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Introduction

Polymeric-protein-MOF nanoparticles with
stimuli-responsive disassembly and highly
reproducible synthesis

Justin Van Houten,?® Sarah E. S. Quail,*° Melissa C. D'’Amaral,®°
Kezia E. Suryoraharjo, (2 ®° Abigail Richards,®® Ruben Castillo Barberi,®°
Rachel Leigh Mander (22® and Alana F. Ogata () *°

Metal-organic frameworks (MOFs), such as zeolitic imidazolate framework-8 (ZIF-8), offer a promising
platform for therapeutic protein delivery due to their biocompatibility and tunable degradation properties.
However, the clinical translation of protein-loaded MOFs has been limited by poor colloidal stability and a
lack of robust, stimulus-responsive release mechanisms. Here, we present a proof-of-concept colloidally
stable nanoparticle system composed of poly(acrylic acid) (PAA), bovine serum albumin (BSA), ZIF-8 and
copper (Cu) or iron (Fe) ions, PAA@Cu/FeBSA@c-ZIF-8, designed for H,O,-responsive, multimodal thera-
peutic delivery. Through iterative design, we stabilised protein-loaded ZIF-8 nanoparticles with PAA and
doped the system with Cu or Fe to enable Fenton-based H,O, sensitivity. Upon exposure to biologically
relevant H,O, concentrations (40-100 uM), PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 nano-
particles release encapsulated BSA and the doped transition metal ions, demonstrating potential for
protein therapy in tandem with reactive oxygen species (ROS)-mediated cytotoxicity. The PAA@BSA@c-
ZIF-8, PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 exhibit consistent physiochemical properties
across independent operators and scales, including particle size, ¢ potential, and cargo release, as well as
cytotoxicity. Importantly, we identify ROS production, measured by 2',7 -dichlorodihydrofluorescein dia-
cetate response, as a key critical quality attribute correlating with therapeutic potency. This work estab-
lishes a reproducible, H,O,-responsive nanoplatform towards application in cancer therapy and supports
the broader use of quality attribute metrics in nanoparticle development.

loaded with ceria nanoparticles and siRNA-retinoic acid conju-
gates to induce neurogenesis via peroxide-induced degra-

The development of stimuli-responsive metal organic frame-
works (MOFs) opened new avenues for targeted drug delivery,
with particular interest in systems that respond to elevated
levels of hydrogen peroxide (H,O,) in disease microenviron-
ments. H,0, is present at increased concentrations in tumours
and inflamed tissues, offering a selective chemical trigger for
controlled therapeutic release."™ Jia et al developed poly
(methyl methacrylate)-Fe-benzene tricarboxylate-polydopamine
MOFs that responded to H,0, and glutathione, enabling dopa-
mine and Fe ion release.” Ma et al. used Matériaux de I'Institut
Lavoisier (MIL)-101(Fe) MOFs functionalized with triethyl-
enediamine-DNA fragments for peroxide-triggered photo-
dynamic therapy.® Yu et al. designed MIL-100(Fe) systems co-
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dation.” Jin et al. achieved peroxide-activated carbon monoxide
release using MnBr(CO)s-loaded Ti-MOFs.® However, the appli-
cability of these MOF systems are limited as their synthetic
approaches rely on harsh reaction conditions incompatible
with proteins that could serve as deliverable therapeutics.”™®

In contrast, zeolitic imidazolate framework-8 (ZIF-8) is a
well-studied MOF that supports protein loading due to
its aqueous, mild self-assembly synthetic conditions. ZIF-8 has
also been used for the release of small molecules such as

camptothecin,'® 3-methyladenine,'*
1213 carboplatin,® and 5-fluorouracil.’

doxorubicin,’

6-mercaptopurine,
Typically, these drugs are taken up into the porous ZIF-8 and
released under acidic conditions.'* The release of protein from
ZIF-8 has also been demonstrated for lactoferrin,'® RNase A,*®
Cytochrome ¢'” and liposomes.'®"'°
cules, large biomolecule loading occurs within the lattice of
ZIF-8 via in situ encapsulation and pH-triggered structural dis-
assembly is required for release.”®*" However, pH-triggered
degradation presents limitations. While tumour tissues exhibit

In contrast to small mole-
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low pH due to the Warburg effect,>* acidic environments also
occur naturally in healthy tissues such as the gastrointestinal
tract and bladder,* which increases the risk of premature or
off-target release and limits therapeutic precision.
Furthermore, pH gradients are diffuse and variable, complicat-
ing spatial control of drug release.>>*>*

To enable peroxidase-like activity, studies have incorporated
redox-active metal ions such as copper (Cu) or iron (Fe) into
ZIF-8 frameworks to enable Fenton-like reactivity.>® These
doped ZIF-8 systems catalyse the generation of hydroxyl rad-
icals ("OH) through interactions with H,0,, a process that has
been studied and leveraged for cytotoxicity enhancement in
cancer therapy.””?®?° Although these systems clearly demon-
strate oxidative activity and radical-mediated biological effects,
direct evidence of ZIF-8 H,0,-triggered protein release remains
elusive.>’*° However, we hypothesize that local nanoparticle
damage derived from generated ROS will allow for protein
release from protein@ZIF-8 nanoparticles.”

Here, we incorporate Fenton-active transition metal ions (Cu
and Fe) into protein@colloidal-ZIF-8 nanoparticles through
iterative design to achieve H,O,-responsive degradation. We
leveraged Fenton chemistry by doping colloidally stable poly
(acrylic  acid)@bovine  serum  albumin@colloidal-ZIF-8
(PAA@BSA@c-ZIF-8) nanoparticles with Cu (PAA@CuBSA@c-
ZIF8) and Fe (PAA@FeBSA®@c-ZIF-8). Both metals facilitate
Fenton-like reactions, catalysing the decomposition of H,O,
into reactive hydroxyl radicals (-OH).>*** We validated the struc-
tural and colloidal reproducibility of PAA@CuBSA®@c-ZIF-8,
PAA@FeBSA@c-ZIF-8, and PAA@BSA@c-ZIF-8 through
dynamic light scattering (DLS), { potential, nanoparticle track-
ing analysis (NTA), and scanning electron microscopy (SEM).
We further confirmed the crystallinity and cationic compo-
sition of the nanoparticles via X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS). Protein release in response
to H,0, was monitored using the Bradford assay and DLS. The
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released BSA protein was characterized using size exclusion
chromatography and circular dichroism. We assessed thera-
peutic potential by monitoring cytotoxicity in HeLa cells, where
H,0,-mediated release of protein and ions from
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 induced dose-
dependent cell death. Lastly, we demonstrate the reproducibil-
ity and scalability of the synthesis across two batch sizes and
four independent operators. Critical quality attributes, includ-
ing particle size, { potential, ion and protein release profiles,
and half maximal inhibitory concentration (ICs,) values, were
reproducible with coefficients of variation (COVs) below 20%
demonstrating the platform’s potential for clinical translation.

Materials

MilliQ water (<18.2 Q). Zinc acetate dihydrate (99%), 2-methyl-
imidazole (99%), CuCl,-2(H,0) (99%), FeCl;-6(H,0) (97%) and
poly-acrylic acid (25-45 k M, and <2000 M,, 99%) were pur-
chased from Sigma-Aldrich and used without further purifi-
cation. Bovine serum albumin (BSA, lyophilized powder) was
purchased from Sigma-Aldrich. HCI (conc., ACS Plus grade)
and NaOH (10 N, 99%) were used for pH adjustments.
Bradford assay reagents (#5000006) were purchased from
BioShop. Hydrogen peroxide (H,O,, 30%) was purchased from
Thermo Fisher. For ICP-AES analysis TraceCERT® standards
(1000 ppm) were purchased from Sigma-Aldrich. For induc-
tively coupled plasma-atomic emission spectroscopy analysis
trace metal basis HNO; (67-70%, Sigma-Aldrich) was used.
3,3',5,5-Tetramethylbenzidine (TMB, >99%) was purchased
from Sigma-Aldrich. Naz;PO, and NaCl were purchased from
BioShop. 15% polyacrylamide gel, SDS loading dye and TRIS-
glycine-SDS running buffer, pH 8.3 was made from reagents
purchased from BioShop. The Mini-PROTEAN Tetra handcast
system and electrophoresis chamber was used for SDS-PAGE
experiments. SeeBlue™  Plus2 Protein Ladder from
ThermoFisher (# LC5925) was used.

