Engineering of bioorthogonal polyzymes through polymer sidechain design
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Abstract

Synthetic polymer scaffolds can encapsulate transition metal catalysts (TMCs) to provide
bioorthogonal nanocatalysts. These 'polyzymes' catalyze the in sifu generation of therapeutic
agents without disrupting native biological processes. The design and modification of polymer
scaffolds in these polyzymes can enhance the catalytic performance of TMCs in biological
environments. In this study, we explore the hydrophobic design space of an
oxanorborneneimide-based polymer by varying the length of its carbon side chain to engineer
bioorthogonal polyzymes. Activity studies indicate that modulating the hydrophobicity of the
polymer scaffold can be used to enhance the catalyst loading efficacy, catalytic activity, and
serum stability of polyzymes. These findings provide insight into the structural elements

contributing to improving polymeric nanocatalysts for a variety of applications.

1. Introduction

Synthetic amphiphilic polymers can self-assemble into water-soluble nanoparticles in aqueous

environments.[ ! -2

I Polymer nanoparticles have demonstrated advantageous properties for
biomedical applications, such as biocompatibility, self-assembly, and high bioavailability.*#!
Furthermore, polymer nanoparticles provide a useful scaffold for creating nanocatalysts due to
their high loading capacity compared to other types of nanoparticles.l>-¢! By encapsulating
bioorthogonal transition metal catalysts (TMCs) into polymer nanoparticles, “polyzyme”
nanocatalysts can be fabricated that transform drug precursors into active species in situ.l”-8]
The drug precursor substrates can be synthesized by caging their therapeutically active site with
a TMC-cleavable functional group.” The local release of the drug decreases off-target effects
on healthy tissue without disturbing native bioprocesses, providing bioorthogonal “drug

factories”.l1%



Polymeric encapsulation of the catalyst protects it from enzymatic degradation and deactivation
in an aqueous environment, extending TMC lifetimes and improving catalytic

(1112131 Furthermore, the polymer scaffold can prevent the TMC from accessing

performance.
the cytosol directly, which could induce cyto- or genotoxicity upon coordination of the free

TMC with DNA and other biomacromolecules.!!

Native enzymes use peptide architecture to provide a structured catalytic active site, achieving
high catalytic turnover numbers and rates.[!>] Synthetic polymers provide a design space that

can be used to mimic these protein scaffolds.!'®!7:18

1 We hypothesized that by controlling the
side chain structure of the encapsulating polymer, the catalytic properties of the polyzyme could
be modulated.'*?%) A hydrophobic Pd TMC was encapsulated into three different water-soluble
and semi-rigid polyoxanorbornene-based (PONI) polymers featuring a systematic variation in
the hydrophobicity of the side chain, yielding bioorthogonal polyzymes that catalyze the

uncaging of a propargyl-caged rhodamine derivative (pro-Rho).[2!-22]

Increasing the
hydrophobicity of the scaffold improved the loading efficiency and, therefore, catalytic activity
of the polyzymes (Figure 1). Furthermore, optimizing the TMC feed ratio during polyzyme
fabrication yielded polyzymes with different catalytic performance. The different polyzyme
species showed varying activity loss in the presence of serum proteins, indicating that structural
modifications of the polymer led to improved protection of the TMC. Overall, our results
provide insight into the design of polymer nanoparticles for creating bioorthogonal

nanocatalysts, highlighting the importance of the hydrophobic environment within the polymer

scaffold for TMC performance.
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Figure 1. Polyzyme performance depends on the structure of the polymer scaffold. Increased
hydrophobicity of the scaffold leads to enhanced activity and protection of the catalyst in the presence
of serum proteins.

2. Results and Discussion
2.1. Polyzyme structure determines encapsulation and activity

In aqueous solutions, amphiphilic polymers self-assemble into nanoparticles bearing a
hydrophobic interior and a hydrophilic exterior.[?”] This arrangement provides an optimal layout
for fabricating polyzymes—the hydrophobic core sequesters and protects a hydrophobic catalyst
while the hydrophilic end can be functionalized for nano-bio interactions.[?3-2*] Previously,
Huang et al. used an amphiphilic PONI-based scaffold featuring a lipophilic Ci1 interior and
cationic trimethylamine headgroup to encapsulate iron (III) tetraphenyl porphyrin chloride,
creating bioorthogonal polyzymes.[?>] The cationic trimethylamine headgroup allowed the
polyzyme to penetrate bacterial biofilms and efficiently uncage an antimicrobial drug locally,

eradicating biofilms.

