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ABSTRACT: Bioorthogonal nanozymes offer in situ activation of pro-dyes and prodrugs using abiotic chemical transformations.
Bacterial infections, especially biofilm-associated infections, are extremely difficult to treat due to obstacles such as poor antibiotic
penetration and the rising threat of antibiotic resistance. Spatiotemporal control of bioorthogonal catalysis provides a strategy for
“on-demand” generation of therapeutics, effectively localizing therapeutic action and minimizing side effects. Here, we present the
fabrication of visible-light-responsive alginate hydrogel beads embedded with bioorthogonal polyzymes (PZs). Exposure to a 405 nm
light induces the reduction of Fe(III) to Fe(II), triggering the dissolution of the PZ-gel beads with concomitant release and
activation of the polyzyme. This approach enabled the selective activation of a prodrug of Linezolid, a last-in-line antibiotic for
Gram-positive bacterial infections, enabling the targeted eradication of multidrug-resistantStaphylococcus aureus biofilms. Overall, the
use of alginate biomaterial along with noninvasive visible light offers a nontoxic platform for spatiotemporal release of antibiotics
through bioorthogonal activation.
KEYWORDS: bioorthogonal catalysis, spatiotemporal, light activation, bacterial biofilms, alginate hydrogels

■ INTRODUCTION
Bioorthogonal chemistry enables synthetic reactions that do
not interfere with natural biological processes.1,2 Bioorthogonal
catalysis has been enabled through the use of abiotic transition-
metal catalysts (TMCs) in living cells and organisms.3,4 TMCs
incorporating Pd,5 Ru,6 and Au7 are particularly well-suited for
bioorthogonal catalysis, facilitating selective reactions that are
independent of biochemical pathways. This orthogonality
allows researchers to introduce and control chemical processes
in living cells or tissues without disrupting their normal
functions. Prodrug and pro-dye substrates can be designed to
be selectively cleaved in the presence of TMCs.3,4 This ability
of TMCs makes possible the in situ activation of prodrugs at
targeted sites (e.g., tumors or infectious wounds),8 uncaging
pro-dyes for imaging and chemical labeling of biomolecules.9

Such localized production of bioactive agents enables targeted
therapies with minimal side effects and offers powerful tools for

imaging, drug delivery, and biological research.10−12 However,
challenges related to solubility, biocompatibility, and stability
make the direct use of TMCs in physiological settings
difficult.3,4,13,14 These issues can be mitigated by encapsulating
TMCs within nanoparticles (nanozymes)15,16 and polymers
(polyzymes, PZ)17,18 that provide aqueous solubility and
stability while preserving catalytic activity.3,11 This approach
creates bioorthogonal nanocatalysts that utilize synthetic
nanomaterials and polymers to stabilize TMCs. Additionally,
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these nanocatalysts can be engineered for targeted localization
in diseased biological environments, facilitating their use in
biomedical applications.19

Bacterial infections, especially those caused by multidrug-
resistant (MDR) bacterial strains, are an urgent and ever-
growing threat to global health.20 Additionally, bacteria have
the ability to form biofilms consisting of a 3-D matrix of
extracellular polymeric substances encasing the bacteria. This
biofilm architecture hinders the effective penetration of
conventional antibiotics, resulting in prolonged bacterial
survival and increased resistance.21,22 Consequently, biofilm-
associated infections require significantly higher doses of
antibiotics compared to infections caused by planktonic
bacteria.23 The complexity of biofilms, driven further by
resistant gene transfer, diverse phenotypes, and persister
cells24,25 highlights their refractory nature and underscores
the urgent need for alternative effective treatment regimens.

Prodrug strategies have been employed for enhancing the
efficacy of antibiotics while minimizing side effects, improving
the treatment of bacterial biofilms.26 Conventional prodrug
strategies rely on endogenous enzymes for activation,27 while
bioorthogonal catalysis employs mechanisms that endogenous
enzymes cannot access, offering an alternative approach for
prodrug activation.28,29 Recent efforts utilizing transition-metal
catalyst (TMC)-based bioorthogonal nanozymes to activate
antibiotic prodrugs have shown potential in treating bacterial
infections.29 Bioorthogonal activation of pro-antibiotics of

ciprofloxacin17,30 and vancomycin31,32 has been reported to
effectively target bacterial biofilms and intracellular infections.

