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Maxim A. Rider, llya A. Zavidovskiy, Polina G. Rudakovskaya, Roman I. Romanov,
Boris N. Khlebtsov, Anna O. Orlova, Sergey M. Deyev, and Dmitry A. Gorin

The development of nanozymes, artificial enzymes made from inorganic
nanoparticles, is widely studied due to their affordability, durability, and
strength. Gold nanoparticles (AuNPs) are employed to imitate peroxidase,
glucose oxidase, lactate oxidase, superoxide dismutase, and catalase. The last
one transforms intracellular hydrogen peroxide into molecular oxygen, whose
deficiency is characteristic of the hypoxic tumor microenvironment. Thus,
gold nanoparticles are thought to enhance the overall effectiveness of
photodynamic therapy. However, the enzyme-like activity of nanoparticles
rapidly decreases in biological media, due to the aggregation and formation of
the so-called “protein corona”. In this study, polymeric submicrocapsules
loaded with AuNPs and a photodynamic dye are fabricated via Layer-by-Layer
(LbL) assembly. The enhancement of photodynamic treatment efficacy by in
situ production of oxygen by the catalase-like effect of AuNPs is investigated.
Polymeric capsules are thoroughly characterized in terms of physicochemical
and catalytic properties, and as a proof of concept, their therapeutic potential
is evaluated in vitro. Furthermore, encapsulated AuNPs shows significantly
lower aggregation both upon storage and during the reaction course. The
results shows that the polymer capsules, containing AuNPs and
photodynamic dye, show significantly higher light-induced cytotoxicity in
comparison to the individual photodynamic dye, suggesting a synergistic
effect between the formation of molecular oxygen by catalase-like gold
nanozymes and photodynamic action.

1. Introduction

Photodynamic therapy (PDT) is a relatively
recently developed but still one of the most
promising cancer treatment methods due
to its overall lower toxicity and minimal
invasiveness compared to other existing
methods.['?] Normally, PDT involves the
administration of a photosensitizing agent
followed by its activation by light at a spe-
cific wavelength. In the presence of oxygen,
the photochemical reaction aids in the over-
production of highly reactive singlet oxygen
or other reactive oxygen species (ROS) that
subsequently leads to cell death.}] How-
ever, the efficiency of PDT is severely di-
minished by the hypoxic tumor microenvi-
ronment (TME).I**] One of the strategies to
overcome this limitation is in situ produc-
tion of oxygen through the decomposition
of intratumoral H,0,.[¢]

In biological systems, the decomposi-
tion of hydrogen peroxide to water and
oxygen is accelerated by catalase. This en-
zyme is normally part of the antioxidant
defense machinery that protects cells from
damage by oxidative stress.”] Oxidative
stress is induced by the overexpression
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of ROS, which comprise both free radical (hydroxyl radicals and
superoxide radicals) and non-radical (molecular) forms (singlet
oxygen and hydrogen peroxide). In the case of low antioxidant
levels, ROS imbalance can cause DNA damage resulting in in-
flammation or even more serious diseases such as cancer or
diabetes.[®] However, catalase can also be employed in cancer cells
for a sufficient oxygen supply during PDT. Therefore, the integra-
tion of nanostructures that mimic catalase-like activity is consid-
ered to improve the total efficacy of PDT treatment.[°]

The design of artificial enzymes based on inorganic nanoparti-
cles, also known as nanozymes, has received a significant amount
of attention due to their low cost, stability, and robustness.!1%11]
To date, nanozymes have been developed for different demands,
including cancer therapy, antibacterial therapy, chemodynamic
therapy, biosensing, and even environmental protection.[12-14]

