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Abstract

Bioorthogonal catalysis mediated by transition metal catalysts (TMCs) provides controlled 

in situ activation of prodrugs through chemical reactions that do not interfere with cellular 

bioprocesses. The direct use of ‘naked’ TMCs in biological environments can have issues of 

solubility, deactivation, and toxicity. Here, we demonstrate the design and application of a 

biodegradable nanoemulsion-based scaffold stabilized by a cationic polymer that encapsulates 

a palladium-based TMC, generating bioorthogonal nanocatalyst “polyzymes”. These nanocatalysts 

enhance the stability and catalytic activity of the TMCs while maintaining excellent mammalian 

cell biocompatibility. The therapeutic potential of these nanocatalysts was demonstrated through 

efficient activation of a non-toxic prodrug into an active chemotherapeutic drug, leading to 

efficient killing of cancer cells.
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Introduction

Bioorthogonal catalysis using transition metal catalysts (TMCs) has emerged as a versatile 

tool for biomedical applications, employing catalytic reactions that do not occur naturally 

in living systems.1–2,3,4 Uncaging reactions catalyzed by TMCs allow in situ generation 

of therapeutic agents with high specificity and efficiency while minimizing off-target 

toxicity.5–6,7,8,9. In this strategy, drug caging is utilized to restrict prodrug activity until 

the masking group is removed to generate the active drug within the target cells.10–11,12,13 

Prodrugs are particularly promising for the treatment of tumors as they provide a pathway 

to avoid adverse effects associated with current chemotherapy.14–15,16 TMC-based prodrug 

activation, especially in cancer therapy, enables localized drug generation with enhanced 

cytotoxic effects.4,17,18 ‘Naked’ bioorthogonal TMCs face multiple challenges, including 

poor aqueous solubility and limited stability in biological environments.19

Encapsulation of TMCs into robust delivery platforms enhances the solubility and 

stability of the catalysts by protecting TMCs from deactivation and retaining their 

catalytic properties in complex biological media.20–21,22,23 Inorganic nanomaterials have 

been used for encapsulating TMCs, generating stable bioorthogonal ‘nanozymes’ with 

high catalytic efficiency.19,24 These nanozymes provide in situ ‘drug nanofactories’ for 

several therapeutic applications, including cancer and infectious diseases.25–26,27 However, 

inorganic nanomaterials are typically non-degradable and can persist within the body, 

causing unwanted side effects.28–29,30,31,32

Polymers have emerged as effective platforms for bioorthogonal TMC encapsulation 

and delivery,33 featuring high biocompatibility,34,35 facile modularity,36 and scalability.37 

Recent studies have shown that polymeric nanoparticles loaded with TMCs, such as 

palladium catalysts, had low acute toxicity and provided efficient anticancer therapy through 

tumor accumulation and activation of anticancer prodrugs.38,39 More recently, TMCs 

encapsulated within cationic polymers provide efficient bioorthogonal nanocatalysts that 

follow the Michaelis–Menten kinetic model (polyzymes) for anticancer and antimicrobial 

therapeutics.40,41 Engineering the polymer structure can improve the encapsulation 

efficiency and hence the catalytic activity of polyzymes.42–43,44 Functional groups on 
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polymers can then control cellular uptake and targeting properties of polyzymes.45,46 

Finally, polymeric scaffolds can be engineered with degradable moieties to reduce toxic 

effects due to the long-term accumulation of non-degradable counterparts.32,47–48,49,50,51

We report here the fabrication of biodegradable nanoemulsion-based nanocatalysts (Pd-
BNC) for the intracellular activation of anticancer prodrugs. The oil-in-water nanoemulsion 

consists of a carvacrol (oregano oil) oil phase that solubilizes the hydrophobic palladium-

based TMC and an amphiphilic poly(oxanorborneneimide) (PONI)-based polymeric 

scaffold that forms a dynamically crosslinked nanoassembly.52 Loading palladium-based 

