxicity than Au_NZ.
Data are presented as mean + standard deviation, n=3. *: 0.01<p<0.05; **: 0.001<p<0.01; ***: p<0.001.
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Figure 5. (a) Confocal images of HelLa cells incubated with nanozymes (5 nM) followed by the addition of
pro-Rho (100 uM) for 24 h. The nucleus was stained by Hoechst 33342. Scale bar = 50 um. (b)
Quantification of intracellular fluorescence intensity by ImagedJ software. Intracellular fluorescence from
ZnS_NZ treated cells displayed ~2.5-fold higher intensity than Au_NZ treated ones. *: 0.01<p<0.05; **:
0.001<p<0.01; ***: p<0.001. (c) Flow cytometry of cells treated with pro-Rho only, Au_NZ + pro-Rho, and
ZnS_NZ + pro-Rho. The means of three groups were 5.3, 29, 87 a.u., respectively.



We next explored the use of bioorthogonal ZnS_NZ for prodrug activation. A mitoxantrone
(Mit) prodrug (pro-Mit) was used to evaluate the in vitro anticancer effect of nanozymes. The
pro-Mit was synthesized by caging the pharmacophore of Mit with allyloxycarbonyl groups
(synthesis in supporting information, Figure S15-16).2' The toxicity of pro-Mit was reduced more
than 20-fold compared to Mit (Figure S17). After incubation with nanozymes, pro-Mit was
converted to active Mit (Figure 6a and Figure S18). HelLa cells were treated with nanozymes (5
nM) for 24 h followed pro-Mit (0-5 uM) for another 24 h. Compared with pro-Mit only, elevated
toxicity was observed in the presence of nanozymes and pro-Mit (Figure 6b), emphasizing the
effective killing of cancer cells. Significantly, ZnS_NZ induced better cancer cell eradication and
apoptosis (Figure S19) than Au_NZ presumably because of the enhanced catalytic activity of
ZnS_NZ.
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Figure 6. (a) Activation of prodrug (pro-Mit) by nanozymes. (b) Cell viability of HeLa cells incubated with 5
nM nanozymes followed by treatment with prodrug (24 h). The average cell viability was measured from
three replicates, and the error bars represented the standard deviation. n.s.: 0.05<p; *: 0.01<p<0.05; **:
0.001<p<0.01; ***: p<0.001.



Conclusion

In summary, we have developed a strategy that uses surface functionalized ZnS
nanoparticles for combined biodegradability and enhanced bioorthogonal catalysis through
ligand-mediated acceleration of catalysis. In this process, released thiols serve as nucleophiles,
accelerating the rate-determining step in the uncaging of allyl-caged molecules by Ru catalysts.
As compared to other types of nanozymes (including FeS) that behave as enzyme mimics,'®'74"
49 ZnS-supported nanozyme can employ chemical transformation that cannot be accomplished
by natural enzymes. This study demonstrates that nano-scaffolds can actively participate in
bioorthogonal catalysis as a cofactor rather than simply passively encapsulating the catalysts.
The superior activity relative to non-degradable gold nanoparticle nanozymes was demonstrated
through the fluorophore and drug release in vitro, underlining the significance for biomedical
applications. Overall, ZnS nanozymes offer a biocompatible platform for the safe and efficient
production of imaging and therapeutic agents in situ, promoting the clinical translation of
bioorthogonal catalysis. Medical treatments featuring bioresorbable nanozymes can be safely
implemented in living systems, providing localized therapies with minimal side effects. The
biodegradability of the materials also avoids the risk of particle accumulation. Taken together,
ZnS nanoparticles integrate biodegradability and enhanced catalytic activity, providing promising

bioorthogonal nanozymes for biomedical applications.

Experimental section
Thiol detection

The release of thiols was detected by following the previous report using Ellman’s
reagent.’®®" Briefly, DTNB was dissolved in 0.1 M phosphate buffer containing 1 mM EDTA to
obtain the stock solution. Then, 100 pL solution containing 20 nM nanoparticles and 0.1mM DTNB
was added into a 96-well clear plate and tracked the absorbance at 412 nm at 37°C using

Molecular Devices SpectraMax M2 plate reader for 1 h.
Encapsulation of Ru into the monolayer of nanoparticles

Ruthenium catalyst (2mg) was dissolved in 0.5 mL acetone and added to an 8 mL aqueous
solution of nanoparticles. The solution was applied with ultracentrifugation eight times to remove

the excess catalysts to obtain the corresponding nanozymes.



Kinetic study of nanozymes

In a 96-well black plate, pro-Rho solution (10 pL, 100 uM) was added, followed by adding
90 pL nanozymes solution in PBS to make the final solution containing 10 uM pro-Rho and 5 nM
nanozymes. Pro-Rho alone was used as the negative control. For Michaelis-Menten kinetic study,
a solution containing nanozymes (5 nM) and pro-Rho (0, 1, 2, 4, 8, 10, 20, and 40 uM) was added
in a 96-well black plate. The kinetic results were obtained by tracking the fluorescence (Aex: 488
nm, Aem: 521 nm, cutoff: 515 nm) using a Molecular Devices SpectraMax M2 plate reader at 37°C

for 2 h continuously.
Pro-Rho activation in living cells by nanozymes

Hela cells were seeded at 150k in the confocal dish or 200k per well in a 6-well plate one
night prior to the confocal imaging experiment or flow cytometry, respectively. Cells were treated
with 5 nM ZnS_NZ or Au_NZ for 24 h, followed by multiply washings to remove the excess
nanozymes. Then, fresh media containing 100 uM pro-Rho was incubated with cells for another
24 h. Cells were washed by PBS three times. For the confocal study, cells were stained using
Hoechst 33342, washed by PBS, and imaged under Nikon A1 spectral detector confocal
microscope (A1SP) using a 40x objective. For flow cytometry, cells were harvested and
resuspended in PBS and analyzed using FACS LSR Il (BD Biosciences). A total of 10,000 events

per sample were analyzed.
Intracellular activation of pro-Mit

HelLa cells (7k) were seeded in a 96 well plate one day before the experiment. Nanozymes
(5nM) were incubated with cells for 24 h followed by multiple washing by PBS. Fresh media
containing various concentrations of pro-Mit (0-5 uM) was then added to the cells for another 24
h. Pro-Mit alone was used as the negative control. Cell viability was determined by Alamar Blue

assay using the M2 microplate reader (Aex = 560 nm, Aem = 590 nm).
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