During rapid discoveries in nanotechnology, gold nanoparti-
cles (AuNPs) have emerged as promising materials with various
applications owning to their unique electronic,!’®! optical,!'®l and
catalytic'”] properties. As with any other heterogeneous catalysts,
AuNPs exhibit morphology- and size-dependent properties and
can thus be tuned precisely to achieve the optimal characteris-
tics for the best catalytic performance. Previously, gold nanopar-
ticles have been employed as an efficient catalyst for hydrogena-
tion of different organic substrates,['®] CO oxidation at room
temperature,’! as well as enzyme mimic. Due to the biocom-
patibility of gold nanoparticles, they have been used to mimic
catalase,?%! peroxidase,?!! glucose, and lactate oxidase,'? and su-
peroxide dismutase.[??] Interestingly, the pH dependence of cat-
alytic activity has been previously described for the decomposi-
tion of hydrogen peroxide by gold nanoparticles: hydroxyl radi-
cals have been generated at lower pH (peroxidase-like activity),
while a higher pH was required for the generation of molecular
oxygen (catalase-like activity).?3] The generally accepted mecha-
nism includes four steps (Equations (1)- (4)).1*] As a first step,
H,0, is adsorbed on AuNPs forming Au(H,0,) surface-active
sites. Then adsorbed hydrogen peroxide accepts an electron from
the gold metal and decomposes into OH™ ions and OH' radicals.
The hydroxide ion OH™ can reacts with free H, O, to yield the hy-
droperoxyl anion HO; and water. Last, hydroperoxyl anion HO;
oxidizes with adsorbed OH radical with formation of O, and an-
other water molecule, regenerating Au.

Au + H,0, - Au(H,0,) (1)

H,0, +e — OH™ +OH’ 2)
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H,0, + OH™ — HO; + H,0 (3)
Au(OH') + HO; — Au+ O, + H,0 (4)

Electrostatically stabilized gold nanoparticles are typically used
to achieve high catalase-like activity.[2*?°] Despite the good per-
formance in the model reactions, the activity of nanoparticles
often rapidly decreases in biological media. The main reasons
for that are its aggregation in biological fluids of high ionic
strengths, resulting in a reduced surface areal?®! and the forma-
tion of the so-called “protein corona” caused by the high content
of biomacromolecules, including lipids, polysaccharides, nucleic
acids, and, especially, proteins that are adsorbed on the surface
of nanoparticles.?”] The protein corona alternates both the sur-
face chemistry and hydrodynamic properties of nanoparticles.!8
Changes in the shell composition and zeta-potential in the case of
electrostatically stabilized particles affect not only their biodistri-
bution and circulation lifetime but also, most importantly, their
catalytic activity. There are two main approaches commonly used
to overcome these challenges. The most widely used strategy
is based on steric stabilization provided by polymers such as
polyethylene glycol covalently attached to the particle surface.l*!
However, these particles have been reported to exhibit signifi-
cantly lower catalytic activity compared to electrostatically stabi-
lized gold nanoparticles.*”) Another method is protein surface
coating that has emerged as an outstanding protection for ultra-
small (<2 nm) nanozymes.3!l Nevertheless, because of various
limitations in therapeutic applications and the low level of funda-
mental knowledge, the functional design of nanozymes minimiz-
ing the trade-off between stability and catalytic activity remains a
big challenge in nanotechnology today.

The inverse dependence of catalytic activity on nanoparti-
cle size is a well-known rule in colloidal chemistry due to the
higher surface-to-volume atoms ratio.*?! In addition to that, 3
nm-sized AuNPs have been shown to possess a good cellular
uptakel®}] and low cytotoxicity.** However, despite the fact that
its small size leads to comparatively faster clearance from blood
by macrophage uptake!®! they can also penetrate the brain-blood
barrier (BBB).3]

One of the possibilities to increase the circulation lifetime is
the encapsulation of AuNPs. The use of polymer capsules usu-
ally decreases their cytotoxicity!*’! and at the same time protects
them from the environment, which in the case of nanoparticles
prevents their aggregation while conserving their high catalytic
activity.[®®] These polymer capsules are usually manufactured via
a layer-by-layer (LbL) approach. It consists of the sequential de-
position of oppositely charged polyelectrolytes on a colloidal tem-
plate, which is subsequently removed.*! Due to the versatility
of this process, it is possible not only to encapsulate inorganic
nanoparticles within such carriers but also to combine them with
various organic molecules such as drugs and even photodynamic
dyes loaded inside or between layers.[***!] Because of the selec-
tive permeability of the polymeric shell, these capsules can serve
as nano- or microreactors where the active compounds are con-
fined inside the capsule, while as small molecules substrates
and products can be continuously transferred through the shell.
Previously, antioxidant microcapsules with manganese dioxide
nanoparticles were manufactured using the LbL approach and
reduction of oxidative stress has been shown in vitro.[*) Other
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Figure 1. a) Kinetic curves of H,0, self-decomposition and decomposition under the influence of gold nanoparticles of different size at pH = 7.4. Lines
represent exponential fit. Error bars represent the SD (n = 3); b) Reaction rate constant dependence on pH of the reaction medium. All samples were
normalized to gold concentration, 10 ugml~". Error bars represent the SD (n = 3). A statistically significant difference is indicated by ** at P < 0.001 and