Cell work: for all cell work, aseptic technique was main-
tained throughout, and all cell experiments were performed
within 5 cell passages. MilliQ water (<18.2 Q). HeLa cells were
from American Type Culture Collection (CCL-2™) and stored
in the vapor phase of liquid nitrogen before use. Primary cell
culture was completed with Dulbecco’s Modified Eagle
Medium with high glucose (DMEM, Gibco). Complete media
was prepared with 10% foetal bovine serum (FBS; Wisent,
Canada) and Pen-Strep (Sigma-Aldrich) supplementation.
Trypan blue (Thermo Fisher) and Countess-3 instrumentation
(Thermo Fisher) were used for cell counting. 2',7'-
Dichlorodihydrofluorescein diacetate and Amplex Red were
purchased from Thermo Fisher and used without further puri-
fication. Lysis buffer for the amplex red assay was freshly pre-
pared, containing 50 mM phosphate buffer (Sigma-Aldrich),
1 mM ethylenediaminetetraacetic acid (BioShop) and 0.5%
Triton X-100 (Sigma-Aldrich). Detection buffer for the Amplex
Red assay was freshly prepared (50 mM phosphate buffer pH
6.0 (Bioshop), 50 uM Amplex Red (Thermo Fisher) and 0.1 U

This journal is © The Royal Society of Chemistry 2025
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mL ™" horseradish peroxidase (Sigma-Aldrich)). Cell survivabil-
ity was determined using Cell Titre Blue assay (Promega).

Methods
Synthesis of PAA@BSA@c-ZIF-8

PAA@BSA@c-ZIF-8 was prepared with reference to our pre-
vious publication.®® Briefly, solutions of 20 mM Zn
(OAc),-2H,0 and 1400 mM 2-methylimidazole (2-mi) were pre-
pared. 200 mg of BSA was dissolved in 10 mL of the 1400 mM
2-mi solution. Then, PAA was added to the solution. Next, the
pH of the solution was adjusted to 10.2-10.5. Finally, 10 mL of
Zn(OAc),-2H,0 (20 mM) was combined with the BSA-2-mi solu-
tion and allowed to react overnight. PAA@BSA@c-ZIF-8 nano-
particles were isolated by centrifugation. PAA@BSA@c-ZIF-8
nanoparticles was redispersed in MilliQ water.

Synthesis of ZIF-8

Two aqueous precursor solutions were prepared prior to syn-
thesis. To achieve the desired molar ratio (35:1), 10 mL of
1400 mM 2-mi and 10 mL of 40 mM Zn(OAc),-2H,0 were com-
bined in a glass scintillation vial, resulting in a final Zn
(OAc),-2H,0 concentration of 20 mM. The vial was left to incu-
bate at room temperature for 24 hours before being collected
by centrifugation and dried at room temperature.

Fluorescence quenching and stern volmer calculations for BSA
binding affinity to Cu and Fe

A standard solution of BSA at 10 mg mL™" was used for
quenching experiments. 0.1-1 mM of the metal was added,
and fluorescence quenching was monitored at 340 nm.
Langmuir isotherms were calculated using GraphPad Prism’s
Langmuir isotherm package. K, values were calculated with
Stern Volmer’s equation. Electrophoretic light scattering
measurements were taken for each metal-BSA mixture.
Experiments are run in triplicate.

Synthesis of PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8

PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 were prepared
with reference to our previous publication.>* 200 mg BSA was
dissolved in MilliQ water, then CuCl, and FeCl; were added
(0.5 mM), finally 1.14 g (1400 mM) of 2-mi was allowed to dis-
solve in the solution. Then, PAA was added to the solution.
Next, the pH of the solution was adjusted to 10.2-10.4. Finally,
10 mL of Zn(OAc),-2H,0 (20 mM) was reacted with the BSA-2-
mi solution and allowed to react overnight. The samples were
centrifuged to isolate the particles. The particles were redis-
persed in MilliQ.

Catalytic activity screening

Catalytic screening of PAA@BSA@c-ZIF-8, PAA@CuBSA@c-
ZIF-8 and PAA@FeBSA@c-ZIF-8 was completed using the TMB
assay. 100 pM TMB, 10x diluted nanoparticles and 40 pM per-
oxide were added to a cuvette. The colorimetric response was
measured after 1 hour at 37 °C. The buffer used in each case

This journal is © The Royal Society of Chemistry 2025
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was pH 6.0 1x PBS. Colorimetric response was determined
using a Nanodrop One C UV-Vis spectrophotometer at 652 nm
(Thermo Fisher, USA). Experiments were run in triplicate.

Determination of protein encapsulation efficiency

Encapsulation efficiency (EE%) was determined using the
Bradford assay. The supernatant from the mother reaction was
obtained to measure the concentration of unreacted protein.
EE% is determined with eqn (1)

EEsy% = ((quantity of protein used in reaction
— quantity of protein found in supernatant)/ (1)
quantity of protein used in reaction) x 100

Bradford measurements were taken on Nanodrop One C
UV-Vis spectrophotometer at 595 nm (Thermo Fisher, USA).
Experiments were run in triplicate.

Protein release curves

Protein release was monitored via the Bradford assay. First, the
as-prepared samples were washed three times with MilliQ
water (<18.2 Q). The samples were redispersed in 1x PBS pH
6.0 with 40 uM hydrogen peroxide. Over the course of 6 hours
the release of BSA was monitored by Bradford assay. Bradford
measurements were taken on a Nanodrop One C UV-Vis
spectrophotometer (Thermo Fisher, USA). Experiments are run
in triplicate on two batches, for a total of n = 6, whole batches
(1 x 10" =1 x 10" particles) were used for this experiment.

Circular dichroism (CD) spectroscopy

100 pL of metal-doped BSA before and after release was
applied to a size exclusion column (Superdex 200, GE
Healthcare, USA) on an AKTA FPLC (Cytiva, USA) in 20 mM
Na;PO,, pH 7.2, and 150 mM NacCl, at a flow rate of 0.5 mL
min~", fractions were collected in 0.5 mL increments.

Fractions containing BSA were determined by SDS-PAGE
analysis and collected. 20 pL of the samples before SEC and
each fraction was added to 5 pL of 5x SDS loading dye. 5 pL of
SeeBlue™ Plus2 Protein Ladder, 5 pL of samples before SEC,
and 10 pL of each fraction was applied to a 15% polyacryl-
amide gel. SDS-PAGE was performed with Tris-Glycine-SDS
running buffer for 50 min at 180 V using BioRAD PowerPac
Basic power supply and Mini-PROTEAN Tetra vertical electro-
phoresis cell. Protein concentration was determined by the
Bradford assay and prepared for CD spectroscopy.

CD spectroscopy samples were generated by diluting BSA to
2 pM using buffer lacking NaCl (20 mM NazPO,, pH 7.2) for a
final NaCl concentration of less than 30 mM. All CD measure-
ments were conducted in a 250 pL, 0.1 cm path length quartz
cuvette.

CD Spectra were recorded at 22 °C from 190-260 nm with a
0.5 nm step size, bandwidth of 1 nm, scanning speed of
100 nm min~" and a digital integration time of 4 s. Three
scans are averaged for each CD spectra. Spectra were taken on
a JASCO J-1500 CD spectrometer.
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Mean residue ellipticity (MRE) values were calculated using
eqn (2).
MRE = ((A-Aputter) /10(1)[BSA](n)) (2)

where A is the absorbance at a given wavelength, Ay, is the
absorbance of the buffer without BSA, [ is the pathlength of
the cuvette, [BSA] is the concentration of BSA in mol L™ and n
is the number of amino acid residues in BSA (583).