Although bioorthogonal nanozymes allow placement of
TMCs in complex biological environments, they often lack
precision in controlling temporal and spatial aspects of the
bioorthogonal catalytic reactions. Spatiotemporal control of
bioorthogonal nanozymes is a key strategy for achieving
targeted “turn-on” therapy while minimizing off-target
effects.11,33,34 Orthotopic implantation of gold NPs in
polymeric resins35 and Cu complex in mesoporous silica36

have been employed to localize catalysts at tumor sites and
generate chemotherapeutics. Similarly, strategies such as ligand
targeting, biomimetic targeting, and exploiting overexpressed
enzymes, GSH levels, and pH variations in diseased tissues
compared to healthy cells are common ways of targeting
bioorthogonal nanozymes.37

External triggers such as UV and NIR light,38−40 ultra-
sound,41 and magnetic field42 have proven effective in precise
manipulation of bioorthogonal catalysis, enabling the on-
demand generation of imaging agents and therapeutics,
respectively. Visible light, in particular, is noninvasive and
can be employed to release bioactive molecules as needed.43,44

Hydrogels, such as alginate, are generally recognized as safe,
making them excellent matrices for the controlled and
minimally invasive release of therapeutic agents,45−47 partic-
ularly antimicrobials.48 Light-triggered systems for controlled
antibiotic release have been studied in the past,44,49,50 with a
growing emphasis on hydrogels as scaffolds.51−53 These

Figure 1. (a) Structures of alginate, Pd catalyst, and polymer. (b) Schematic representation of light-triggered “turn-on” PZ-gel dissolution and
bioorthogonal activation. (c) Schematic representation of bioorthogonal activation of a pro-antibiotic with PZ-gel in light for biofilm reduction. (d)
Pro-dye/dye (Pro-Rho/Rho) and pro-antibiotic/antibiotic (Pro-Lin/Lin) used in studies.
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hydrogels not only facilitate controlled antibiotic release but
also enhance the duration of drug presence at the infected site,
especially important for chronic wound infections.48,54,55

Alginates are commonly used in tissue engineering, wound
dressing, and drug delivery applications.46,56 Alginate, a highly
water-soluble linear polymer, composed of D-mannuronate
(M) and L-guluronate units (G) (Figure 1a), forms ionotropic
gels when combined with divalent (Ca2+, Ba2+, etc.) and
trivalent (Fe3+ and Al3+) cations.54,57 When Fe3+ is used as a
crosslinker, sodium alginate undergoes a visible-light-activated
redox-induced gel-to-sol transition.58

Studies have outlined methods for producing alginate
hydrogels at both macro- and nanometer scales.59 The
techniques mainly cover Ca2+d

−
gelation but can be easily

extended to other cross-linking ions by substituting the cross-
linking bath solution (typically containing CaCl2) with one
that contains the desired ion, like FeCl3·6H2O. Alginate
hydrogels are highly controllable in shape and size and can be
tailored for specific applications. Hydrogels with smaller
diameters (micro- or nanoparticles) can be generated using
water-in-oil emulsions60 or microfluidic devices.61,62 Addition-
ally, macroscopic alginate gels can be created through slow
gelation processes63,64 and solvent casting techniques.65

We hypothesized that integrating Pd-based PZs into Fe3+

crosslinked alginate hydrogels could enable light-responsive
dissolution, thereby regulating PZ access to pro-dye and
prodrug substrates for turn-on targeted therapeutic generation.
Here, we present iron(III)-cross-linked alginate hydrogels

loaded with PZs (PZ-gel) for light-triggered bioorthogonal
catalysis (Figure 1). Irradiation with a ∼405 nm violet-blue
light reduces Fe(III) to Fe(II), causing the gel to dissolve and
exposing the PZs to propargyl-caged pro-dye/prodrug
substrates. The Pd-based PZ then uncages the pro-dye and
prodrug by removing the propargyl groups (Figure 1b).4,6 This
strategy enabled light-controlled activation of linezolid, a
potent last-resort antibiotic,66,67 from its inactive precursor,
offering an effective treatment approach for bacterial biofilms
(Figure 1c,d).