*%% at P < 0.0001, obtained using a two-level ANOVA.

examples of using polymer capsules as reaction compartments
include loading of catalase to prevent oxidative stress!*?l and the
use of cerium oxide nanoparticles as a protective shell for an en-
capsulated enzyme.[*]

In this study, we compared AuNPs of two different sizes
and investigated the improvement of the efficacy of photody-
namic treatment by in situ production of oxygen to overcome
tumor hypoxia limitations. We prepared polymeric submicro-
capsules loaded with gold nanoparticles and Photosens pho-
todynamic dye via LbL assembly. The capsules containing ul-
trasmall gold nanoparticles and phthalocyanine photosensitizer
were thoroughly characterized in terms of physico-chemical and
catalytic properties and, as a proof of concept, their therapeutic
potential was evaluated in vitro. The polymer capsules showed
significantly lower aggregation of nanoparticles upon storage
and reaction course. The incorporation of gold nanoparticles was
proved to increase the cell toxicity of photodynamic agent as a re-
sult of oxygen generation from overproduced intracellular hydro-
gen peroxide. A light-induced catalytic microreactor represents
an important step toward the development of efficient therapeu-
tic PDT agents and opens up new cancer treatment opportunities.

2. Results and Discussion

2.1. Size- and pH-Dependent Catalytic Activity of Gold
Nanoparticles

Using UV-vis spectrophotometry to track the absorbance de-
cay of H,0, at A = 240 nm (the molar extinction coefficient of
H,0,: €4 = 39.4 M~lcm™!), the catalytic properties of individ-
ual AuNPs of 3 and 30 nm were studied. Figure 1 shows the ki-
netic curves of H,0, self-decomposition and its decomposition
under the influence of nanoparticles of two sizes. For these mea-
surements, pH = 7.4 of the reaction was chosen as the closest
to physiological conditions. The self-decomposition of hydrogen
peroxide at this pH is quite negligible, while rapid acceleration of
this process is observed when gold nanoparticles are introduced
to the system. As expected, the smaller size of the catalyst has
led to a more significant increase in velocity compared to 30 nm
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particles. This effect is associated with a higher number of active
sites on the surface available for catalysis in the case of smaller
nanoparticles due to the larger surface area for the same mass
of substance. For further comparison of catalytic effects, the re-
action rate of H,0, decomposition was calculated as a negative
slope in the linear range of the kinetic curves of ‘concentration
versus time’. For consistency, the reaction rate during the first 5
h was used for all samples described from now on. Most catalase-
mimicking nanomaterials typically increase their catalase-like ac-
tivity under basic conditions rather than at physiological pH and
especially under acidic conditions.[?’! Its driving force is consid-
ered to be the pre-adsorption of OH groups on the surface of the
catalyst, which are only favorable under basic conditions.[?*! To
explore whether this mechanism applies to our system, we mea-
sured catalase-like activity at different pH levels, and Figure 1b
shows the effect of pH on the oxygen formation rate. Regardless
of the surface area exposed to catalysis, catalase-like activity in-
creases with an increase in pH. For further experiments, two pH
values were chosen: 7.4 to mimic physiological conditions and
7.0 as the closest to the environment of the cancer cell.[**]

2.2. Quality Assessment of Catalytic Activity of AuNPs
2.2.1. Mass Spectrometry

Mass spectrometry detection of catalytic oxygen results
(Figure 2a) of two solutions of 3 nm 10 pgml~' AuNPs, at
pH 7 and 7.4 indicate a drastic increase in oxygen gas pressure
after addition of 100mM H, O, to the system. It indicates that it
is indeed molecular oxygen (O,), which is a product of hydrogen
peroxide decomposition.