Alpha helical content of BSA was calculated using eqn (3).

% Helix = (0522/ — 39 500(1 — (257/n))) (3)

where 0,,, is the MRE of BSA at 222 nm, —39 500 is the theore-
tical MRE of a perfect helix at 222 nm, and n is the number of
residues in BSA (583).

Powder X-ray diffraction measurements (XRD)

20 mL of washed PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8
and PAA@FeBSA@c-ZIF-8 was allowed to dry under vacuum
for 4 hours. The sample was then powdered using a pestle and
mortar. Approximately 50 mg of dry PAA@BSA@c-ZIF-8,
PAA@CuBSA@c-ZIF-8 or PAA@FeBSA@c-ZIF-8 was placed on
an amorphous silicon wafer and X-ray diffractograms were
acquired using a D2 phaser with a Cu Ka (1.5406 A) X-ray
source (Bruker, Germany).

Fourier transform infrared spectroscopy (FTIR)

20 mL of as-prepared PAA@BSA@c-ZIF-8, PAA@CuBSA@c-
ZIF-8 or PAA@FeBSA@c-ZIF-8 was allowed to dry under
vacuum for 4 hours. The sample was then powdered using a
pestle and mortar. Approximately 1 mg of dry PAA@BSA@c-
ZIF-8, PAA@CUBSA@c-ZIF-8 or PAA@FeBSA@c-ZIF-8 was
placed on the diamond and analysed. The FTIR used was a
Nicolet 520 (Thermo Fisher, USA).

¢ Potential

750 pL of post-wash nanoparticles (10-fold diluted) were
placed in a DS1070 folded capillary zeta cell (Malvern
Panalytical, USA). Each sample was allowed to equilibrate to
25 °C before measurement and was measured in triplicate. All
electrophoretic light scattering measurements were acquired
with a Zetasizer Nano series ZS (Malvern Panalytical, USA).

Dynamic light scattering (DLS)

For DLS, 1 mL of washed, 10-fold diluted, PAA@BSA@c-ZIF-8,
PAA@CuBSA@c-ZIF-8 or PAA@FeBSA@c-ZIF-8 were redis-
persed in MilliQ water and monitored by DLS in a quartz
cuvette. Each sample was allowed to equilibrate to 25 °C before
measurement and was recorded in triplicate. All dynamic light
scattering measurements were acquired with a Zetasizer Nano
series ZS (Malvern Panalytical, USA). For PBS stability trials,
PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 were redispersed in 1x PBS pH 6.0.
Experiments were run in triplicate.
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Nanoparticle tracking analysis (NTA)

PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 were washed three times and analysed at
SickKids, Toronto, Ontario. The NTA apparatus used was
NS300 NTA (Malvern Panalytical, USA). Samples were diluted
1500-fold prior to measurement and were recorded in
triplicate.

Scanning electron microscopy (SEM)

As-prepared PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8 or
PAA@FeBSA@c-ZIF-8 nanoparticles were diluted 1000-fold.
Then, 40 pL of the diluted nanoparticles were drop-casted
onto gold-coated glass. The gold-coated glass was adhered to
the aluminium stub with carbon paint and carbon tape. The
sample was allowed to dry on the glass and was coated with
gold again. The samples were imaged with a SU3500 SEM
(Hitachi, Japan). The working distance ranged from 4 mm-
6 mm. The accelerating voltage ranged from 1 kv-25 kv.

Transmission electron microscopy (TEM)

For TEM, 100-fold diluted samples of PAA@BSA@c-ZIF-8,
PAA@CuBSA@c-ZIF-8 and PAA@CuBSA@c-ZIF-8 were drop
cast onto a lacey carbon film with a 200-mesh grid and 5 pm
hole size (Electron Microscopy Sciences, USA). The grids were
imaged using a Hitachi HT7700 TEM (Hitachi, Japan) at an
accelerating voltage of 100 kV.

X-ray photoelectron spectroscopy (XPS)

Samples were prepared and analysed in agreement with our
previous method.*® Approximately 5 mg of dried PAA@BSA@c-
ZIF-8, PAA@CuBSA@c-ZIF-8 or PAA@FeBSA@c-ZIF-8 was
placed on the sample stage for analysis. An Al K-a source was
used. Survey spectra were acquired at a pass energy of 200 eV.
The corresponding point density on the energy axis was 1 eV
per step. These scans were used to identified all elemental
species in the PAA@BSA@c-ZIF-8 and PAA@CuBSA@c-ZIF-8
and PAA@FeBSA@c-ZIF-8 nanoparticles. Thermo Fisher’s
Avantage software was used to process the data. Data was
obtained at the OCCAM Facility in Toronto, ON., Canada,
using a K-a XPS system (Thermo Fisher, USA).

Inductively coupled plasma - atomic emission spectroscopy
(ICP-AES) experiments - Zn, Cu and Fe incorporation rates

First, 1 mL of as-prepared PAA@BSA@c-ZIF-8,
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 were isolated
and washed as previously described and redispersed in 1 mL
of MilliQ water. Next, 1 mL of 70% metal-free HNO; was mixed
with the redispersed nanoparticles. The samples were allowed
to incubate for 48 hours before being diluted to 35 mL total
volume. Ion release profile was monitored via collecting the
supernatant of nanoparticles incubated with H,0,. First, the
as-prepared samples were washed three times with MilliQ
water (<18.2 Q). The samples were redispersed in PBS pH 6.0
with 40 pM H,0,. Fractions of the supernatant were collected
over 6 hours and mixed 1:1 v/v with 70% HNO; and later

This journal is © The Royal Society of Chemistry 2025
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diluted to 2% with MilliQ for ICP-AES analysis with an
iCAP6500 Duo ICP-AES (Thermo Fisher, USA).

Cationic release rates

To determine the cationic release rates of Zn, Cu and Fe nano-
particles were reacted with 20, 40, 100 and 500 pM H,0, and
the release of ions was monitored by ICP-AES. Release rates
were estimated using linear regression from the first
90 minutes of release. To assess cationic release, an entire
batch was used.

Cell survivability assay

Approximately 5000 HeLa cells were seeded into each well of a
96-well plate with a final volume of 50 pL. Cells were allowed
to grow for 24 hours in the incubator (37 °C, 5% CO,) before
being incubated with treatment. On each plate 12 controls
(non-treatment samples) were prepared. The range of nano-
particle concentrations was 3 x 10°-7 x 10" particles per mL.
Nanoparticle concentration was initially calculated using NTA.
PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 were redispersed in 10% FBS DMEM
Media at 2x the required concentration. Then, 50 pL of the
DMEM-NP solution, at the specified particle concentrations,
were added to each well and incubated for 24 hours. Finally,
20 pL of Cell Titre Blue was added and incubated for one hour
prior to measurement. Fluorometric response was collected on
a Spark® Multimode Microplate Reader (Tecan, Switzerland)
with an excitation value of 560 nm and emission value of
590 nm. Cell viability was determined via eqn (4). ICs, values
were calculated on a particle per mL basis with GraphPad
Prism.

Cell viability% = ((control response — treatment response)/
control response) x 100

(4)

Measurement of intracellular ROS generation

The level of intracellular ROS generation was estimated using
the 2,7'-dicholorodihydrofluorescein diacetate (DCF-DA) dye.
We followed the protocol by Dhawan et al.*® Briefly, cells were
seeded at a density of 10° cells per mL and allowed to grow for
24 hours. Then, DMEM-particle solutions standardized to 1 x
10" particles were added to each well (1:1 v/v). The plates
were allowed to incubate in 37 °C, 5% CO, for 45 minutes
upon which time the reaction mixture was replaced with 1x
PBS pH 7.4 and measured on a microplate reader with exci-
tation wavelength of 485 nm and emission wavelength of
528 nm. The fluorescence intensity was monitored and -fold
change compared to controls was reported.