In practice, PZs were fabricated by encapsulating a
pa l l ad i um-ba s ed TMC in to amph iph i l i c po l y -
(oxanorborneneimide)-C11-trimethylamine (PONI−C11-
TMA) polymer68 through the flash nanoprecipitation (FNP)
technique.18 The PZ activity was quantified through activation
of propargyl-based Rhodamine 110 pro-dye (Pro-Rho, Figure
1d). Once PZs were loaded in iron(III) crosslinked alginate
gels (PZ-gel), the PZ-gel demonstrated catalytic activity for
pro-dye activation in response to a 405 nm visible light
irradiation, with minimal activation in the dark. For the
treatment of multidrug-resistant Staphylococcus aureus (MRSA)
bacterial biofilms, PZ-gel, when irradiated with visible light,
successfully activated pro-linezolid (Pro-Lin, Figure 1d),
showing an ∼3 log reduction of MRSA in bacterial biofilms,
while no antimicrobial activity was observed for this system in
the dark.

Figure 2. (a) Visual observation of PZ-gel dispersed in water. (Scale bar = 5 mm.) (b) Size distribution histogram of PZ-gel (analyzed using
ImageJ software). (c) Light microscope image of a single alginate bead (scale bar = 500 μm). (d) Confocal microscopy images of a single PZ-gel
microbead with brightfield showing an alginate bead, far-red fluorescence from the Cy5.5-tagged polymer used in PZ, and colocalization of
fluorescence with an alginate bead in the merged channel showing PZ distribution within the alginate matrix (scale bar = 1 mm).
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■ RESULTS AND DISCUSSION
Fabrication of PZ-Embedded Alginate Beads. Pd-

based catalysts are recognized for their effectiveness in
depropargylation reactions, converting inactive precursors to
useful imaging and therapeutic agents.4,14,69 PZs with Pd
TMCs were produced by rapidly mixing an aqueous stream of
cationic polymer (PONI−C11-TMA)66 with an organic
stream of the Pd(dppf)Cl2 catalyst through flash nano-
precipitation, as previously outlined by Huang et al.18 When
characterized, PZs were ∼25 nm in size with a surface charge
of +8.4 mV (Figure S2a,b). Transmission electron microscopy
and stability studies for this PZ have been performed in our
previous studies.18 The PZ activity was confirmed and
quantified through Pro-Rho activation (Figure S3). The
amount of Pd loaded in PZs was quantified with inductively
coupled plasma mass spectrometry (ICP−MS, Figure S7b)
with ∼0.04 mg of Pd catalyst per mg of polymer.

The PZs were then incorporated into 1% w/v sodium
alginate using direct leak-proof mixing with Luer lock
syringes.70 The positively charged PONI−C11-TMA polymer
used to fabricate the PZ was chosen to enhance electrostatic
interaction with negatively charged alginate in solution and to
minimize premature diffusion of PZ after gelation, as positively
charged materials typically diffuse more slowly from alginate
hydrogels.56 The PZ-alginate presolution was added dropwise
to a 1% v/v FeCl3·6H2O solution with mild stirring to allow
ionic cross-linking for 15 min to form PZ-gel beads. The
extrusion-dripping method was chosen due to its simplicity,
and the ability to form uniform bead size in bulk.56,71,72 The
crosslinking solution was then removed carefully without
disturbing the beads and washed with Milli-Q water twice to
remove excess FeCl3·6H2O solution. The PZ-gel beads were
stored in Milli-Q water for later use. PZ-gel beads are light
yellow in color (Figure 2a) and showed an average size of 3.3
± 0.1 mm (Figure 2b,c). We confirmed the presence and
loading of PZs within the crosslinked alginate matrix using
confocal microscopy and spectrophotometry, respectively. For
these experiments, the Cy5.5-tagged polymer (Cy5.5-PONI-
C11-TMA) (Figure S1) was used instead to form PZs and
were further incorporated within 1% w/v alginate solution. In
the confocal microscopy images, the brightfield channel shows
a single alginate bead, and the far-red channel shows
fluorescence from Cy5.5-tagged PZs. In the merged channel,
the far-red fluorescence is codistributed within the alginate
hydrogels, showing PZs are distributed within the cross-linked
PZ-gel beads (Figure 2d).

