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Abstract: We present here demonstration of the protection of
biorthogonal transition metal catalysts (TMCs) in biological
environments using self-assembled monolayers on gold
nanoparticles (AuNPs). Encapsulation of transition metal catalysts
(TMCs) into this hydrophobic environment preserves catalytic activity
in presence of pH conditions and complex biological media that
deactivates free catalyst. Significantly, the protection afforded by
these ‘nanozymes’ extends to isolation of the catalyst ‘active site’, as
demonstrated by the independence of rate over a wide pH range, in
strong contrast to the behavior of the free catalyst.

Introduction

Bioorthogonal chemistry provides a tool for performing reactions
in biological system without interfering with natural processes.'-
Bioorthogonal processes can be used to generate imaging and
therapeutic agents in biosystems with high specificity for
reactants. Bioorthogonal catalysis is a particularly attractive
strategy, providing access to enzyme-like systems.*” Transition
metal catalysts (TMCs) are excellent candidates for bioorthogonal
processes, featuring high reactivity, selectivity and ready access
to non-biological processes.®:® Researchers have developed
ruthenium-"°-12 palladium-°13-° and iron-2° based catalysts for
generation of fluorophores and therapeutics as well as for in situ
protein modification. However, the direct use of TMCs is
challenging due to poor water solubility, low stability and limited
biocompatibility of these reactive systems.?! In particular, these
TMCs can be very sensitive to physiological pH variations, limiting
their applicability in biological systems.?

Incorporating TMCs in nanomaterials can enhance both
their solubility and stability in biological environments.82324 As an
example, previous reports have demonstrated the ability to attach
palladium catalyst on micron-size polystyrene scaffold for
therapeutic drug activation 2 , or into mesoporous silica
nanoparticles for controlled catalysis. 2

Recently, we have developed nano-sized reactors that
show enzymatic kinetic behavior (i.e. nanozymes) by
encapsulating TMCs into the self-assembled monolayers of 2 nm
AuNPs.2® Through appropriate design, these NZs are able to
respond to exogenous stimuli such as supramolecular
processes,® 2’ and localize at desired intracellular/extracellular,?®
and biofilm locations. 2
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Figure 1. Schematic representation of the insulation properties of the
nanozyme. (a) Structure of AuUNP-TTMA containing the hydrophobic aliphatic
chain (black), the hydrophobic segment (green) and the cationic head group
(blue). (b) Structure of TMCs and encapsulation of TMCs within AuUNP-TTMA.
(c) Catalytic deprotection of non-fluorescent pro-Rho into fluorescent Rho
though free TMCs or nanozymes. (d) Retention of catalytic activity in
nanozyme in different environments due to supramolecular interactions with
monolayer.
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(a)‘ar}d (b) TEM image of AUNP-TTMA (2.4+£1.0 nm) and NZ-TTMA (1.8+1.1 nm) confirmed that no

aggregation occur after encapsulation (c) The DLS result showed similar hydrodynamic diameter of AUNP-TTMA and NZ-TTMA (d) Zeta potential of AUNP-TTMA
and NZ-TTMA indicated no significant change of surface charge. Each experiment had 3 replicates, and the error bars represent the standard deviation.

Here we demonstrate the ability of the particle monolayer to
protect the TMCs, preserving activity in complex biological media
as well as over the full range of physiological pH. Going well
beyond protection of the TMCs activity, the monolayer isolates the
catalyst from the outside environment, as demonstrated by
minimal changes in catalyst efficiency with pH, in stark contrast to
the free catalyst that showed strong pH dependence.

Result and discussion

AuNP (2 nm AuNP core) scaffolds (AuNP-TTMA) were designed
with three structural features (shown in Figure 1a) — (1) a
hydrophobic aliphatic monolayer (2) a hydrophilic tetra ethylene
glycol spacer to enhance biocompatibility (3) a terminal
quaternary ammonium to improve solubility in aqueous
environment. The hydrophobic monolayer has been used
previously to encapsulate hydrophobic drugs® as well as TMCs.?
Figure 1b shows the TMCs utilized in this study Cp*Ru(cod)CI
[(Cp* = pentamethylcyclopentadienyl cod = 1,5-
cyclooctadiene)].'® This TMC is able to perform the uncaging of
the allyoxycarbonyl group on substrates. The substrate utilized is
the non-fluorescent pro-Rhodamine 110 (pro-Rho) (Figure 1c)
which is converted into the fluorescent Rhodamine 110 (Rho)
upon catalysis, providing straightforward determination of activity.