Determination of cellular peroxide levels pre- and post-
incubation with nanoparticles

Cells were grown, harvested, and treated as normal. Then,
200 pL of lysis buffer (50 mM phosphate buffer pH 6.0, 0.5%
Triton X-100, 1 mM ethylenediaminetetraacetic acid) was

This journal is © The Royal Society of Chemistry 2025
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added per 500 000 cells and homogenized. After homogeniz-
ation, the samples were centrifuged at 14000 rpm for
5 minutes. The supernatant was collected, and pellet was dis-
carded. Then 50 pL of sample was added to each well with
100 pL of detection matrix (50 mM phosphate buffer pH 6.0,
50 pM Amplex Red and 0.1 U mL™~" HRP). The A560 response
was recorded with Spark® Multimode Microplate Reader
(Tecan, Switzerland) and compared to a calibration curve for
cellular peroxide determination. The same process was com-
pleted with the addition of 1 x 10'® PAA@BSA®@c-ZIF-8,
PAA@CuBSA@c-ZIF-8 or PAA@FeBSA@c-ZIF-8 to evaluate the
effect of nanoparticle concentration on intracellular peroxide
concentration.

Replication of nanoparticle synthesis

A standard operating procedure was provided to additional
operators to replicate the synthetic regime provided above. The
standard operating procedure can be found in the electronic
SI. For scaled synthesis of the PAA@BSA@c-ZIF-8,
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 synthesis,
weights and volumes were increased by 25-fold with no other
adjustments (20 mL to 500 mL).

Nitrogen gas absorption

Prior to preforming gas adsorption measurements, each
sample was activated at 70 °C for 6 hours under dynamic
vacuum (5 x 10™° mbar) on the Schlenk line. For each
measurement, 20-35 mg of the activated MOF was placed in a
pre-weighed sample tube. The mass of the sample was
recorded, and the tube was fitted with a glass rod and a cap.
The samples were then activated on the instrument for 1 hour
at 70 °C prior to measurement. Nitrogen gas isotherms were
acquired using the Belsorp-miniX porosimeter at 77 K with N,
and He. The Brunauer-Emmett-Teller (BET) surface areas
were fitted using the software supplied with the instrument;
BET consistency criteria were met for all samples.*”

Statistical analysis

Statistical analysis for hypothesis testing in this work used the
Brunner-Munzel t-Test calculated by GraphPad’s Prism to a
95% confidence interval. Results were reported as exact
p-values. For full width at half mass, values was calculated
with the Cauchy-Lorentz function with a minimum R* of 0.9.

Results and discussion

Developing peroxide responsive nanoparticles based on
BSA@c-ZIF-8

In early 2024, our group published the synthesis of colloidally
stable BSA@c-ZIF-8 nanoparticles that were resistant to hydro-
lytic and buffer induced degradation.** Here, we expanded on
our previous design and incorporated Cu or Fe in the BSA@c-
ZIF-8 particles to include ions capable of undergoing Fenton-
like chemistry and stimuli reponsive disassembly.
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We aimed to introduce Cu and Fe catalytic sites while main-
taining the following material properties of BSA@c-ZIF-8: (1) a
monodisperse profile (PDI <0.2), (2) a monomodal distri-
bution, (3) at least —30 mV { potential, (4) colloidally stable in
relevant buffers, and (5) catalytically active toward H,0,. We
assessed these properties for several synthetic conditions and
excluded nanoparticle designs that did not meet the criteria
(Scheme S1). If more than one design had all attributes, the
nanoparticle with maximal protein encapsulation was used.

To incorporate Cu/Fe ions into the particles, we first pre-
associated Cu and Fe with BSA, which is known for its strong
metal-binding properties (SI Fig. $1).>*** The resulting
CuBSA@c-ZIF-8 and FeBSA@c-ZIF-8 nanoparticles exhibited
poor colloidal stability in PBS after 24 hours (PDI,, = 0.3 + 0.2,
0.5 + 0.2, SI Fig. S2) and near-neutral { potentials of —8 + 3 mV
and 0 + 2 mV, respectively (SI Table S1). This was ascribed to
surface charge screening by the Cu and Fe ions.*>*® To
improve surface charge and colloidal stability, we co-loaded
PAA, which was previously demonstrated to improve stability
in ZIF-8 systems.””*® We tested PAA concentrations from
0-250 mg and found that 10, 25, 50, 100, and 250 mg PAA
exhibited { potential values below —30 mV and catalytic activity
towards H,O, (SI Table S1 and Fig. S6). Bradford assay indi-
cated 50 mg PAA enabled the highest protein loading. The
final synthesis conditions of 10 mM Zn(OAc),-2H,0, 1400 mM
2-mi, 10 mg mL™" BSA, 0.5 mM Cu or Fe with 50 mg PAA (2 k
M,), pH 10.3 produced colloidally stable PAA@CuBSA@c-ZIF-8
with a size of 180 + 20 nm, PDI = 0.1 + 0.1 and { potential of
—50 + 10 mV and PAA@FeBSA@c-ZIF-8 with a size of 210 +
20 nm, PDI = 0.1 + 0.1 and { potential of —50 = 10 mV (SI
Fig. S5 and Table S1) and were studied for the remainder of
this work. A summary of all nanoparticles prepared during
this work is provided in Table S1.

XPS was used to confirm Cu and Fe integration in
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8, respectively
(Fig. 1a—c). In agreement with ZIF-8, we found a split Zn 2p
peak at ca. 1025 eV and 1045 eV.*° O 1s is observed at ca. 533
eV, which is ascribed to carboxyl groups present in the BSA.>
C 1s was ascribed to the carbon in the 2-mi ligand, BSA, and
adventitious carbon.’® N 1s was observed at ca. 400 eV and
corresponds to amines from the BSA and the nitrogenous
groups in 2-mi.”° Fe 2p1/2 and Fe 2p3/2 signals were found at
ca. 710 eV and 730 eV (ref. 51) for PAA@FeBSA@c-ZIF-8, while
for PAA@CuBSA@c-ZIF-8 Cu signals were found at ca. 935 eV
and ca. 952 eV.”* Cl 2p peaks were also found in the ca. 200 eV
region, derived from the counter ions in the Cu and Fe
precursors.

We confirmed the crystal structure of PAA@BSA@c-ZIF-8,
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 by comparing
our diffractograms to a simulated sod-ZIF-8 diffractogram
(COD card: 4118891). X-ray diffraction peaks corresponded to
8, 11, 13, 15, 17, 19, 25, and 27° 26 matching Miller planes
(011), (002), (112), (022), (013), (222), (114), and (134), respect-
ively (Fig. 1d). The integration of cationic species showed no
impact on the crystallinity of PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 when compared to PAA@BSA@c-ZIF-8 as
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the FWHM of the 8° 26 diffraction peak varied by <10%. FTIR
of PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 retained characteristic ZIF-8 features,
with new peaks at ca. 1680 and 1100 cm™' confirming BSA
encapsulation via amide signatures (Fig. 1e).”?

SEM and TEM images of the PAA@BSA@c-ZIF-8,
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 nanoparticles
revealed rough, spherical morphology, deviating from the
rhombic dodecahedron particle shapes seen for ZIF-8, consist-
ent with other PAA@ZIF-8 composites (Fig. 1f-h).*"*®
Interestingly, DLS and NTA results showed different size par-
ticle distributions (Fig. 1(i), (j) and Table 1). We attribute this
difference to DLS over-representing the average hydrodynamic
radius in the presence of rare, large particles.*® To validate
nanoparticle sizes, we manually measured the particles with
Image] on SEM images and found the size distributions were
consistent with NTA measurements.

The surface area of a pristine ZIF-8 (see methods section)
was compared to PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8
and PAA@FeBSA@c-ZIF-8 by fitting to the BET model.
The BET surface area of pristine ZIF-8 was 1680 m”> g/,
while for PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 the surface area was 650 m> g™, 640 m* g™*
and 670 m> g, respectively (SI Fig. S7). The loss in surface
area seen in these samples is in good agreement with
BSA@ZIF-8 materials presented by Gao et al. at 740 m* g~* and
Chen et al. at 730 m* g~ ".>>>® Mechanistically, this reduction
is attributed to the BSA or PAA occluding pores, lowering total
surface area.””