In the current study, we designed PONI-based homopolymers featuring a guanidinium (Guan)
headgroup, which is preferable for use in mammalian cells due to its unique hydration
properties and high biocompatibility.?®! We hypothesized that varying the carbon chain length
of the linker between the backbone and the guanidinium headgroup would impact the polyzyme

structure and catalysis. The polymers were synthesized from the respective monomers using
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ring-opening metathesis polymerization (ROMP) polymerization, yielding PONI-Cy-Guan
polymers (n = 3, 5, 7) (Figure 2a). Subsequently, flash nanoprecipitation was used to
encapsulate a  hydrophobic Pd TMC, [1,1 ' -bis(diphenylphosphino)ferrocene]
dichloropalladium (II), which is insoluble in water. Briefly, the respective polymer was
dissolved in water, and the catalyst in acetone. The solutions were loaded into two syringes and
mixed rapidly using a flash nanoprecipitation mixing chamber. The feeding ratio of the catalyst
was varied for each polymer (0.5, 1.0, and 1.5 mg/mL of TMC), yielding a total of nine
polyzymes (Table 1). The polyzymes were characterized by DLS, indicating sizes between 10
and 30 nm for all species (Figure S14). The amount of encapsulated Pd TMC was quantified
using inductively coupled plasma mass spectrometry (ICP-MS) for each polyzyme (Figure 2c).
Significantly, increasing sidechain length increased TMC encapsulation at constant feed ratios,
indicating an improvement in the loading efficiency with PONI-C7-Guan compared to the other
scaffolds. This observation can be explained by an increased hydrophobicity in the nanoparticle
interior due to the carbon chain length, providing a more compatible environment for the
hydrophobic catalyst. Furthermore, the loading efficiency increased with a higher feed ratio of
the Pd TMC.

Table 1. Labeling system for polyzymes based on polymer structure and feed ratio of catalyst.

Feed ratio PONI-Cs- PONI-Cs- PONI-C7-
Guan Guan Guan

1.5mg/mL  Cs-1.5-PZ Cs-1.5-PZ Cr-1.5-PZ
1.0mg/mL  Cs-1.0-PZ Cs-1.0-PZ C7-1.0-PZ

0.5mg/mL  Cs-0.5-PZ Cs-0.5-PZ C7-0.5-PZ




Pd catalyst in Acetone Polymer in water

a)
Flash ~y
= < nanoprecipitation @f‘ _ L)X,  PONI-Cs-Guan
Fe dcl, = : | F —
o, device (FNP) g y
Hﬁ*w,
Feed rati ) | | OR
eed ratio
) [ g
0.5 mg/mL > Q\g{\
0
i PONI-Cs-Guan
OR
NH
Feed ratio AR,
1.0 mg/mL @\g_p OR
OR HI""".HOW
. PONI-C7-Guan
Feed ratio
1.5 mg/mL NH
sz’gs’H2
Pd per polymer
Polyzymes (fmmopl/nfg)
- q) 600.0
AG.
e o < —1500.0
o= =]
) Q 400.0
pro-Rho Rhodamine 110 LE') 300.0
z .
a

200.0

s~ H o - = HN, 0, NH
NN 0, N_Z
EE— COOH

100.0

o] -

o -
Feed ratio (mg/mL)

Figure 2. a) Preparation of polyzymes using varying feed ratios of Pd TMC and different PONI-C,-
Guan scaffolds, b) polyzyme catalyzed uncaging of pro-Rho to fluorescent rhodamine 110, c)
quantification of Pd per polymer (nmol/mg) measured by ICP-MS.

2.2. Polymer scaffold and TMC feed ratio determine catalytic performance

The encapsulated Pd TMC catalyzes the uncaging of a propargyl-caged rhodamine 110
derivative (pro-Rho), releasing fluorescent rhodamine 110 (Figure 2b).['") The fluorophore
release was monitored by fluorescence spectroscopy (ex. 488 nm, em. 521 nm) (Figure 3). The
polyzymes of different polymer species with a constant feed ratio of 1.0 mg/mL were compared
to each other to understand the effect of the scaffold on the catalytic performance of the
polyzyme (Figure 3a). The polyzyme species based on PONI-C7-Guan (C7-1.0-PZ) achieved
significantly more uncaging than the polyzyme fabricated using PONI-C3-Guan (Cs3-1.0-PZ).
Furthermore, Cs-1.0-PZ and C7-1.0-PZ showed similar pro-Rho activation in the first 30
minutes of catalysis, but the fluorophore release of Cs-1.0-PZ slowed down and reached a

plateau considerably earlier than C7-1.0-PZ. These results agree with the increase in TMC



encapsulation driven by the hydrophobicity of the scaffold, as observed by ICP-MS (Figure
2¢).