We quantified the leaching of Cy5.5-tagged PZ from alginate
beads during PZ-gel formation. Fluorescence measurements at
675/700 nm showed minimal change before and after cross-
linking, indicating that minimal PZ was lost during the
crosslinking process (Figure S4a). Additionally, we calculated
the incorporation efficiency of PZs within PZ-gel by
suspending 1−4 PZ-gel beads in phosphate-buffered solution
(PBS), irradiating them with visible light for 120 min, and then
measuring fluorescence of the entire PZ-gel solution after
(Figure S4b). The amount of PZ loaded within PZ-gel was
found to be ∼260 nM in the Cy5.5-tagged PZ/bead.
Light-Triggered Bioorthogonal Catalysis of PZ-Gel.

After successful loading of PZs within alginate beads, we
investigated the visible-light “turn-on” catalytic activity of PZ-
gel through uncaging of bis-propargylated Rhodamine 110
(Pro-Rho) to fluorescent Rhodamine (Rho) (Figure 1d). PZ-

gel (with ∼200 nM PZ) was mixed with Pro-Rho (10 μM) in
PBS with 5 mM sodium citrate (Na-cit) as a cofactor, and light
was irradiated over 2 h. The fluorescence of the solution was
measured at 488/521 nm at different time points during light
irradiation (Figure 3a). The PZ-gel in light showed increasing

catalytic activity over time, whereas the PZ-gel in the dark
(Figure 3b) exhibited negligible activity, establishing off-on
bioorthogonal catalysis of our system. To control and enhance
the degelation of PZ-gel, Na-cit was utilized as a cofactor as it
is a known Fe3+ chelating agent and acts as a sacrificial
carboxylate in the dissolution process.62 The effect of different
concentrations of Na-cit as a cofactor was also monitored,
showing an increase in catalytic activity with higher
concentrations of Na-cit (Figure S5a), likely due to faster
dissolution40,62 of PZ-gel with light and therefore more
substrate access for the exposed PZs. In the absence of Na
cit and with prolonged light exposure (Figure S5a), a slight
activation of Pro-Rho was observed, suggesting a slow
dissolution of PZ-gel, likely due to the reduction of Fe(III)
to Fe(II). This supports the role of Na-cit as a cofactor with
visible light in accelerating the PZ-gel dissolution process,
which becomes more evident as the concentration of Na-cit
increases. Interestingly, Na-cit concentrations from 0 to 5 mM
did not induce significant activation of Pro-Rho under dark
conditions (Figure S5b), indicating minimal PZ release and
confirming the selective nature of the PZ-gel system. An
optimized concentration of 5 mM Na-cit was utilized for all

Figure 3. Catalytic activity of PZ-gel. Depropargylation of Pro-Rho
to fluorescent Rho by PZ-gel. Selective catalytic activity of PZ-gel
(200 nM PZ) monitored by Pro-Rho (10 μM) conversion in (a)
visible light over (b) dark conditions in PBS over 2 h. All experiments
were conducted with 5 mM Na-cit as a cofactor. Each data was an
average of triplicates, presented as mean ± SD.
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further experiments. The dissolution process was also
monitored visually, revealing that PZ-gel exposed to light
exhibited an increase in the turbidity of the supernatant
solution, caused by gradual swelling and disintegration of PZ-
gel over time due to the reduction of Fe (III) to Fe (II)
(Figure S6).

To confirm the release of PZs from PZ-gel beads due to
dissolution under light exposure, 106Pd concentrations loaded
within PZ-gel were measured using ICP−MS under both
visible light and dark conditions. The ICP−MS data indicated
an increase in Pd content by a difference of ∼4 ppb in the
supernatant after 30 min of visible light irradiation compared
to dark conditions (Figure S7c). This value is statistically
insignificant, likely due to the short 30 min light irradiation
time and the dynamic disintegration of the PZ-gel, which
hindered capturing the full extent of the presence of Pd to
account for the difference in PZ release from alginate beads.
To further investigate PZ release from alginate beads, a more
thorough experiment was conducted using the previously
mentioned Cy5.5-tagged PZ. Fluorescence measurements were
taken at various time points to track the PZ release profile
under both light and dark conditions. PZ-gel under a 405 nm
light exhibited increased PZ release with prolonged light
irradiation, showing ∼13 times higher Cy5.5-tagged PZ release
after 120 min compared to dark conditions (Figure S4d). The
PZs released from PZ-gel after dissolution can then uncage
Pro-Rho. Interestingly, a slight increment in PZ release was
observed under dark conditions at extended time points. This
small amount of release may be due to premature dissolution
caused by the presence of Na-cit, which could gradually chelate
with PZ-gel over time.
PZ-Gel Activation of Pro-Rho in MRSA Bacterial