We determined the { potential of the PAA@BSA@c-ZIF-8,
PAA@CUBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 with electro-
phoretic light scattering (ELS). To confirm PAA inclusion we
compared the { potential of the non-PAA samples (CuBSA@c-
ZIF-8, FeBSA@c-ZIF-8) to PAA@BSA@c-ZIF-8, PAA@CuBSA@c-
ZIF-8 and PAA@FeBSA@c-ZIF-8 nanoparticles. For non-PAA
samples the ¢ potentials were 0 + 2 mV for FeBSA@c-ZIF-8 and
—8 + 3 mV for CuBSA@c-ZIF-8 and —35 mV + 3 mV for BSA@c-
ZIF-8 but improved in all cases for the pH controlled PAA syn-
thesis to —50 + 10 mV, ascribed to the COO™ moieties on PAA
(Fig. 1k). We regard this shift as evidence of PAA’s incorpor-
ation to the nanoparticle, as well as a positive benchmark for
colloidal stability by overcoming the |30 mV| threshold to
prevent particle to particle interactions.>®>°

Protein release from PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8
and PAA@FeBSA@c-ZIF-8

We hypothesized that PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 would exhibit protein release driven by
Fenton-mediated radical degradation. To evaluate this hypoth-
esis, we incubated PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8
and PAA@FeBSA@c-ZIF-8 with 40 uM H,O, over 6 hours and
monitored BSA release using both the Bradford assay and DLS.
PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 demonstrated protein release (Fig. 2a).
However, PAA@BSA@c-ZIF-8 samples had the lowest protein
release at 100 + 60 pug mL™' over the 6 hours (n = 6, two

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Describes the physical characterization of PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8. (a—c) Show the X-ray photo-
electron spectroscopy survey spectrum of PAA@BSA@c-ZIF-8, PAA@FeBSA@c-ZIF-8 and PAA@CuBSA@c-ZIF-8. (d) Shows the X-ray diffractograms
of each nanoparticle, a sod-ZIF-8 simulated diffractogram is also provided (COD: 4118891). The miller indices are labelled above each peak diffrac-
tion plane. The FTIR spectra of each nanoparticle are shown in (e) with a control ZIF-8 sample for comparison. (f), (g) and (h) show scanning electron
micrographs for each nanoparticle, PAA@BSA@c-ZIF-8, PAA@QCuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8, respectively, with high-resolution TEM
images provided in the inset of each SEM micrograph. The scale bar for the TEM images is 100 nm. (i) and (j) show the size distribution of the nano-
particles as calculated by DLS and NTA, respectively (n = 3). Each point and associated error represent the average and standard deviation of
3 measurements, respectively (k) shows the zeta potential of all three nano-species (n = 3) with and without added PAA. Each point and associated
error represent the average and standard deviation, respectively.
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Table 1 Summary of the sizes recorded via DLS, NTA and physical
measurements. DLS n = 3, NTA n = 3, physical size n = 50 particles with
ImageJd on scanning electron micrographs of each particle

Particle Size (DLS) Size (NTA) Size (SEM)

PAA@BSA®@c-ZIF-8 200 £ 20 nm 130 £ 10 nm 140 £ 20 nm
PAA@CuBSA@c-ZIF-8 180 £ 20 nm 120 £ 10 nm 110 + 10 nm
PAA@FeBSA@c-ZIF-8 210 + 20 nm 140 £ 10 nm 120 + 30 nm
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Fig. 2 Protein release of PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 nanoparticles. (a) Shows the protein release from
PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8, PAA@FeBSA@c-ZIF-8. Each
point and error bar represents the average and standard deviation of 6
data points across 2 batches, respectively (b) shows the DLS continuing
distribution analysis plots without added peroxide (time = 0) (c), show
the nanoparticles after 6 hour incubation with 40 uM peroxide. (d) The
solid black box shows the size range from 0-3000 nm, while the dotted
box is a zoomed in portion (corresponding to the dotted black box) of
0-500 nm to highlight the smaller peaks. (e—g) Represent the relative
protein release as a function of H,O, (one batch in triplicate) from
PAA@BSA@c-ZIF-8 (c), PAA@CuBSA@c-ZIF-8 (d) and PAA@FeBSA@c-
ZIF-8 (e). All analyses were performed in 1x PBS pH 6.0. Each point and
associated error represent the average and standard deviation of
3 measurements, respectively.

batches in triplicate), whereas the PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 released 520 + 90 pg mL™' and 350 +
80 pug mL™"' of BSA (n = 6, two batches in triplicate) over the
same time period, respectively. After H,O, exposure, the
PAA@BSA@c-ZIF-8 structure was preserved with an average
hydrodynamic radius of 210 nm + 50 nm, in agreement with
the size of PAA@BSA@c-ZIF-8 (Fig. 2b). However, when com-
pared to the DLS measurements of PAA@CuBSA@c-ZIF-8 and
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PAA@FeBSA@c-ZIF-8 after H,O, incubation, we found the
nanoparticles were degraded, evidenced by a variety of smaller
structures (ca. 10 nm, ca. 50 nm) and large, 1000-2000 nm,
aggregates on the continuing distribution analysis plots
(Fig. 2b). We ascribed the large peaks to aggregated
ZIF-8 material after disassembly, while the smaller peaks
(10 nm and 50 nm) were ascribed to be free and aggregated
BSA, respectively. To verify that catalytic activity of the
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 was not
derived from free or loosely bound Cu and Fe ions leftover
from synthesis, we incubated the nanoparticles in PBS without
H,0,. We then separated the nanoparticles via centrifugation
and to isolate any free Cu or Fe ions in solution. We tested the
catalytic activity of the supernatant and found that the activity
was indistinguishable from baseline, suggesting that free Cu
and Fe were not released in sufficient quantities in PBS alone
to participate in Fenton’s chemistry (SI Fig. S8).

To understand the effect of H,O, on protein release, we
tested H,O, concentrations of 0, 20, 100, and 500 pM and
show that increased H,0, concentrations had no increased
effect on releasing protein from PAA@BSA@c-ZIF-8. In con-
trast, the PAA@FeBSA@c-ZIF-8 nanoparticles showed an
increase of 30 + 10% BSA release at 100 pM H,0, compared to
40 uM. PAA@CuBSA@c-ZIF-8 showed no increase in release of
BSA beyond 40 uM H,0, (Fig. 2c-e¢). We found that the
released protein remained catalytically active toward H,O,,
suggesting that released Cu/Fe-BSA complexes can generate
ROS after release (SI Fig. S8 and S9). These findings demon-
strate that Cu- and Fe-doped protein@ZIF-8 nanoparticles
undergo Fenton-mediated disassembly in response to H,O,,
enabling controlled protein release and sustained catalytic
activity post-release.

The fraction of released protein from PAA@CuBSA®@c-ZIF-8
and PAA@FeBSA@c-ZIF-8 over 6 hours was 21 + 6% and 18 +
4%, respectively (n = 6, 2 batches tested in triplicate), a release
profile is comparable to other proteinaceous MOFs presented
in literature. For example, green fluorescent protein release
from ZIF-90 (Zn*" nodes and imidazole-2-carboxaldehyde
struts) was 6% under optimal conditions,*® while 5-11%
release of CRISPR-Cas9 was presented in PB@Eu-MOFs upon
photothermal irradiation,®® and 20% BMP-2 release was pre-
sented after 7 days in Lu’s BMP-2/cisplatin derived
nanoZIF-8.%

Ion release from PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8,
and PAA@FeBSA@c-ZIF-8

To understand ion release profiles, we used ICP-AES to deter-
mine the total incorporation of zinc (Zn), Fe and Cu in
PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 (Table 2) and then evaluated the released
fraction of each ion over 6 hours, with and without H,O,
present (Fig. 3).