The nanozyme (NZ-TTMA) was synthesized from
pentanethiol capped core AuNP-TTMA using a place exchange
reaction.?® Then the TMCs were encapsulated into the monolayer
through nanoprecipitation followed by ultrafiltration to remove the

unbound TMCs (details in experimental section). The diameter of
the overall particle is ~7 nm in water with 2 nm core which is
verified by DLS and TEM measurements respectively and is not
affected by the encapsulation of the TMCs (Figure 2,
experimental details in Supporting information). The TMCs
loading was obtained by ICP-MS analysis, revealing ~20 TMCs
molecule per nanoparticle (Table S1).

The ability of the AUNP-TTMA scaffold to protect the TMCs
was evaluated first by measuring the catalytic activity in aqueous
media (pH = 7.4). The catalytic activity was evaluated by
measuring the increase in fluorescence intensity due to the
activation of pro-Rho. (Figure 1c) and compared with free TMCs.
Previous studies demonstrated that catalyst is retained in the
monolayer,?” so pro-dye activation occurred in situ. According to
the calibration curve of Rhodamine 110 (Figure S1), the rate of
activation was calculated in Figure 3. The results show a
remarkable difference in the behavior of the two systems. It is
seen in Figure 3a and Figure 3b that the free TMC is completely
deactivated within 4 h of incubation. On the contrary, ~60% of the
catalytic activity of the TMCs was retained even after 4 h with NZ-
TTMA. Clearly, the AUNP-TTMA monolayer can stabilize the TMC
over a prolonged duration in agueous environments.

We next evaluated the stability of the NZ-TTMA in simulated
biological environments. For this, the catalytic activity of the NZ-
TTMA as well as the free TMCs were measured in 1% serum
concentration. As can be seen in Figure 4, the catalytic activity of
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Figure 3. Stability of nanozyme in aqueous media. (a) Catalytic activity of free TMCs with time. For the free TMCs, catalytic activity drastically reduced within 4 h.
(b) Catalytic activity of nanozyme with time. For nanozyme no significant change in activity was observed. (c) Comparison of rates of activation of TMC and nanozyme
at 0,1,2 and 4h. Each experiment had 3 replicates, and the error bars represent the standard deviation.
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Figure 4. Stability of NZ-TTMA in serum. (a) Catalytic activity of free TMCs with time. The activity of the free TMCs was drastically reduced in serum. (b) Catalytic
activity of NZ-TTMA with time. For nanozyme no significant change in activity is observed between 0.5 and 1h. (c) Comparison of rates of activation of TMCs and
NZ-TTMA at 0, 0.5 and 1 h. Each experiment had 3 replicates, and the error bars represent the standard deviation.

the NZ-TTMA remains unchanged while the activity of the free
TMCs drops significantly with over 30 min. The catalytic activity of
the NZ-TTMA is slightly reduced with respect to aqueous media,
attributed to the formation of a protein corona®' around cationic
nanoparticles that modestly decreases activity in NZ-TTMA
featuring surfaces such as NZ-TTMA that resist irreversible
protein binding.%?

Having established protection of the catalyst, we next
explored the ability of the monolayer to isolate the TMC from the
external environment. To test for isolation, we measured catalytic
activity at different pH. According to literature, the product
Rhodamine is not sensitive to pH change.® 3 Figure 5 shows a
dramatic difference between the activity of the two systems at
physiological and acidic pH. Free TMCs have excellent catalytic
activity at pH = 4.1, but over 99% of the activity was lost at pH =
5.5 and 7.4. In contrast, the NZ-TTMA retained comparable
activity over the range of pH 4.1-7.4. This result indicates that the
AuNP monolayer is able to shield the encapsulated TMCs from
the external environment, including acids. We hypothesize that
the hydrophobic pocket generated by strong supramolecular
interactions between the TMCs and the aliphatic monolayer is
responsible for the insulating property of the AuNP scaffold.