2.2.2. EPR
A spin-trapping electron paramagnetic resonance (EPR) tech-

nique has been used to demonstrate the production of
oxygen by AuNPs. Molecular oxygen (O,) is paramagnetic,
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Figure 2. a) Mass-spectrometry measurements of oxygen, red arrow represents the time in which 100 mM H,0, was added to the 10 ugml|~" AuNPs
mixture. Blue line — at pH 7, orange — at pH 7.4; b) EPR spectra of 50 uM FTAM in 0.1 M phosphate buffer pH = 7.4 in anaerobic conditions (green), in
air (orange), and after incubation with 10 ugml~' AuNPs and 100 mM H, O, (blue). The inset represents the FTAM molecular structure.

therefore bimolecular collision with trityl radicals as spin probe
results in Heisenberg spin exchange interaction and subsequent
broadening of the observed EPR signal. This phenomenon is
used for oxygen detection.[*] Trityl radicals are also known as
promising contrast agents for in vivo oximetry and tissue oxy-
gen mapping.|**’! Typically, they demonstrate a single, narrow
EPR signal (linewidth < 100 mG), without hyperfine couplings,
unlike nitroxide radicals with significantly broader multiplet sig-
nal (linewidth ca. 1000 mG), which are commonly used for the
investigation of AuNP catalase activity.??] In addition, trityl rad-
icals show high selectivity for detecting oxygen in the presence
of superoxide and other reactive oxygen species (ROS).[*! FTAM
(Figure 2b, inset) was chosen for EPR spectroscopic oxygen mea-
surements due to its availability and well solubility in water, since
three carboxylic groups of this radical exist in the ionized form at
biological pH (pH 7.4).[*]

The EPR spectra recorded at room temperature (23 °C) in
phosphate buffer solutions (0.1 M, pH = 7.4) saturated with ar-
gon, in air and for AuNP seeds after 100 mM hydrogen peroxide
addition are shown in Figure 2b. The solution of 50 uM FTAM
was separated from the nanoparticles by a gas-permeable mem-
brane during the catalase reaction. In the absence of molecu-
lar oxygen, the EPR signal consists of a single sharp peak with
a peak-to-peak line width of 100 mG, line broadening appeared
in room air and reached its maxima with line width of 190 mG,
which corresponds to ca. 20% of oxygen and in good agreement
with the percent oxygen in air.*! The significant broadening of
the EPR signal was observed for the dispersion containing the
AuNPs seeds, the peak-to-peak line width became 450 mG at-
tributed to ca. 85% of oxygen.!*”) These results demonstrate that
ultra-small gold nanoparticles are capable of generating consid-
erable amounts of molecular oxygen using hydrogen peroxide as
a source.

2.3. Capsules Size and Concentration
Capsules were synthesized according to the materials sec-

tion (Capsule preparation) and Figure 3. The zeta potential of
each layer was determined by the Zetasizer Nano ZS (Figure 4a).
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The size of the capsules was determined using NTA and Cryo-
TEM measurements (Figure 4b-g). Their concentrations were
determined using NTA measurements, AuNPs and PS were
found using ICP-MS findings (Table S1, Supporting Informa-
tion). The amount of gold NPs per capsule was calculated us-
ing the formula: N = VV/ = 4/"3’2‘;3,
taken, V is the volume of one gold nanoparticle, m is a mass of
gold taken, p = 19.3 gcm™3 is a density of gold, and R is the ra-
dius of NPs. The AuNPs radius (R) was considered to be 1.5 nm
on the basis of Cryo-TEM measurements. The maximum concen-
tration of PS for the experiment was set at 2 pgmL~! and the max-
imum AuNPs concentration was calculated based on this value
(Table S1, Supporting Information). Judging from the size dis-
tribution of Cryo-TEM images (Figure 4b-g, insets), it was con-
firmed that the approximate sizes of the capsules were, indeed,
300 and 700 nm. The capsules maintain a rounded, slightly ellip-
tical shape.

where V' is the volume of gold

2.4. Capsules Aqueous Suspension Spectral Characteristics

To evaluate capsules suspension spectral characteristics their ex-
tinction, photoluminescence (PL), and photoluminescence exci-
tation (PLE) measurements were performed. Figure 4h shows the
extinction spectra of colloidal solutions of capsules loaded with
AuNPs, PS and their mixture, as well as the absorption spectrum
of empty capsules and extinction spectra of aqueous solutions of
PS and AuNPs. A number of characteristic bands correspond-
ing in shape and position (676 and 350 nm) to the monomeric
form of aluminum phthalocyanine are observed in the extinc-
tion spectrum of an aqueous solution of PS. In the extinction
spectra of capsules with PS and PS+AuNPs, the position of the
long-wavelength extinction band aluminum phthalocyanine cor-
responding to the electronic transition S, —S, is shifted to the
region of lower energies, and the band itself undergoes a no-
ticeable broadening. The observed change in the position and
shape of the absorption band of aluminum phthalocyanine in-
dicates the formation of aggregates on the surface of the shell
of the capsules as a result of partial charge loss during the elec-
trostatic interaction of phthalocyanine molecules with positively
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Figure 3. Capsules synthesis scheme. a) CaCO; particles after AuNPs loading SEM image; b) CaCO; particles SEM image; c) capsules with AuNPs
Cryo-TEM image; d) capsules with AuNPs and PS Cryo-TEM image; e) capsules with PS Cryo-TEM image. Scale bar — 100 nm.