In all H,O0,-treated samples, we observed the release of Zn
and Cu or Fe. For PAA@CuBSA®@c-ZIF-8, 82 + 3% of total Cu
was released after 360 minutes, corresponding to 76 + 12 pM
Cu, along with 51 + 11% of the total Zn, equivalent to 5.6 +

This journal is © The Royal Society of Chemistry 2025
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Table 2 Summary of the zinc, copper and iron concentrations for the
nanoparticle samples used in this work. n = 9, three batches (1 x 10'% +
2 x 10™ nanoparticles) measured in triplicate

Nanoparticle sample Zn (mM) Cu (uM) Fe (uM)
PAA@BSA@c-ZIF-8 10+1 N/A N/A
PAA@CuBSA@c-ZIF-8 11+1 93+4 N/A
PAA@FeBSA@c-ZIF-8 10+1 N/A 45+ 4

0.7 mM (Fig. 3b). Similarly, PAA@FeBSA@c-ZIF-8 released 64 +
5% of total iron (29 + 3 uM Fe) and 58 + 4% of Zn, amounting
to 5.7 + 0.3 mM Zn (Fig. 3c). In contrast, PAA@BSA®@c-ZIF-8
nanoparticles released 31 + 3% of total Zn under identical con-
ditions (Fig. 3a). These results indicate that the presence of Cu
or Fe enhanced Zn release, suggesting catalytic degradation of
the nanoparticles is mediated by Fenton chemistry in the pres-
ence of H,O,.

However, to test the efficacy of the ion release from
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA®@c-ZIF-8 in serum con-
taining media, the release of Cu and Fe was evaluated in
DMEM fortified with 10% FBS. DMEM with serum is a more
complex medium than PBS and more representative of a real
sample. In agreement with the PBS samples, we found ion
release in the DMEM samples (SI Fig. S10). The PAA@BSA@c-
ZIF-8 showed Zn release was limited to 10% after 90 minutes.
The PAA@CuBSA@c-ZIF-8 samples released 82 + 2% of its Cu
and 24 + 3% of its Zn after 90 minutes. While the
PAA@FeBSA@c-ZIF-8 samples released 46 + 2% of its Fe and
29 + 2% its Zn after 90 minutes. Interestingly, the release rate
of Cu was increased in DMEM compared to PBS samples, but
the Zn release rate was reduced. As well, in the
PAA@FeBSA@c-ZIF-8 samples, the release rate of Fe and Zn
was reduced compared to PBS. We hypothesized that released
Fe and Zn created insoluble complexes with components in
DMEM, and as a result were not observed by ICP-AES.
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We additionally evaluated the release of PAA@CuBSA@c-
ZIF-8 and PAA@FeBSA@c-ZIF-8 at 20, 100 and 500 pM H,0, in
PBS. We found that for PAA@CuBSA@c-ZIF-8, the rate of
release increased as the concentration of H,0O, increases.
However, the release rate of Fe decreased at 100 uM and
500 uM H,O, while Zn increased. This data suggests that in
the presence of higher concentrations of peroxide, Fe may have
formed insoluble aggregates that are not observed by ICP-AES
(SI Fig. S13).

Structural characterization of released BSA

Protein confirmational changes induced by metal binding
have been well documented in literature, thus we hypothesized
that Cu- and Fe-binding, protein encapsulation and sub-
sequent release would affect the secondary structure or oligo-
meric state of BSA.®*®° SEC separates proteins based on hydro-
dynamic radii, allowing for separation of monomeric BSA and
higher-order oligomers. We first applied unreacted BSA to a
Superdex200 size exclusion column to evaluate the oligomeric
state of the BSA before metal binding (Fig. 4a). The SEC chro-
matograms show multiple peaks and SDS-PAGE analysis was
employed to assess which fractions contained BSA. We found
that most of the sample was monomeric with an elution
volume of 14 mL, which corresponded to 75 kDa in size. BSA
is 66 kDa, but due to BSA’s elongated structure, elution at a
larger size was expected.®® In addition to the BSA peak, there
were low populations of oligomeric BSA and contaminating
high molecular weight proteins in the BSA.

Secondary structure of BSA was then evaluated by CD spec-
troscopy (Fig. 4b). The CD spectra of BSA showed local minima
at 208 and 222 nm, indicative of proteins with a-helices. Using
equations 2 & 3 BSA’s helical structure was calculated to be
55.6%. BSA is reported to contain 67% o-helix structure,
however, secondary structure is affected by multiple factors,
including pH, temperature, and solvent.®”*® We also evaluated
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Fig. 3 The release profiles of each nanoparticle presented in this work.

—o- Zn H,0, Release %

-o- CuH,0, Release %
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Fe H,O, Release %

-©- Zn PBS Release %
Fe PBS Release %

(a) Shows the release of Zn from PAA@BSA@c-ZIF-8 samples in the pres-

ence of 40 pM H,O0, compared to no peroxide. (b) Shows the release of copper and zinc in the same manner. (c) Shows the release of iron and zinc

in the same manner. The spectral lines used were Zn {334.502}, Cu {327.

396} and Fe {259.940}. All samples are n = 3, except for Fe t = 60 minutes,

which was n = 2 due to instrument changeover. Each point and error represent the average and standard deviation of three measurements from one

batch, respectively.
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Fig. 4 Metal-doping decreases secondary structure of BSA. (a) S200
size exclusion trace of BSA and SDS-PAGE gel corresponding to the
elution fractions. (b) CD spectra of BSA before and after size exclusion.
(c) S200 size exclusion traces of BSA, CuBSA, and post release CuBSA.
(d) CD spectra of BSA, CuBSA, and post release CuBSA. (e) S200 size
exclusion traces of BSA, FeBSA, and post release FeBSA. (f) CD spectra
of BSA, FeBSA, and post release FeBSA.

the secondary structure of BSA before purification by SEC and
found that there was minimal change in secondary structure
for BSA before and after SEC.

These experiments were repeated using CuBSA and FeBSA
before and after protein encapsulation (Fig. 4c-f and SI
Fig. S11). We found that the addition of Cu/Fe to BSA did not
impact the oligomeric state of BSA. Further, we found that
when Cu and Fe were bound to BSA the a-helical content
decreases from 54.6% to 33.2% for CuBSA and to 41.2% for
FeBSA. Similar results are shown for the post-release samples
of Cu and FeBSA (Table 3).

We then assessed the impact of protein concentration on
the oligomerization of BSA as application of PAA@BSA@c-
ZIF-8, PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 are
done at lower concentrations. SEC experiments were repeated
using 0.2 mg mL™" of ZnBSA, CuBSA, and FeBSA (SI Fig. $12).
At this concentration, the BSA remained mostly monomeric,
though some oligomers and contaminating proteins were
still present.
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Table 3 MRE and a-helical content of metal-doped BSA before and
after nanoparticle encapsulation

BSA CuBSA  PRCuBSA“ FeBSA PRFeBSA“
MRE at —-21050 -13000 -—13500 -16200 —15400
222 nm (deg
cm? dmol ™)
% a-helix 54.6 33.2 34.3 41.2 39.3

“PR = post-release

This work showed that BSA remains monomeric after metal
doping, nanoparticle encapsulation and release, however, the
secondary structure of BSA decreased upon interaction with
Cu and Fe. We additionally observed that the released BSA
retains the decrease in secondary structure. We hypothesized
that metal binding causes rearrangement within the protein,
disrupting the secondary structure of BSA, and the structural
impacts of this binding event are observed in the released
protein.®®*"®® The results of this study highlight the importance
of understanding the secondary structure of the released
protein from nanomaterials. Here, BSA does not serve an enzy-
matic function, but the efficacy of releasing active enzymes,
like glucose oxidase or carbonic anhydrase may be affected by
the metal-associated approach described herein.