Biofilms. Before analyzing the catalytic activity of PZ-gel for
biological applications, we assessed mammalian cell toxicity in
3T3 fibroblast cells (Figure S8a). We also evaluated PZ toxicity
in MRSA bacterial biofilms to determine a safe concentration
of 500 nM PZ (Figure S8b) in PZ-gel for further experiments.
After confirming the light-responsive catalysis by PZ-gel in
solution, we monitored the light-triggered PZ-gel catalysis
within bacterial biofilms through Pro-Rho activation. PZ-gel
(500 nM PZ) was incubated with a 2 day-old MRSA biofilm
along with Pro-Rho (10 μM) with 5 mM Na-cit. After
exposure to 405 nm light, PZ-gel showed selective activation of
Pro-Rho in biofilms over 2 h, as shown in Figure 4a,b. Minimal
activation of PZ-gel with Pro-Rho was observed in dark
conditions, likely due to diffusion of Pro-Rho into the PZ-gel
beads. Additionally, Pro-Rho was inactive only under both
light and dark conditions.
Light-Based Prodrug Activation by PZ-Gel within

Bacterial Biofilms. Encouraged by the light-controlled
activation, we pursued the light activation of a prodrug by
PZ-gel for eradication of MRSA bacterial biofilms. Linezolid
(Lin, Figure 1d) is an oxazolidinone antibiotic primarily
targeting Gram-positive bacteria. Lin is often employed as a
last-resort medication in clinical treatments, especially against
antibiotic-resistant strains.44,45 Linezolid was converted into a
prodrug (Pro-Lin) through propargylation of the secondary
acylamino group (synthesis in the Experimental Section;
Figures S9−S12), a modification that disrupts its interaction
with the bacterial 50S ribosomal subunit73 and reduces its
antimicrobial effectiveness by more than ∼128-fold magnitude
in minimum inhibitory concentration (MIC), with MIC for
Pro-Lin = 64 μg/mL, while MIC for Lin = 0.25 μg/mL

(Figure S13). Pro-Lin was inactive against MRSA biofilms as
determined by the Alamar Blue assay (Figure 5a) and also the
colony forming unit (CFU) count in the presence of Pro-Lin
only (Figure 5b). Also, linezolid is the only FDA-approved
drug from the oxazolidinones class of antibiotics against
MRSA, whose prodrug form has not been reported before to
the best of our knowledge.

To evaluate the antibiofilm efficacy by PZ-gel activation of
Pro-Lin, we analyzed bacterial counts of MRSA biofilms
through the CFU after treatment with PZ-gel and Pro-Lin
with and without light. Biofilms treated with Pro-Lin only or
Lin only served as negative and positive controls, respectively.
We found that biofilms treated with both PZ-gel and Pro-Lin
(128 μg/mL) in the presence of light reduced microbial cell
viability (cfu/mL) by ∼3 log reduction in bacterial counts
(99.9% killing) (Figure 5b). In contrast, little or no killing was
observed with PZ-gel and prodrug in the dark. The PZ-gel
activation of Pro-Lin with visible light was essentially identical
to that of the free drug Lin only. Pro-Lin and PZ-gel
demonstrated negligible toxicity on their own. These results
show that PZ-gel provides light-activated turn-on spatiotem-
poral control of bioorthogonal uncaging of Pro-Lin with
concomitant antimicrobial activity.