In summary, we have demonstrated that the monolayer of AUNP-
TTMA protects and isolates biorthogonal TMC catalysts - through
supramolecular interactions. Encapsulation of catalyst into AuUNP-
TTMA hydrophobic pockets eliminates environmental effects,
preserving high catalytic activity. This NZ-TTMA strategy provides
highly promising strategy for the application of bioorthogonal
catalysis in a wide range of fundamental, imaging, and diagnostic
uses.

Experimental section

Encapsulation of ruthenium catalyst into AUNP-TTMA: 2.0 mg
of ruthenium catalyst were dissolved in 1 mL of acetone and
added dropwise to 1 mL of 15 uM of AUNP-TTMA. The resulting
solution was stirred at room temperature for half an hour followed
by slowly evaporating acetone by Rotavapor. Excess of TMC was
removed by 0.22 ym PES membrane filter. Then the dispersion
was washed with ultra-centrifugal filters (MWCO = 10 KDa),
washing with Milli-Q water three more times after no color
observed in the flow through. The concentration of NZ-TTMA was
measured by the absorption at 506 nm and the TMC amount was
measured by ICP-MS by tracking '*'Ru and '%7Au.

Synthesis of pro-Rhodamine: Rhodamine 110 (1 eq, 100mg)

Conclusion and pyridine (70uL, 3.2 eq) was dissolved in 2mL
dimethylformamide (DMF) in ice bath. Allyl chloroformate (87 uL,
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Figure 5. Stability of nanozyme in acidic and physiological pH. (a) Catalytic activity of free TMCs at pH = 4.1, 5.5 and 7.4. It was observed that activity
drastically reduced within at pH = 5.5 as compared to pH = 4.1(b) Catalytic activity of nanozyme with time. No significant change in activity was observed (c)
Comparison of rates of activation of TMCs and nanozymes at pH = 4.1, 5.5 and 7.4. Each experiment had 3 replicates, and the error bars represent the standard
deviation.

This article is protected by copyright. All rights reserved.



ChemBioChem

3 eq) was added to the solution by dropwise. The resulting
solution was stirred in ice bath for two hours and warmed up to
room temperature overnight. The product was purified by a
column with 2:1 hexane to ethyl acetate as eluent. Pro-
Rhodamine 110 was obtained as a pinkish white powder. "TH-NMR
(400 MHz, DMSO-d6) 10.05 (s, 2H), 8.0 (d, 1H), 7.77 (t, 1H) 7.7
(t, 1H), 7.55 (s, 2H), 7.24 (d, 1H), 7.14 (d, 2H), 6.69 (d, 2H), 5.8
(m, 2H), 5.35 (d, 2H), 5.22 (d, 2H), 4.61 (d, 4H).

Protection from NZ-TTMA: NZ-TTMA and free TMC were
incubated in PBS (pH = 7.4) for 4h, 2h, 1h and Oh or PBS
containing 1% serum for Oh, 0.5h and 1h at room temperature
prior kinetic study. After incubation, a solution containing 10 uM
of pro-Rho and 200 nM NZ-TTMA or 4 uM free TMC was prepared
in 96 well black plate. The kinetics study was done by detecting
the increase of fluorescence of Rhodamine (Aex = 488 nm, Aem =
521 nm) by Molecular Devices SpectraMax M2 microplate reader
at 37 °C. Each experiment comprised three replicates

Kinetic study of insulation: 10 pyL of pro-Rho in DMSO was
added into 96 well black plate, followed by adding 100 pL of NZ-
TTMA or free TMC solution in PBS buffer (pH = 7.4, 5.5 and 4.1),
obtaining the final concentration of 10 uM of pro-Rho and 200 nM
of NZ-TTMA or 4 uM free TMC. The kinetic study was based on
tracking the increase of fluorescence intensity of Rhodamine (Aex
= 488 nm, Aem = 521 nm) by Molecular Devices SpectraMax M2
microplate reader at 37 °C. Each experiment comprised three
replicates.
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We demonstrate the retained catalytic activity of bioorthogonal transition metal catalysts through encapsulation within the
hydrophobic monolayer of gold nanoparticles. This encapsulation strategy stabilizes the catalyst in environmental conditions like
serum, prevents degradation with time and insulates the catalyst to changes in pH. This allows for in situ generation of imaging and
therapeutic agents in biological systems.
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