TMCs into nanoemulsions provides an efficient and biocompatible catalytic platform for 

therapeutic applications owing to the use of non-toxic polymers and natural essential oil-

based components. These polyzymes demonstrated minimal mammalian cell toxicity and 

hemolytic activity and were readily degraded in the presence of endogenous biomolecules 

such as glutathione and esterases. Pd-BNC efficiently entered and accumulated inside 

the cells via endocytosis, as shown by the uncaging of pro-fluorophores. The potential 

therapeutic application of Pd-BNC was highlighted through in situ activation of a 

doxorubicin prodrug, providing efficient killing of cancer cells. Overall, the modularity, 

catalytic efficiency, and biodegradability of Pd-BNC present a promising strategy for in situ 
generation of imaging and therapeutic agents.

Results and discussions

Generation and characterization of nanocatalysts.

The Pd-BNC nanocatalysts were generated by encapsulation of Pd-based TMC into the 

essential oil core of a biodegradable nanoemulsion (BNE). Carvacrol, a major component of 

oregano oil, provides the oil phase of the nanoemulsion and serves to solubilize the TMCs. 

The aqueous phase contains an amphiphilic poly(oxanorborneneimide) (PONI) polymeric 

scaffold that features three functionalities- guanidinium, maleimide, and tetra(ethylene 

glycol) monomethyl ether moieties (TEG) ( (Figure 1a). The cationic guanidinium moieties 

impart water solubility and allow interaction with the negatively charged cell membrane, 

facilitating the endocytic uptake of the nanocatalysts.53–54,55,56 The TEG moieties enhance 

the scaffold amphiphilicity allowing the assembly of the polymer and carvacrol into 

an emulsion. Finally, the maleimide moiety serves to stabilize the nanoemulsions via 
crosslinking with dithiol-disulfide (DTDS), containing disulfide bonds, solubilized inside 

the carvacrol oil. The crosslinking strategy employs a maleimide-thiol Michael addition 

reaction to provide degradability. This dynamically crosslinked polymer contains multiple 

biodegradable points, including 1) disulfides that are degradable through disulfide exchange 

with endogenous glutathione (GSH) and 2) ester moieties that are cleavable through esterase 

activity.44 (Degradable points are highlighted in Figure 1b).

The hydrophobic palladium (Pd) catalyst, (1,1′-bis(diphenylphosphino) ferrocene) 

palladium (II) dichloride, was incorporated into the carvacrol oil phase of the nanoemulsion. 

This catalyst was chosen as Pd-based systems have shown highly efficient, specific 

bioorthogonal depropargylation reactions of chemotherapeutic drugs in living cells57,58–59 

and in vivo.37,38 Notably, compared to conventional TMC loading methodologies, our 

nanoemulsion-based strategy involves an organic solvent-free encapsulation of the Pd-
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catalyst into the oil core without further washing steps. This solvent-free approach is 

particularly advantageous since using organic solvent presents a purification challenge and 

can result in the loss of encapsulated materials during and after fabrication.

Pd-BNC was generated by emulsification of carvacrol suspension loaded with DTDS (3 

wt%) and Pd catalyst (3 mg/mL) with aqueous PONI-GMT (6 μM, 54kDa MW) solution 

(Figure 1b). We loaded the nanoemulsions with the maximum amount of Pd catalysts 

based on the catalyst solubility in carvacrol oil (~ 3mg/mL of carvacrol oil), with the 

nanoemulsion formulation based on our previous studies.49,50,52. The final formulation 

of the polyzyme: Pd catalyst: DTDS crosslinker: carvacrol oil: PONI-GMT polymer of 