charged groups of the polymer shell. This behavior of tetrapyr-
role compounds is well known and has been well studied. In par-
ticular, work by Palewska et al.l’®! showed that metal complexes
of phthalocyanines form aggregates as a result of z stacking, and
Martynenko et al.l’!) presented a model describing the patterns of
aggregation of aluminum phthalocyanine (Photosens) as a result
of the electrostatic interaction of molecules with charged groups
of molecules of stabilizers of the surface of CdSe/ZnS quantum
dots. Figure 4i shows the luminescence spectra of an aqueous
solution of PS and a sample with capsules loaded with PS and
AuNPs, as well as their luminescence excitation spectrum. The
analysis of the data shown in Figure 4i showed that the lumines-
cence spectra of an aqueous solution of the monomeric form of
PS and luminescence of a sample with capsules practically coin-
cide with each other, and the luminescence excitation spectrum
of a sample with capsules contains bands whose position corre-
sponds to the extinction spectrum of the aluminum phthalocya-
nine monomer and differs from the extinction spectrum of cap-
sules with PS (Figure 4h). The data obtained are in good agree-
ment with the ideas about the photophysical properties of ph-
thalocyanine aggregates.

2.5. XPS Measurements
The Au4f spectrum of initial AuNPs was modeled with a sin-

gle doublet with the binding energy (BE) of Au4f; , line of 84.1
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eV, which corresponds to the metallic state.l>?! The Au4f spec-
trum of capsules with AuNPs and PS+AuNPs could be deconvo-
luted into two doublets. The first doublet (Au(0)) with BE(Au4f; ;)
= 84.1 eV corresponds to the metallic state of the core of gold
nanoclusters. The second doublet (Au(I)) with BE = 85.5 eV for
capsules with AuNPs and with BE = 84.8 eV for capsules with
PS+AuNPs corresponds to the states linked to BSA of the shell
of nanoclusters.>}] The relative concentrations of Au(]) states for
capsules with AuNPs and capsules with PS+AuNPs are 80% and
75%, respectively. The resulted graph are shows at Figure S1,
(Supporting Information).

2.6. Capsules Degradation and PS Release

To evaluate a degradation time of capsules, two solutions were
used. The first is a human plasma isolated from blood by precip-
itation, and the second is a solution that simulates the conditions
of the intestinal environment. To prepare the second mixture, 2.0
mL of 18 mgmL~" pancreatin and 2.0 mL of 120 mM bile salts
were added to 10 ml of 0.1 M NaHCO; solution (pH 7) (final pan-
creatin concentration was 12 USP/mg). Capsules in PBS solution
were used as control samples. The mixtures were kept at 37 °C on
the thermostat. The release process was evaluated by measuring
PS absorption at 672 nm in the supernatant after sedimentation
of the capsules at specified points in time. The results (Figure S2,
Supporting Information) indicate that after 24 h around 90% of
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Figure 4. a) Zeta-potential measurements. Error bars represent the SD (n = 3); b—g) Cryo-TEM images of capsules, inset represents size distribution
measurements from Cryo-TEM images. 300 and 700 nm — capsules with approximate diameter of 300 and 700 nm, respectively. PS — capsules with
photosensitizer only, AuNPs — capsules with gold nanoparticles only; PS+AuNPs — capsules with photosensitizer and AuNPs. Scale bar — 250 nm; h)
Extinction measurements. Here, blue line represents PS solution measurement, brown - AuNPs solution, green - pure capsules, blue dot line - capsules
with PS, brown dot line - capsules with AuNPs and purple dot line - capsules with PS and AuNPs; i) Photoluminescence (PL) and photoluminescence
excitation (PLE) measurements. Here, purple dot line represents the PLE spectra of capsules with PS and AuNPs, purle line - PL spectra of capsules with

PS and AuNPs and blue - PL spectra of the PS solution.

the encapsulated PS had already been released. The absorbance
of the mixtures in PBS was not different at 672 nm, and therefore
the capsules showed no degradation.