We next performed the pro-Rho activation using the same scaffold (PONI-C7-Guan) but
varying the feed ratio of the Pd TMC (Figure 3b). Hypothetically, an increased catalyst loading
at higher feed ratios of TMC should reflect an improved catalytic performance, as observed
with the different polymer scaffolds. However, when maintaining the same polymer scaffold at
different feed ratios, the PONI-C7-Guan-based polyzymes demonstrated a significantly better
performance at a 1 mg/mL feed ratio of Pd TMC as opposed to either 0.5 and 1.5 mg/mL feed
ratios. Similar results were observed using the PONI-Cs- and PONI-Cs-Guan-based polyzymes
(Figure S17). These results indicate that more catalyst within the polymer scaffold does not
necessarily lead to a better performance of the polyzyme but instead that an optimum loading

amount exists, providing easy substrate access to the TMC.
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Figure 3. Reaction kinetics of a) different polyzyme species at constant feed ratio (1.0 mg/mL Pd TMC)
and b) polyzymes fabricated using PONI-C7-Guan with varying feed ratio (0.5/1.0/1.5 mg/mL Pd TMC).

We next performed the fluorophore release using the respective polyzyme in PBS containing
10% fetal albumin serum (FBS) to observe changes in the catalytic activity in the presence of
serum proteins while using the same substrate and polyzyme concentrations as in the serum-
free kinetics (Figure S20a-c). A decrease in activity for all species was observed. This
observation can be explained by the formation of a protein corona around cationic nanoparticles,
as previously observed in the literature.l'!! Cationic nanoparticles interact through charge-
charge interactions with the negatively charged surface of serum proteins, significantly
decreasing the accessibility of the substrate to the catalyst.'>!*] The loss in activity was
determined by comparing the catalytic fluorophore uncaging after 30 min of the reaction at the
same concentrations of pro-Rho and polyzyme in PBS and 10% FBS (Figure S20d). While Cs-
6



1.0-Guan and Cs-1.0-Guan showed a significant activity loss (70% and 67%, respectively), C7-
1.0-Guan showed less loss of activity (59%) in serum-containing PBS. These results indicate

improved protection of the TMC due to the polymer scaffold and increased encapsulation.

2.3. Comparison of Michaelis-Menten kinetics of PONI-C;-Guan polyzymes

Michaelis-Menten enzyme kinetics provide insight into the enzyme performance and binding
affinity of the substrate to the enzyme and can be applied to understand the behavior of
bioorthogonal polyzymes. We incubated the PONI-C7-Guan-based polyzymes with different
substrate concentrations of pro-Rho at 37 °C in PBS, maintaining the same polyzyme
concentration. Thereafter, we calculated the respective Michaelis-Menten constants (Kn) and
catalytic constant (Kca) of the polyzymes ( Furthermore, the C7-1.5-PZ shows the largest
amount of encapsulated catalyst compared to the other polyzyme species (Figure 2¢) and the
largest size according to DLS compared to the PONI-C7-Guan-based polyzymes. Despite these
findings, C7-1.5-PZ performs the pro-dye transformation less efficiently than C7-1.0-PZ (

Figure 4c), indicating catalyst clustering within the nanoscaffold.
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Figure 4a and b, Table S1 and S2, Figure S19). In agreement with our previous kinetics
experiment (Figure 3b), C7-1.0-PZ possessed a higher K, and K, than C7-0.5- and C7-1.5-PZ,
indicating improved polyzyme performance at a feed ratio of 1.0 mg/mL of Pd TMC. These
results align with our hypothesis that at a 1.0 mg/mL feed ratio, the catalytic sites within the
polyzymes are sufficient and accessible to the substrate. Within the group of polyzymes
fabricated using PONI-C7-Guan, we observed a higher K¢./Ki ratio for the polyzyme fabricated

with the lowest feed ratio of catalyst (0.5 mg/mL), indicating more efficient catalysis (