0.06:0.6:18:1 (weight ratio), with Upon emulsification, PONI-GMT and carvacrol self-

assemble and form stable emulsion-based nanocatalysts. The Pd-BNC had a diameter 

of ~300 nm as determined by dynamic light scattering (DLS) with a low polydispersity 

index (PDI = 0.06) (Figure 2a). This size range is also considered appropriate for in vivo 
use.60,61 TEM micrographs revealed that Pd-BNC adopts a spherical morphology with 

a size range similar to DLS measurements (Figure 2b). We also confirmed the spherical 

morphology of Pd-BNC using confocal microscopy imaging of larger micron-sized analogs 

of Pd-BNC. Cyanine-5 (Cy5, red fluorescence) was conjugated to PONI-GMT polymers, 

while 3,3-dioctadecyloxacarbocyanine (DiO, green fluorescence) was loaded within the 

oil, and we used confocal microscopy to visualize these emulsions. Both green and red 

fluorescence were co-localized across the particles, indicating a nanoemulsion morphology 

(Figure S1). The zeta potential measurements of Pd-BNC demonstrated a positive surface 

charge (+35 mV) due to the presence of guanidinium groups (Figure 2c). The amount of 

palladium catalyst loaded in the Pd-BNC was quantified using inductively coupled plasma 

mass spectrometry (ICP-MS, Figure S2) with ~0.05 mg Pd catalyst per mg polymer. The 

encapsulation efficiency of the Pd catalyst within the nanoemulsions was calculated as ~80% 

by comparing the catalyst feed ratio to the actual Pd loading (by ICP-MS). ICP-MS of 

Pd-BNC before and after 3 washes with phosphate-buffered saline (PBS) was compared 

and showed that Pd loading is affected negligibly, ensuring minimal Pd leakage. Moreover, 

elemental mapping analysis was done using energy-dispersive X-ray spectroscopy (EDX), 

which confirmed the presence and encapsulation of the Pd catalyst within the nanoemulsions 

(Figure S3). Pd-BNC and its components, carvacrol oil, and PONI-GMT polymers, were 

also characterized by FT-IR spectroscopy, which shows presence of both polymer and oil 

within the Pd-BNC (Figure S4 and S5).

Catalysis of Pd-BNC in solution.

The catalytic efficacy of Pd-BNC nanocatalysts in solution was assessed by bioorthogonal 

uncaging of N-propargyl-caged Rhodamine 110 (Pro-Rho) (Figure 3a). An increase in 

fluorescence was observed due to the production of fluorescent Rhodamine (Rho) after 

the addition of Pd-BNC (60 nM polymer, 220 nM of Pd catalyst) to Pro-Rho (2 μM) in 

PBS at 37 °C, with no significant change in the fluorescence of Pro-Rho only (Figure 3b). 

The catalytic activity of Pd-BNC before and after crosslinking was also compared (Figure 

S6a), showing Pd-BNC is active in both non-crosslinked and crosslinked states. Also, free 

catalyst dispersed in carvacrol oil was completely inactive when compared to Pd-BNC, 

showing crosslinked polymer-based nanoemulsion helps in stabilizing and solubilizing 
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TMCs (Figure S6b). Interestingly, at high concentrations of Pro-Rho substrate, these 

nanocatalysts displayed a substrate inhibition catalytic behavior (Figure 3c and S7).62 Such 

a catalytic model is observed when the velocity of the reaction decreases with an increase 

in substrate concentration, a common phenomenon in several natural enzymes,48,63,64 where 

high concentrations of the substrate can produce allosteric attenuation in catalysis. The 

maximum reaction rate (Vmax = 3.1 μM/min) and Michaelis constant (Km = 1.9 M) were 

calculated using the Michaelis-Menten equation with substrate inhibition using GraphPad 

Prism 5 (Figure S7c).

Degradability and biocompatibility of Pd-BNC.

The degradability of the Pd-BNC nanocatalysts was explored in the presence of glutathione 

(GSH) and ester-hydrolyzing enzyme porcine liver esterase (PLE) via monitoring changes 

in particle size through DLS. Pd-BNC was incubated with physiologically relevant 

concentrations of GSH (10 mM) and PLE (35 μM) for 24 h and compared to Pd-BNC 
in PBS as a control. DLS analysis revealed that Pd-BNC maintained their stability in PBS 

even after 24 h (Figure 4a). However, a significant increase in Pd-BNC size was observed 

in either GSH or PLE solutions, indicating the degradation of these nanocatalyst emulsions 

in the presence of endogenous biomolecules followed by aggregation of oil droplets through 

different mechanisms including Ostwald ripening.65,66 We also observed decreased stability 

of Pd-BNC, as noticed by the increase in the nanocatalyst size, when fabricated in the 

absence of the DTDS crosslinker (Figure S8).