Nanoparticle stability

We then tested if our nanoparticles could be stored for a short
period (14 days) prior to use to accommodate for storage and
shipping times. The stability of PAA@BSA®@c-ZIF-8,
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 was assessed
in water (7.1 pH), PBS (1%, 7.4 pH), HEPES (25 mM, 8.0 pH)
and complete DMEM at a concentration of 1 x 10" + 2 x 10"
nanoparticles. All nanoparticles were colloidally stable by our
previously established metrics (SI Fig. $13).>* Additionally, we
evaluated the release of cations after 1, 3, 5 and 7 days of
storage in DMEM 10% FBS to evaluate if release was compro-
mised during storage (SI Fig. S14). We extracted the linear
region of the cation release and used linear regression to cal-
culate the release rate (Table 4). Further, we calculated the
total quantity of cation released at ¢ = 360 min (Table 4).
PAA@CuBSA@c-ZIF-8 showed a Cu release rate of 0.73 +
0.12 pM/min after 1 day of storage in DMEM, but decreased to
0.56 + 0.09 pM min " after 14 days of storage. PAA@FeBSA@c-
ZIF-8 showed an Fe release rate of 0.21 = 0.05 pM min~" after 1
day of storage in DMEM but decreased to 0.18 =
0.04 pM min~" after 14 days. Both nanoparticles showed a
decrease in t = 360 ion release.

We hypothesize that serum components in the DMEM form
a protein corona on the nanoparticles, which can alter the
release kinetics and the total release profile of both
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8. Protein
coronas are well known to alter nanoparticle release profiles
via surface adsorption. When proteins are adsorbed, they can
alter the surface chemistry of nanoparticles, impairing release
or reducing reactivity, thereby compromising efficacy.®*”"*> We

This journal is © The Royal Society of Chemistry 2025
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Table 4 Release rates of cations for the first 90 min (> > 0.95) and total cation released at t = 360 minutes from

PAA@FeBSA@c-ZIF-8. n = 9 technical replicates
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PAA@CuBSA@c-ZIF-8,

Day 1

Day 3

Day 7 Day 14

PAA@CuBSA@c-ZIF-8 Cu release rate 0.73 + 0.12 pM min™"

0.71 + 0.11 pM min~"

0.65 + 0.14 pM min ™" 0.56 + 0.09 M min ™"

PAA@CUBSA@c-ZIF-8 t = 360 86 + 11 uM 82+ 10 uM 72 +12 pM 70 +15 pM
PAA@FeBSA@c-ZIF-8 Fe release rate 0.21 + 0.05 pM min~* 0.20 + 0.03 pM min ™" 0.20 + 0.05 pM min ™" 0.18 + 0.04 pM min ™"
PAA@FeBSA@c-ZIF-8 ¢ = 360 26 +2 UM 26 + 5 UM 24 +3 UM 20 + 1M

found that after 7 days in DMEM the 90 minute release rate
was compromised for PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 (Table 4 and SI Fig. S15). Therefore,
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA®@c-ZIF-8 nanoparticles
dispersed in DMEM were used within 3 days.

Cell studies

The release of Zn, Cu, and Fe from the nanoparticles can be
pro-apoptotic to cancerous cells via several well-established
mechanisms. Cu and Fe are potent inducers of oxidative stress
through the production of ROS due to their redox cycling
capacity, leading to the production of hydroxyl radicals,
causing lipid peroxidation, DNA damage, and protein
denaturation.>® Fe and Cu are also both closely involved in
their name-sake apoptotic mechanisms, ferroptosis and
cuproptosis.”>’? Furthermore, Zn can inhibit antioxidant
enzymes such as glutathione reductase and catalase, thereby
impairing the cellular defence against reactive oxygen
species.””®

We analysed the cytotoxic effects of PAA@BSA@c-ZIF-8,
PAA@CuUBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 on HelLa cells
using the Cell Titre Blue assay.”” Nanoparticle concentrations
were determined by NTA. The average particle counts (n = 4, 4
batches across 4 operators measured in triplicate) were found
to be 1.1 x 10" + 3.6 x 10" particles per mL for PAA@BSA@c-
ZIF-8, 1.0 x 10" =+ 1.7 x 10" particles per mL for
PAA@CuUBSA@c-ZIF-8 and 8.7 x 10™ + 2.0 x 10" particles per
mL for PAA@FeBSA@c-ZIF-8. Corresponding ICs, values

against HeLa cells were calculated for each nanoparticle across
three biological replicates (Fig. 5a). The ICs, for
PAA@CUBSA@c-ZIF-8 was 2.7 x 10° particles per mL, for
PAA@FeBSA@c-ZIF-8 the IC5, was, 4.0 x 10° particles per mL
while PAA@BSA@c-ZIF-8 was 1.3 x 10" particles per mL. The
Cu and FeBSA variants of the nanoparticles are significantly
more cytotoxic towards HeLa cells that the undoped variants
of the nanoparticles (p = 0.001, p = 0.003, respectively, n = 3
biological replicates).

To understand the mechanism for cell death, we employed
the DCF-DA assay. DCF-DA is an intracellular radical reporter
that is cleaved to fluorescent DCF in the presence of ROS.*®
Cells incubated with PAA@BSA®@c-ZIF-8 did not have a signifi-
cant fold increase in DCF cleavage 1.2 + 0.2 (p = 0.24), but a
1.9 £ 0.2 (p = 0.007) and 1.7 + 0.2-fold (p = 0.0004) increase in
DCF signal was realized for PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 incubated cells, respectively (Fig. 5b, n =
9, 3 biological replicates across three batches measured in
triplicate). This data suggests that PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 nanoparticles increase intracellular ROS
production compared to PAA@BSA@c-ZIF-8. For further vali-
dation, we determined the peroxide concentration in cells with
and without nanoparticle treatment. Untreated cells presented
with a peroxide concentration of 4.1 + 0.4 uM, while those
treated with PAA@BSA®@c-ZIF-8 had a concentration of 3.1 +
0.4 uM (p = 0.06). PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-
ZIF-8 treated cells had peroxide concentrations of 1.0 + 0.1 pM
(p=0.004) and 2.8 + 1.0 uM (p = 0.12), respectively (Fig. 5¢, n =
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Fig. 5 Cell studies with the three selected nanoparticles. (a) Shows the % Cell Death curves and associated fit from which ICsq values are calculated.
(n = 3 biological replicates across three batches) (b) shows the fold-change for the DCF-DA assay. (n = 9, 3 biological replicates across three
batches, measured in triplicate) (c) shows the concentration of peroxide after 24 hour incubation. For (c) measurements are normalized to 100 000
cells (n = 9, 3 biological replicates across three batches, measured in triplicate). Each point and error represent the average and standard deviation of

three measurements from one batch, respectively.
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9, 3 biological replicates tested against 3 batches measured in
triplicate). This data is good evidence that the
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 nanoparticles
caused peroxide depletion in the cells.”®

Reproducibility and scaled synthesis of PAA@BSA@c-ZIF-8,
PAA@CuBSA@c-ZIF-8, PAA@FeBSA@c-ZIF-8