■ CONCLUSIONS
In summary, a spatiotemporal bioorthogonal system for the
treatment of bacterial biofilms was generated using light-
responsive Fe(III)-crosslinked alginate beads loaded with

Figure 4. Catalytic activity of PZ-gel (500 nM PZ) through Pro-Rho
(10 μM) activation in MRSA bacterial biofilms in the presence of (a)
visible light vs (b) dark conditions. Na-cit (5 mM) was used as a
cofactor. The fluorescence was measured by a plate reader (Ex/Em =
488/521 nm) and represented as an average of triplicates, presented
as mean ± SD.
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bioorthogonal polyzymes. The PZs were distributed through-
out the crosslinked beads and showed effective light-triggered
catalysis within bacterial biofilms. The PZ-gel was selective in
its activity to light with negligible activity in dark conditions
and showed an effective ∼3 log reduction in the bacterial count
of highly resistant MRSA biofilms. Overall, this technique of
combining the light-responsive properties of alginate hydrogels
with the bioorthogonal catalysis of polyzymes provides a
promising platform for in situ antibiotic generation. It offers a
controllable activation mechanism with fewer side effects,
including lower mammalian cell toxicity and decreased
potential for resistance development. The biocompatibility
and tunable configurations of iron(III)-alginate hydrogels,
available in sizes ranging from nanometer to bulk gels, offer
significant potential for improving the interaction and
effectiveness of light-triggered bioorthogonal systems in
treating biofilm infections, such as those found in chronic
wounds.

■ EXPERIMENTAL SECTION
Polymer Synthesis. Poly(oxanorbornene-imide) (PONI−C11-

TMA) was synthesized using ring opening metathesis polymerization
according to previous reports.74 The Cy5-tagged polymer (Cy5-
PONI-C11-TMA) was synthesized by conjugating Cyanine5 (Cy5)
NHS ester (Lumiprobe, MD) to the polymer scaffold. To an amine-
functionalized polymer (5% amine), Cy5 NHS ester was added and
stirred overnight in DMSO. Then, the reaction was purified by dialysis
with 10,000 MWCO to afford Cy5-PONI-C11-TMA (i\j = 95:5)

under the dark condition. The polymers were lyophilized and stored
at 4 °C.
P ro - d y e and P ro - d r ug Syn the s i s . N ,N ′ - B i s -

(propargyloxycarbonyl)-protected Rhodamine was synthesized by
reacting commercially available Rhodamine 110 with propargyl
chloroformate following a reported procedure.75

For prodrug synthesis: sodium hydride, NaH (35.6 mg, 0.89
mmol) dispersed as 60% in Nujol was added to an empty flask which
was then evacuated and backfilled 3 times with nitrogen before
chilling on ice. Ice-chilled solutions of DMF (3 mL) and propargyl
bromide (80.9 mL, 1.07 mmol) were successively added. To this
mixture, a chilled solution of Linezolid (Lin) was added dropwise
over 5 min. The solution turned brown, was stirred on ice for 15 min,
and then allowed to warm up to room temperature for 2.5 h. The
mixture was then poured into 10 mL of saturated NH4Cl and then
washed with ethyl acetate (3 × 20 mL). The combined organic layers
were then dried over MgSO4. The product (Rf = 0.23, hexanes/ethyl
acetate = 1:3) was then purified using flash column chromatography.
Pro-Lin was obtained as an off-white solid (0.21 g, 64%). (1H and 13C
NMR of Pro-Lin and 1H of Linezolid are reported in Figures S6−S8,
as well as ESI-MS in Figure S9).
Polyzyme Fabrication and PZ-Gel Formation. Polyzymes were

prepared by the FNP method where an aqueous solution of the
polymer and an organic solution of the catalyst was mixed through a
confined impinging jet mixer. 0.6 mL of PONI−C11-TMA (1 mg/
mL) was mixed with 0.6 mL of Pd catalyst (2 mg/mL) in DMSO.
The outlet was connected to a 6 mL H2O quench bath. The polyzyme
solution was clear pink brown in color and was subsequently
centrifuged (Amicon filter, MWCO 10 kDa) and washed with Milli-Q
water five times to remove any excess catalyst. The final solution was
filtered through a 0.22 μm nylon filter, and PZs were concentrated to
53.57 μM (in terms of polymer concentration) and characterized
through DLS and zeta potential.