Acute toxicity is a critical consideration for clinical applications of nanocatalysts. The 

cytotoxicity of Pd-BNC was first tested against non-cancerous mammalian fibroblast cells. 

Different concentrations of Pd-BNC were incubated with NIH-3T3 mouse fibroblasts for 

24 h, and the cell viability was quantified by Alamar Blue assay. Figure 4b shows that Pd-
BNC demonstrated no toxicity at therapeutically relevant concentrations. We also evaluated 

the mammalian cell toxicity of individual Pd-BNC components, including the Pd-loaded 

carvacrol oil and PONI-GMT polymers, and observed no effect on fibroblast viability 

(Figure S9). Next, the hemolytic activity of Pd-BNC was also tested with human red 

blood cells for further biocompatibility studies. Similar to the Alamar Blue assay, Pd-BNC 
showed negligible lysis of red blood cells (Figure 4c). Finally, we investigated the ability 

of Pd-BNC to induce an inflammatory response in RAW 264.7 macrophages by monitoring 

mRNA levels of primary inflammatory mediators, TNF-α and iNOS, using Quantitative 

Reverse Transcription-Polymerase Chain Reaction (qRT-PCR). As shown in Figure 4d, 

levels of TNF-α and iNOS mRNA expression in Pd-BNC-treated macrophages were similar 

to untreated cells, indicating no apparent inflammatory response from the nanocatalysts.

Intracellular bioorthogonal catalysis in cancer cells.

After validating the catalytic properties of Pd-BNC in solution, we next explored their 

intracellular activity and localization in HeLa cells using confocal microscopy studies. First, 

PONI-GMT was tagged with Cyanine-5 (Cy5), a red fluorescent dye, to allow tracking of 

the nanocatalyst. Next, Pd-BNC (60 nM polymer, 220 nM of Pd catalyst) was incubated 

with HeLa cells for 24 h to allow cellular uptake. The cells were then washed three times 

with PBS to remove excess or surface-attached nanocatalysts. As shown in Figure 5, HeLa 

Nabawy et al. Page 5

Nanoscale. Author manuscript; available in PMC 2024 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells exhibited punctate red fluorescence consistent with endosomal localization. The uptake 

of Pd-BNC by an endosomal process67 was verified using Lysotracker Blue that co-localized 

with Cy5-labelled nanocatalysts (Figure S10).

Uncaging was studied by adding fresh media containing Pro-Rho (50 μM) to the cells, 

followed by incubation for 6 h. Bright green fluorescence from uncaging of rhodamine 

co-localized with the red fluorescence of the polymer scaffold, indicating catalytic uncaging 

of the pro-dye mediated by the nanocatalysts. Cells incubated with Pro-Rho only showed 

minimal green fluorescence, highlighting the bioorthogonality of this catalytic approach.

Activation of an anticancer prodrug using the nanocatalysts.

We next evaluated the therapeutic potential of Pd-BNC through uncaging of an anticancer 

prodrug. The DNA-targeting chemotherapeutic drug doxorubicin (Dox) was chosen 

owing to its high efficacy against several cancer types.68 Amine functionalization of 

Dox with propargyl carbamate was used to block its activity and provide a non-toxic 

prodrug (Pro-Dox).69 Catalytic activation of Pro-Dox through Pd-BNC releases the active 

chemotherapeutic agent leading to cancer cell death (Figure 6a). For in vitro studies, HeLa 

cells were first incubated with Pd-BNC for 24 h, then washed with PBS to remove any 

non-internalized nanocatalyst. Cells were then incubated with different concentrations of 

Pro-Dox for another 24 h. Cells treated with either Pro-Dox only or Dox only were used as 

negative and positive controls, respectively. Toxicity was observed in cells treated with both 

Pd-BNC and Pro-Dox, while incubation with the prodrug caused minimal toxicity. (Figure 

6b). The observed efficacy was somewhat lower than for free Dox, presumably due to lower 

intracellular levels of uncaged Dox generated by Pd-BNC. Notably, despite their lipophilic 

differences, both Pro-Dox (clogP = 1.30) and Pro-Rho (clogP = 3.76) exhibited effective 

transformation to free substrates.70 The Pd-BNC nanocatalyst can therefore be used across 

substrates with diverse physicochemical properties.