Since the development of nanocarriers for active pharma-
ceutical ingredient delivery, reproducibility has been high-
lighted as principally important.”*"®® Thus, we evaluated the
reproducibility of PAA@BSA®@c-ZIF-8, PAA@CuBSA@c-ZIF-8
and PAA@FeBSA@c-ZIF-8 across four operators. To support
this evaluation, we followed guidance from the U.S.
Department of Health and Human Services, as well as Health
Canada, which emphasize the assessment of critical quality
attributes (CQAs) in therapeutic development.®**> CQAs are
defined as measurable end-product characteristics that influ-
ence the safety, efficacy, or performance of a therapeutic. For
the nanoparticles presented here, we categorized CQAs into
three domains: physical properties (size, particle count, disper-
sity), chemical properties (ion incorporation, { potential), and
therapeutic performance (ICs, values). This multivariate
framework enables robust assessment of batch-to-batch con-
sistency and facilitates the correlation of physiochemical attri-
butes with material outcomes. We propose that early
implementation of CQA-based evaluation is essential for
ensuring reproducibility and improving regulatory readiness in
both academic and industrial nanotechnology development.
Across 21 batches, the average size for PAA@BSA@c-ZIF-8
was 200 + 20 nm, the size of PAA@CuBSA®@c-ZIF-8 was 190 +
20 nm, while PAA@FeBSA@c-ZIF-8 was 200 + 20 nm, in agree-
ment with the originally reported sizes (Fig. 6a-c, n = 63, 21
batches tested in triplicate). Maximal inter- and intra-operator
variation was seen for PAA@BSA@c-ZIF-8 nanoparticles with a
COV of 10%. We similarly evaluated the consistency of
PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-
ZIF-8 by ELS. The average { potential for the nanoparticles was
—52 + 5 mV for PAA@BSA@c-ZIF-8, —51 * 6 mV for
PAA@CUBSA@c-ZIF-8 and —52 + 5 mV (Fig. 6d-f, n = 63, 21
batches tested in triplicate) in all cases the inter- and intra-oper-
ator COV was 10%. The PDI of all nanoparticle batches produced
was below 0.2, suggesting the nanoparticles were consistently
monodispersed (Fig. 6g-i, n = 63, 21 batches tested in triplicate).
While properties, such as size and ¢ potential, can impact
therapeutic properties,®*°' guidance asserts that functional
properties of the nanomaterial should be evaluated. Thus, we
tested that the release and encapsulation of the ions/protein
was consistent across operators (SI Fig. S16, across three oper-
ators and the author tested in triplicate, n = 36). The ion incor-
poration was consistent across operators and nanoparticles
had a maximal inter- and intra-operator COV of 10% for all
ions (n = 12, 4 batches across four operators tested in tripli-
cate). As well, the ion release at ¢t = 360 minutes is consistent
with inter- and intra-operator COVs <20% across all ions and
operators. The BSA release at ¢ = 360 minutes for PAA@BSA@c-
ZIF-8 was 120 + 70 pg mL™', with a maximal inter-operator
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Fig. 6 Dot plots relating to the replication synthesis performed by four
operators across various characterization techniques (operator 1: 3
batches measured in triplicate, n = 9, operator 2, 3 and author, 6
batches measured in triplicate, n = 18, in total 21 batches are tested for
n = 63). (a—c) Shows the average size of the nanoparticles across three
operators and the author. (d—f) Show the PDI values determined by DLS
across three operators and the author (g—i) show the zeta potential
results from electrophoretic light scattering across three operators and
the author. Each dot represents one measurement. Error bars are pro-
vided representing the mean and standard deviation are provided for
each data set.

COV of 40%. While for PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8, 530 + 90 ug mL ™", and 400 + 50 pg mL ™"
of BSA was released with maximal COV of 20% for both inter-
and intra-operators (SI Fig. S16, across three operators and the
author tested in triplicate, n = 36).

Next, we sought to determine the consistency of the thera-
peutic response for the nanoparticles. Eight batches were
selected, and we determined the ICs, and DCF-DA response
for each nanoparticle. We found that in agreement with pre-
vious results, DCF-DA response for PAA@CuBSA@c-ZIF-8 and
PAA@FeBSA@c-ZIF-8 increased by 1.8 + 0.2 and 1.4 + 0.1-fold,
respectively, while PAA@BSA@c-ZIF-8 had a fold increase of
1.1 + 0.1 (Fig. 7a-c, n = 63, 21 batches tested in triplicate) We
found that across the four operators, the average ICs, values
for the nanoparticles was 1.2 x 10"° + 2.8 x 10° particles per
mL, 3.2 x 10° + 8.4 x 10%, and, 5.0 x 10° + 6.7 x 10® for
PAA@BSA@c-ZIF-8, PAA@CuBSA@c-ZIF-8, and,
PAA@FeBSA@c-ZIF-8, respectively, in agreement with the orig-
inal batches tested (Fig. 7d—f, n = 21 across 21 batches).

Through the evaluation of these properties, we assessed the
correlation between the physical properties and the effect the
nanoparticles had on cell survivability. We hypothesized that
DCF-DA response would directly correlate with cell death and
show a negative correlation between DCF-DA response and the

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Dot plots relating to the replication synthesis performed by four
operators across various characterization techniques (operator 1: 3
batches measured in triplicate, n = 9, operator 2, 3 and author, 6
batches measured in triplicate, n = 18, in total 21 batches were tested.)
(a—c) shows the change in DCF response compared to untreated
samples. (d—f) Show the IC5o values determined by the Cell Titre Blue
assay across three operators and the author. Each dot represents one
measurement. In all cases, cell seeding density was 5 x 10* cells per mL.
Error bars are provided representing the mean and standard deviation
are provided for each data set.

resultant ICs, values (Fig. 8a-c), highlightingDCF-DA response
as a critical quality metric used to measure consistency across
batches and operators. We were unable to establish corre-
lations between cytotoxicity and other metrics, such as size
and ¢ potential (©* > 0.2, SI Fig. $17).

Following successful replication of the synthesis by multiple
operators, we established a scalable protocol that increased the
reaction volume from 20 mL to 500 mL (SI Fig. S18), enabling syn-
thesis at the multi-gram scale. The reactions were allowed to
proceed overnight, nanoparticles were collected as described in
the methods and the size and ¢ potential was measured by DLS
and ELS. We found no significant differences in the size, PDI or {
potential of the resulting PAA@BSA@c-ZIF-8, PAA@CuBSA@c-
ZIF-8 and PAA@FeBSA@c-ZIF-8 nanoparticles when compared to
small batch sizes (Table S2).
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Conclusion

Herein we demonstrate the iterative design of new H,O,
responsive  PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8
nanoparticles. We found that pre-association of BSA with Cu
and Fe afforded the nanoparticles with Fenton-like chemistry,
thereby enabling peroxide-responsive disassembly and con-
trolled protein release. Through extensive characterization,
including XPS, XRD, and DLS, we verified that the
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 nanoparticles
retained their crystallinity, colloidal stability, and morphology
when doped with transition metal ions. Moreover, we con-
firmed disassembly and release of protein and ions with the
Bradford assay, DLS, and ICP-AES. ICs, values for HeLa cell
cytotoxicity on a particle per mL basis while demonstrating the
radical production and peroxide depletion mechanism with
the DCF-DA assay and the peroxide concentration assay after
particle incubation, respectively. Finally, we demonstrate that
the synthesis presented here is highly reproducible across
operators based on CQAs assessments and scalable synthesis,
offering a route towards a translatable cancer treatment plat-
form. We define DCF-DA response as an important CQA for
PAA@CuUBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 nanoparticle
and defined its relevance for both current and future quality
assurance metrics. In future iterations of this design, we
suggest that inclusion of other therapeutic or targeting (bio)
molecules would improve the cytotoxic and cytoselective
effects of the nanoparticles. For example, active proteins such
as glucose oxidase could be incorporated to enable starvation
therapies, while targeting moieties like aptamers could facili-
tate cancer cell-specific delivery. As well, the tumour micro-
environment is a highly complex matrix that contains varying
levels of peroxide throughout its life cycle. As a result, it is
unclear if the levels of hydrogen peroxide in real tumours
would be sufficient to realize release and therapeutic potential.
Future directions of this work should include the use of 3D
cell culture models to assess if the release of protein and ions
is both realistic and therapeutic at natural peroxide levels in
tumours.  Finally, the total released protein for
PAA@CuBSA@c-ZIF-8 and PAA@FeBSA@c-ZIF-8 demonstrates
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Fig. 8 The correlation between DCF-DA and ICs, of each nanoparticle investigated in this work. Each dot represents the average of three measure-
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the correlation for PAA@FeBSA@c-ZIF-8 (r? = 0.5). Each point and error
one batch, respectively.
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(b) shows the correlation for PAA@QCUBSA@c-ZIF-8 (r* = 0.4) and (c) shows
represent the average and standard deviation of three measurements from
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proof of concept but is low and limits therapuetic relevance,
therefore, future synthetic iterations will focus on tuning
protein release for theraputic action. This work provides a
foundation for the development of highly reproducible, col-
loidally stable, stimuli-responsive ZIF-8-based nanomaterials
towards a multimodal cancer therapy platform that integrates
protein delivery, cation release, and ROS generation. We expect
this platform to serve as a starting point for future researchers
to investigate ROS-mediated release of therapeutics from nano-
sized ZIF-8 constructs.
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