100 μL of PZ was mixed into ∼1 mL of 1% w/v sodium alginate
using Luer lock syringes, followed by adding the PZ-alginate
presolution dropwise to a 1% v/v FeCl3·6H2O solution with mild
stirring for 15 min to ionically crosslink and form PZ-gel beads. The
crosslinking solution was then removed carefully without disturbing
the beads and washed with Milli-Q water twice to remove excess
FeCl3·6H2O solution. The PZ-gel beads were stored in Milli-Q water
until further use.
Size Determination of PZ-Gel. The average size of the PZ-gel

beads was analyzed by ImageJ analysis software. Additionally, a single
PZ-gel bead dispersed in Milli-Q water in a round 35 mm glass
bottom confocal dish was imaged through a Keyence BZ-X800
microscope at objective 4× through the brightfield channel.
Quantification of Pd/PZ and PZ Release from PZ-Gel Using

ICP−MS. Pd catalysts per polymer were quantified by adding 10 μL
of PZ solution (37.5 μM) to a clean 15 mL Falcon tube. 0.5 mL of
fresh aqua regia was then added to the container for efficient sample
digestion overnight, followed by dilution with deionized water to a
total volume of 10 mL. The composition of PZ was then analyzed on
a PerkinElmer NexION 300X ICP mass spectrometer. 106Pd was
measured under the standard mode with operating conditions as
follows: nebulizer flow rate: 0.95 L/min; rf power: 1600 W; plasma Ar
flow rate: 18 L/min; and dwell time: 50 ms.

Standard ME4 solutions (0, 0.2, 0.5, 1, 2, 5, 10, 20, 30, 40, 45, and
50 ppb) were prepared via serial dilutions for the calibration curve
(Figure S7a).

For observing the release of PZ from PZ-gel in light vs dark
conditions, PZ-gel beads (with PZ concentration = ∼400 nM) were
taken in a 48-well clear plate and dispersed in PBS with 5 mM Na-cit.
One plate was exposed to visible light for 30 min, and the other plate
was kept in the dark for the entire duration. The supernatant was
collected from each well, transferred to a 15 mL Falcon tube as above,
digested with aqua regia, and further diluted with deionized water to
10 mL The Pd content was then measured using ICP−MS.
PZ Release from PZ-Gel Using the Cy5.5-Tagged Polymer.

Cy5.5 PONI−C11-TMA (see above) was utilized to fabricate Pd-
loaded PZs. The Cy5.5-PZ was then incorporated into 1% alginate

Figure 5. Light-triggered Pro-linezolid activation by PZ-gel in MRSA
biofilms. (a) Cell viability of MRSA biofilms showing the therapeutic
efficacy of Pro-Lin vs Lin by Alamar Blue assay. Efficacy in CFU
reduction in MRSA biofilms by PZ-gel activation of (b) Pro-Lin (128
μg/mL).
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solution and further crosslinked using an FeCl3. 6H2O bath. The
beads were then washed with Milli-Q water. A standard curve was
generated based on the fluorescence of free Cy5.5-tagged PZ (Figure
S4c). The release profile of PZ with the Cy5.5-labeled polymer was
evaluated by suspending four PZ-gel beads in 200 μL of PBS and
exposing them to light for different time intervals, up to 2 h. After
each interval, 100 μL of solution was collected, and fluorescence
measurements were taken to monitor the release of PZ over time.
Loading and Distribution of Cy5.5-Labeled PZs in PZ-Gel

through Confocal Microscopy. Cy5.5 PONI−C11-TMA (see
above) was utilized to fabricate Pd-loaded PZs. Cy5.5-PZ was then
incorporated into 1% alginate solution and further crosslinked using
an FeCl3. 6H2O bath. For loading efficiency, the crosslinker solution
(FeCl3·6H2O) was collected before and after PZ-gel bead formation
to assess any loss of PZ due to leaching during PZ-gel loading and
formation. The fluorescence of these solutions was then measured to
determine the amount of PZ with the Cy5.5-labeled polymer that
leached out during the loading process. After suspending two Cy5.5-
PZ-loaded beads in 200 μL of PBS and exposing them to light
irradiation for 2 h, fluorescence was measured assertively (including
alginate leftover).