2.7. Catalytic Activity of Capsules with AuNPs

The catalase-like activity of individual seeds was compared with
the seeds loaded into polymeric capsules of two sizes: 300 and
700 nm, to determine the dependency of the capsules size on
the reaction. For quantitative comparison, each experiment was
normalized on gold concentration equal to 0.3 mgmL~! based on
ICP-MS findings. As shown in Figures 5a,b, the decomposition
of H,0, in three different systems has common decay charac-
teristics over time for individual and encapsulated AuNPs. How-
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ever, a drastic decrease in the reaction rate is observed for gold-
containing capsules (Figure 5c). However, counter-intuitively, the
reaction velocity did not drop to zero in these cases. This effect
might be attributed to the permeability of capsules’ polymeric
shells to small molecules as H,0,, as it was described before.**!
Capsules with this characteristic of permeability, in our opinion,
could be used successfully as microreactors with controlled con-
sumption of H, O, and release of oxygen.

2.8. AuNPs Stability
The stability of gold nanoparticles was investigated under differ-

ent conditions: initial gold nanoparticles and gold nanoparticles
encapsulated in polymeric capsules, gold nanoparticles after a

© 2024 Wiley-VCH GmbH

85UB01 T SUOWIWIOD BA 181D 3|qeol(dde 8y} Aq pausenob afe Sae YO 8SN JO SajnJ 0} AXIq1T 8UIUQ AS]IA UO (SUOTIPUOD-PUE-SWSY/LLI0O™ A8 1M ARe.d U UO//SdNL) SUONIPUOD pue SWis | 81 89S *[20z/20/.T] uo Akeiqiauluo A8jim ‘AiseAluN OWLI Aq 65T00£202 95dd/200T 0T/I0p/W00 A8 | Aleaq 1 uluoy/Sdny Wwolj pepeojumod ‘G ‘vZ0Z ‘L TTFTZST


http://www.advancedsciencenews.com
http://www.particle-journal.com

ADVANCED
SCIENCE NEWS

Particle

Particle Systems Characterization

www.advancedsciencenews.com

www.particle-journal.com

Figure 5. Kinetic curves of H,0, decomposition a) at pH = 7, b) at pH = 7.4. Error bars represent the SD (n = 3); c) Reaction rate constant dependence
on pH and catalyst type. All samples were normalized to gold concentration, 10 ugml~". Error bars represent the SD (n = 3). A statistically significant
difference is indicated by *** at P < 0.0001, obtained using a two-level ANOVA.

catalytic reaction, and of gold nanoparticles within capsules af-
ter the reaction, and finally, the stability of both samples of gold
nanoparticles was evaluated over a period of 6 months at 4 °C
(Figure 6). The results indicated that the initial gold nanoparticles
are relatively stable in solution after 6 months, but are more sus-
ceptible to growth (Figure 6¢), due to Ostwald ripening.l*>! The
encapsulation of gold nanoparticles prevents the stabilizer from
being washed out and therefore prevents its growth (Figure 6f).
The catalytic reaction also promotes the aggregation of nanopar-
ticles due to the formation of passivating layers on their surface
and oxidation of the stabilizer!*®! (Figure 6a). On the other hand,
the use of encapsulated gold nanoparticles prevents it from oc-
curring (Figure 6d,g). As a result, AuNPs encapsulation prevents
their growth over time and after the catalytic reaction (Figure 6g).

2.9. Cell Viability

To estimate cell viability for pure photosensitizer, solutions with
different concentrations were applied to SKOV-3 and CHO cells
and irradiated with LD = 20 Jem™2. 96-well plate was divided into
dark and light-irradiated half, to provide all necessary controls.
The toxicity results are shown in Figure 7a,d and ICj, calculations
for both cell lines are shown in Figure 8 and Table S2, Supporting
Information. ICy, values for pure PS are comparable to the data
presented by Sololova et al.l>”l.
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2.10. Cell Viability for Capsules