Figure 4¢).?’! In fact, C7-0.5-PZ performed the catalytic release of Rho 110 at low substrate
concentration (0.5 and 1 uM) at a similar velocity as C7-1.0-PZ (Figure S18), indicating facile

substrate access at low occupancy of the catalyst molecules within the scaffold. At higher
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loading of the TMC, the polyzyme efficiency decreases. This phenomenon could occur due to
less access of the substrate to the catalyst molecules within the scaffold, which can be explained
by steric hindrance resulting from catalyst clustering or steric blockage of the polymer.[?8! These
observations can be related to the smaller size of the C7-1.0-PZ measured by DLS coupled with
increased catalyst density (Figure S14) and, therefore, a more constrained environment.
Furthermore, the C7-1.5-PZ shows the largest amount of encapsulated catalyst compared to the
other polyzyme species (Figure 2¢) and the largest size according to DLS compared to the
PONI-C7-Guan-based polyzymes. Despite these findings, C7-1.5-PZ performs the pro-dye

transformation less efficiently than C7-1.0-PZ (

Figure 4c), indicating catalyst clustering within the nanoscaffold.
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Figure 4. a) Ky, b) Kca, and ¢) Kea/Kim values of PONI-C7-Guan-based polyzymes with respective error
bars.

2.4. Activation of fluorophores in HeLa cells

Having evaluated the catalytic activity of the PONI-C7;-Guan-based polyzymes in solution, we
explored their catalytic efficacy in cancer cells. As a proof of concept, the fluorophore release
was performed in HeLa cells using C7-1.0-PZ. HeLa cells were treated with the polyzyme
(300 nM) and pro-Rho (50 uM) for 24 h, and the resulting fluorescence was monitored using a
confocal microscope (Figure 5). No green fluorescence was observed in cells treated with pro-
Rho or the polyzyme alone. These results demonstrate the translatability and biocompatibility

of the fabricated polyzyme.



pro-Rho only C7-1.0-PZ + pro-Rho C7-1.0-PZ only

Figure 5. Confocal microscopy images of HeLa cells incubated with 300 nM of C;-1.0-PZ and 50 uM
pro-Rho. Nuclei were stained by Hoechst 33342. Scale bars, 20 um.

3. Conclusion

In summary, we have demonstrated that by modifying the polymer scaffold used for polyzyme
fabrication, the loading efficiency of the TMC can be improved. Furthermore, modifying the
scaffold leads to variations in the catalytic activity of the resulting polyzyme. By increasing the
hydrophobicity of the polymer scaffold, an improvement in the catalytic efficacy and prolonged
activity of the TMC in a serum-containing environment can be observed. Furthermore, previous
studies performed by Paulusse and co-workers have highlighted the importance of the
hydrophobic design of nanomaterials for cell permeation, paving the way for future studies of

(291 Our results directly correlate the structure of the

polyzyme design on cellular uptake.
polymer scaffold with the catalytic activity of polyzymes. Thereby, our findings provide an
understanding of the structural elements that participate in improving the design of polyzymes,

paving the way for the future design of polymeric nanocatalysts.

4. Experimental Section/Methods

Polymer synthesis and characterization: PONI backbone Cs-guanidinium (Guan) monomers
were prepared as previously described.?>30-311 The Cs- and C7-Guan monomers were
synthesized similarly by using tert-Butyl (5-bromopentyl)carbamate and tert-Butyl (7-
bromoheptyl)carbamate, respectively, in the first step as described in the previous protocols. A
detailed protocol and characterization of the Cs and C; monomers can be found in the
supporting information (Figure S1-6). Homopolymers were synthesized by ring-opening
metathesis polymerization (ROMP) using a third-generation Grubbs’ catalyst, and the degree
of polymerization was kept constant at 60. In brief, both solutions of guanidium functionalized

monomer and Grubbs’ catalyst in DCM were placed under freeze-thawing cycles for degassing.
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After warming the solutions to room temperature, the degassed monomer solutions were
administrated to degassed catalyst solutions and stirred for 20 min. The addition of excess ethyl
vinyl ether terminated the polymerization reaction. The reaction mixture was stirred for another
30 min. The resultant polymers were precipitated from excess hexane, diethyl ether anhydrous,
or cold methanol, filtered, washed, and dried under vacuum to yield a light-yellow powder. The
reaction yields varied from 90% to 98%. All polymers were characterized by 'H NMR (Figure
S7-12) and gel permeation chromatography (GPC) to assess chemical compositions and
molecular weight distributions, respectively (Figure S13). After the deprotection of Boc
functionalities, the polymer was dissolved in the DCM with the addition of TFA at a 1:1 ratio.
The reaction was allowed to stir for 4 hours and dried under vacuum. Excess TFA was removed
by azeotropic distillation with methanol. Afterward, the resultant polymers were re-dissolved
in DCM, precipitated in anhydrous diethyl ether, filtered, washed, and dried. Polymers were
then dissolved in water, transferred to Biotech CE dialysis tubing membranes with a molecular
weight cut-off of 10,000 g/mol, and dialyzed against MQ water (2—3 days). The polymers were
then lyophilized to yield a light white powder.