For confocal microscopy, after washing with Milli-Q water, the
hydrated beads were then visualized in a round 35 mm glass bottom
confocal dish using an A1R confocal microscope using a 4× objective
in brightfield and far-red channels.
Catalytic Activity of PZ and PZ-Gel. The PZ activity was

confirmed by activation of Pro-Rho. Briefly, Pro-Rho (10 μM) and
PZ (1.87 μM) solutions were prepared in PBS and mixed in a black
96-well plate. The fluorescence from the conversion of Pro-Rho to
Rho was monitored on a Molecular Devices M2 microplate reader
(λex = 488 nm, λem = 521 nm, and cutoff = 515 nm) over time. The
experiment was performed in triplicates.

For confirming the catalytic activity of PZ-gel, the PZ-gel beads
were placed in a 300 μL solution of Pro-Rho (10 μM) in a clear 48-
well plate. The plate was then irradiated with a 405 nm light for ∼2 h.
At different time points during the light irradiation, 100 μL of the well
solutions was taken into a black 96-well plate, and fluorescence was
measured at 488/521 nm. The 100 μL was returned to the original
plate for further time points. Similarly, another 24-well plate
containing the PZ-gel and Pro-Rho solutions was studied under
dark conditions.
Activation of Pro-Rho in Bacterial Biofilms. A single colony of

methicillin-resistant S. aureus (IDRL-6169) was used to prepare an
overnight culture in tryptic soy broth (TSB) media to obtain
inoculum for culturing the mid log phase. Bacterial cells in the mid log
phase were harvested and washed three times with 0.85% NaCl. The
final MRSA stock solution was prepared at an optical density (O.D.)
of 0.1 at 600 nm in M9 media supplemented with 10% TSB. Then,
100 μL of the seeded solution was added to each well of a 96-well
microtiter plate and incubated at room temperature for 48 h. The
biofilm was washed with 100 μL of PBS and then treated with PZ-gel
and Pro-Rho (10 μM). Two such plates were prepared, and one was
irradiated with a 405 nm light, while the other was kept covered with
aluminum foil in the dark. The fluorescence in the plates were
monitored by a plate reader at 488/521 nm excitation/emission,
respectively, over different time points.
Bacterial Viability of PZ, Prodrug, and Drug. The mid log

phase culture of MRSA (IDRL-6169) was harvested as described
above. A seeding bacterial solution with an O.D. of 0.1 at 600 nm was
prepared in M9 + TSB media. Then, 100 μL of the seeded solution
was added to each well of a 96-well microtiter plate and incubated at
room temperature for 48 h. The biofilm was washed with 100 μL of
PBS and treated with different concentrations of either (i) PZ, (ii)
Pro-Lin, or (iii) Lin for 24 h. After treatment, each well was washed
with 100 μL of PBS and treated with Alamar Blue assay to evaluate
the bacterial cell viability. The biofilm viability (%) was calculated by
measuring fluorescence at 560 nm/590 nm excitation/emission,
respectively.
Mammalian Cell Viability of PZ. 3T3 cells were cultured with

high-glucose complete DMEM media. 10,000 Cells/well were plated

in a 96-well clear plate and allowed to grow overnight. Next day, the
cells were washed once with PBS and then incubated with different
concentrations of PZ for 3 h. The cells were washed with PBS thrice,
and then fresh media were added to the wells and incubated
overnight. Next day, the cells were washed with PBS again and treated
with the Alamar Blue assay to evaluate mammalian cell viability.
Fluorescence was measured at the end of the experiment at 560/590
nm excitation/emission, respectively.
Activation of Pro-Lin in Bacterial Biofilms. The biofilm was

grown as per the above-mentioned method, was incubated with PZ-
gel (500 nM PZ) and Pro-Lin (64 or 128 μg/mL), and irradiated
with a 405 nm light source for 2 h. The biofilm was further incubated
for 3 h at 37 °C, followed by CFU counting of bacterial count. After
treatment, the microtiter plates were wrapped with a parafilm and
sonicated for 5−10 min to completely disperse the bacterial cells in
the biofilm leftovers. Then, the bacterial suspension was diluted into
PBS and spread into Tryptic soy agar (plates) for CFU enumeration.
All the experiments were done in triplicates.
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