Conclusion

In summary, polymeric nanoemulsions present a modular and biocompatible platform 

for encapsulation and intracellular delivery of transition metal catalysts with high 

catalytic efficiency. These nanocatalysts demonstrated excellent stability while degraded 

in the presence of specific biomolecules, hence avoiding clearance issues of inorganic 

nanomaterials. The nanocatalysts provided efficient bioorthogonal activation of prodrugs 

and imaging probes inside cells. The polymer-based nanocatalysts present here offer a 

promising platform for in situ generation of diagnostics and therapeutics and can improve 

treatment strategies for cancer and other life-threatening diseases. The tunable size range 

and modular structure of the Pd-BNC platform can be used to control biodistribution and 

potentially target tumors using stimuli-responsive and targeted polyzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Chemical structures of PONI-GMT, carvacrol oil, DTDS, and Pd-based catalyst. 

b) Fabrication of Pd-BNC from emulsification of aqueous PONI-GMT polymer 

and Pd-catalyst in carvacrol oil crosslinked with DTDS; biodegradable points are 

highlighted. Crosslinking imparts stability and biodegradability. c) Schematic of intracellular 

bioorthogonal activation of substrates in situ by Pd-BNC.
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Figure 2. 
a) Dynamic light scattering (DLS) histogram of BNE and Pd-BNC in phosphate-buffered 

saline (150 mM). b) TEM micrograph of Pd-BNC. c) Zeta potential measurement of BNE 

and Pd-BNC. Values are expressed as mean ± standard deviation of ≥3 replicates.
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Figure 3. 
a) Bioorthogonal depropargylation of Pro-Rhodamine (Pro-Rho) to fluorescent Rhodamine 

by Pd-BNC at 37 °C. b) Kinetic study of Pro-Rho (2 μM) with Pd-BNC (60 nM polymer, 

220 nM of Pd catalyst) over time. c) Reaction velocity by Pd-BNC as a function of substrate 

concentration
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Figure 4. 
a) DLS analysis of Pd-BNC in the presence of either porcine liver esterase (PLE) and GSH 

at 37°C. The size of Pd-BNC increased due to degradation and subsequent aggregation of 

oil droplets. b) Viability of human fibroblast NIH-3T3 cells (ATCC CRL-1658) after 24 h 

exposure to Pd-BNC. c) Hemolytic activity of Pd-BNC at different concentrations indicates 

their non-hemolysis. d) mRNA quantification of inflammation markers, TNF-a and iNOS, 

in RAW 264.7 macrophages. Values are expressed as mean ± standard deviation of ≥3 

replicates.
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Figure 5. 
Confocal images of HeLa cells incubated with or without Cy5-labelled Pd-BNC 
nanocatalysts (24 h, (60 nM polymer, 220 nM of Pd catalyst)), followed by incubation with 

Pro-Rho (50 μM). Cells incubated with Pro-Rho only showed no fluorescence inside cells, 

as expected. Cells treated with Cy5-labelled Pd-BNC and Pro-Rho showed bright green 

fluorescence from the activation of Pro-Rho. The green fluorescence co-localized with red 

fluorescence from Cy5-labelled Pd-BNC, confirming the activation was due to the catalytic 

effect of nanocatalysts. (Scale bar = 20 μm).
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Figure 6. 
a) Schematic representation of the activation of Pro-Doxorubicin (Pro-Dox) by Pd-BNC. b) 

Cell viability of HeLa cells after Pro-Dox activation by Pd-BNC
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