To estimate cell viability after capsules irradiation — different
types of capsules were placed in a 96-well plate with concentra-
tion changing based on PS concentration mass compound: 2000,
1000, 500, 250, and 125 ngmL~! (Figure S3, Supporting Informa-
tion). AuNPs concentrations were changing accordingly: 20, 10,
5, 2.5 and 1.25 ugmL~!. Two plates for each type of cells were
prepared to check the dark and light toxicity of the compounds.
One of them was irradiated with LD = 20 Jcm™2 (see protocol de-
tails in the Materials section, Cell experiment). To calculate cell
viability, wells without any treatment, light and capsules, were
used as control wells, and the number of cells in the experimen-
tal wells were divided by them. Examples of images analyzed in
control wells and under the influence of capsules with AuNPs
are shown in Figure S4, Supporting Information; and after cell
irradiation, incubated with capsules, containing PS and AuNPs
in Figure 9. The results of cell viability measurements for dark
toxicity (Figure S5, Supporting Information) and light irradiation
(Figure 7b,c.e,f) as well as ICy, calculations (Figure 8; Table S2,
Supporting Information) show a good dependence (~2 times) on
the presence of AuNPs with PS inside one capsule compared to
capsules containing only PS or AuNPs for both sizes, 300 and 700
nm, and both cell lines, SKOV-3 and CHO. Although the ICs, for
CHO cells is lower than one for SKOV-3, it showed no significant
difference between PS and PS+AuNPs capsules.

© 2024 Wiley-VCH GmbH
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Figure 6. AuNPs stability measurements. Cryo-TEM images: a) AuNPs after catalytic reaction, b) Initial AuNPs, inset represents schematic illustration
of the sample, c) AuNPs after 6 months at 4°C, d) AuNPs in capsules after catalytic reaction, e) Initial AuNPs in capsules, inset represents schematic
illustration of the sample, f) AuNPs in capsules after 6 months at 4°C. In all images except for (a) scale bar - 20 nm. g) Size distribution from TEM
images of initial AuNPs, AuNPs after 6 months at 4°C, initial AuNPs in capsules, AuNPs in capsules after 6 months at 4°C and AuNPs in capsules after
catalytic reaction. The solid line represents the median value, dot line - mean, the box borders represent SD and error bars - 95% confidence interval.
Number of measured nanoparticles - 100.

Figure 7. Cell viability measurements for Pure PS a) CHO cell line, d) SKOV-3 cell line, lines represent logistic fit. Error bars represent the SD (n = 3);
Cell viability measurements for capsules: b) 300 nm capsules, CHO cell line; c) 700 hm capsules, CHO cell line; €) 300 nm capsules, SKOV-3 cell line;
f) 700 nm capsules, SKOV-3 cell line. The orange bar represents capsules containing gold nanoparticles only, blue — only photosensitizer, blue-orange

— both, photosensitizer and gold nanoparticles. Error bars represent the SD (n = 3). A statistically significant difference is indicated by * at P < 0.01, **
at P < 0.001 and *** at P < 0.0001, obtained using a two-level ANOVA.
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Figure 8. ICsq calculations. The blue bar represents SKOV-3 cell line, red —
CHO cell line. Error bars represent the SD (n = 3). A statistically significant
difference is indicated by * at P < 0.01, ** at P < 0.001 and *** at P <
0.0001, obtained using a two-level ANOVA.

3. Conclusion

In summary, we fabricated light-responsive catalase-like mi-
croreactors based on gold nanoparticles and photosensitizer
molecules incorporated into polymeric capsules following the
LbL approach for simultaneous ROS generation and oxygen pro-

www.particle-journal.com

duction. Encapsulation of AuNPs prevents their growth in time
and after catalytic reaction. Polymeric submicrocapsules loaded
with gold nanoparticles by the FIL method present a high cat-
alytic activity in the hydrogen peroxide decomposition reaction,
which results in in situ formation of molecular oxygen. This reac-
tion follows the first-order kinetics with reaction rate constant k =
5.2and 8.1 s7! for pH 7 and 7.4, respectively, which is comparable
to the value obtained for tetrakis(hydroxymethyl)phosphonium
chloride stabilized gold nanoparticles (k = 14.2 and 61.1 s7' for
pH 7 and 7.4, respectively). After 24 h in human plasma, the
developed polymer capsules almost completely degraded, with
a release of about 90% of gold nanoparticles. Thus, the struc-
tural integrity of a capsule is preserved for a prolonged period
of time, preventing aggregation of the encapsulated entity and
allowing the capsule to function as a durable biocatalytic microre-
actor. According to our validation TME cell model, the polymeric
submicrocapsules exhibit remarkable light-induced cytotoxicity
in comparison to individual photosensitizers or gold nanoparti-
cles, suggesting a synergistic effect between photodynamic action
and catalase reaction. The IC, for the SKOV-3 cell line is 100+26
and 8904197 ngmL~! for capsules with AuNP + PS and PS only,
respectively, while the IC,, for pure photosensitizer is 2515+490
ngmL~'. This potentially makes them suitable for PDT against
tumor hypoxia.