Polyzyme fabrication: Polyzymes were fabricated using flash nanoprecipitation (FNP)
according to previous protocols.*?) Briefly, the Pd TMC was dissolved in acetone at different
concentrations (0.5, 1.0, and 1.5 mg/mL), and the respective polymer was dissolved in water
(1 mg/mL). Of the respective solutions, 0.6 mL were loaded into two separate 1 mL syringes
and attached to an FNP mixing chamber. After that, the solutions were rapidly pushed into the
mixing chamber (<1 sec) and led into a rapidly stirring 6 mL MQ water quench bath. The
resulting solution was stirred for approximately 2 minutes before being transferred into a
centrifuge filter (30K MW cut-off), where it was centrifuged and washed with MQ water 3
times (2800 rpm, 8 min, 23 °C). The polyzyme solution was transferred out of the centrifuge
filter and filtered through a 0.45 pm Nylon syringe filter. The mass of the solution was taken to
calculate the final concentration of the polyzymes based on the weight of the initially used
polymer. The size of the respective polyzymes was determined using DLS (Figure S14). The
amount of encapsulated Pd TMC per mg of polymer was determined using ICP-MS
(Figure S15, Table S1).

Kinetics of fluorophore release: We performed the uncaging of pro-Rho using the respective
polyzymes and the same conditions for each experiment. Briefly, in a 96-well plate at 37 °C,
50 pL of the polyzyme solution and 50 pL of the pro-Rho solution were combined, reaching
final concentrations of 0.05 mg/mL and 8 uM, respectively. The stock solution of pro-Rho was
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prepared in DMSO and diluted with MQ water to reach a final DMSO content of less than 2%.
Negative controls contained either the respective polyzyme or the pro-Rho at the same
concentrations used in the experiment. The fluorophore release was monitored over 2 h using a
spectral photometer and measuring the fluorescence of the product (ex. 488 nm, em. 521 nm).

Each experiment was performed in triplicate.

Michaelis-Menten kinetics: Michaelis-Menten kinetics were performed similarly to the kinetics
of the fluorophore release described above. Briefly, in a 96-well plate at 37 °C, 50 uL of the
polyzyme solution (final concentration of 0.05 mg/mL) and 50 pL of the pro-Rho solution were
combined, with varying concentrations of pro-Rho (0.5/1/2/4/8 uM) for each respective
polyzyme. The fluorophore release was monitored over 20 min using a spectral photometer and
measuring the fluorescence of the product (ex. 488 nm, em. 521 nm). Each experiment was
performed in triplicate. The resulting relative fluorescence units were transformed into substrate
concentration using a standard curve (Figure S16) and plotted against time using the software
Origin Pro 7.0. The slopes of the respective curves were calculated and plotted against the
substrate concentration. From this data, the Km and vmax values were calculated using the
Michael-Menten non-linear curve fitting embedded in the software (Figure S17, Table S2).

The catalytic constant Kcar was calculated from vmax divided by the enzyme concentration.

Cell culture and confocal microscopy: HeLa cells (ATCC CCL-2) were used for cytotoxicity
and imaging experiments. For the cytotoxicity assay, 1.0 x 10 cells/well were seeded in 96-
well plates 24 h prior to the experiment. For the imaging experiment, 20 x 10* cells/well were
seeded in 35 mm round confocal dishes (Mattek) 24 h prior to the experiment. The cells were
cultured in Dulbecco's modified Eagle medium (DMEM; ATCC 30-2002) with 10% bovine
fetal serum and 1% antibiotics at 37 °C in a humidified atmosphere of 5% CO2 for 24 h. The
cell viability was determined using Alamar Blue assay according to the manufacturer’s protocol

(Invitrogen), using Molecular Devices Spectramax M2 and SoftMax Pro 7 software.

Confocal microscopy imaging experiments were performed using a Nikon TiE stand with an
Al Spectral Detector Confocal and a FLIM/FCS Module. Cell staining was performed 20 min
before imaging with Hoechst 33,342 solution (Thermofisher, Waltham, MA, USA) to visualize

nuclei.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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