4. Experimental Section

Materials:  Bovine serum albumin (BSA), tannic acid (TA), phosphate-
buffered saline (PBS), chloroauric acid (HAuCly), trisodium citrate

Figure 9. Fluorescent microscopy images of CHO and SKOV-3 cells after incubation with capsules, containing gold nanoparticles and photosensitizer
and after irradiation with all cells dead and 1Csq concentrations. Blue — Hoechst 33342, green — Calcein-AM, yellow — propidium iodide, red — photosen-

sitizer. Scale bar - 100 um.
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(Na3CgHsO5), Poly-L-arginine hydrochloride, hydrochloric acid, sodium
chloride, calcium chloride dehydrate, anhydrous sodium carbonate, glyc-
erol and ethylene glycol (EG) were purchased from Sigma—Aldrich
(St. Louis, Missouri, USA). RPMI 1640 Medium, fetal bovine serum
(FBS), DPBS, penicillin & streptomycin and trypsin-EDTA were purchased
from GIBCO (Barcelona, Spain). Calcein AM, propidium iodide (Pl),
and Hoechst 33342 dyes were purchased from Invitrogen Corporation
(Waltham, Massachusetts, USA). Photodynamic dye (PS), Photosens (a
mixture of di-, tri- and tetraaluminum phthalocyanine) was purchased
from Federal State Unitary Enterprise “State Scientific Centre NIOPIK”
(Russia), its spectrum is shown on Figure Séc, (Supporting Information).
Finland trityl radical (FTAM) was a commercial sample provided kindly by
the Metal Complex Catalysis Groups of the N.N.Vorozhtsov Novosibirsk
Institute of Organic Chemistry SB RAS (Russia). All chemicals were used
without further purification. Deionized (DI) water (18.2 MQ -cm) from
a Milli-Q Plus 185 Water Purifier, Millipore (Burlington, Massachusetts,
USA) was used to make all solutions.

Samples Preparatiom: Synthesis of Gold Nanoparticles 3 nm Seeds:
A protocol reported by Duff et al.’8] was used to synthesize AuNPs:
9.25 mL of water was added to 0.5 mL of T M NaOH and 12uL of
tetrakis (hydroxymethyl) phosphonium chloride. To the stirred solution, 0.5
mL of 8% HAuCl, was quickly added. A dark brown color was observed in
the reaction mixture, which indicated that gold nanoparticles with a size
around 3 nm had formed.[>?]

Synthesis of Gold Nanoparticles 30 nm: A solution of 75 mg of hydrochlo-
ricacid in distilled water was placed in a round-bottom flask equipped with
a reflux condenser, and the temperature was slowly increased with a thor-
ough stirring, in order to bring the solution to a boil. The solution was con-
tinued to boil for an hour, with 20 ml of 1% warm sodium citrate solution
added. The solution was then cooled to room temperature with thorough
stirrings. Further particles were used in the form of a stable colloid solu-
tion. Size of the gold nanoparticles, according to transmission electron
microscopy, 30+6 nm, Z-potential -30+5 mV.

CaCOj Particle Synthesis: Submicron CaCO; vaterite cores with a size
~600-800 nm were synthesized according to Trushina et al.[®0] Briefly, 400
uL of 0.5 M CaCl, and 0.5 M Na,COj3 solutions were added to 4 g of glyc-
erol in a glass vial on a magnetic stirrer at a speed of 700 rpm and a tem-
perature of 30 °C. The stirring was stopped after one hour, the suspension
of particles was centrifuged at 13000 rpm for 5 min and washed twice with
DI water at 9000 rpm for 1 min. The particles were then dried at 60 °C for
later use.

CaCO; vaterite cores of size £200-300 nm were synthesized according
to Bahrom et al.[] Briefly, 10 ml of solutions of 4.9 mM CaCl, and 25
mM NaHCOj; in EG (water: EG ratio = 3:20) were mixed under magnetic
stirring at 700 rpm. The stirring was stopped after 30 min, the suspension
of particles was centrifuged at 13000 rpm for 5 min and washed twice with
ethanol at 13000 rpm for 1 min. The particles were then dried at 60 °C for
later use.

Loading with AuNPs: The loading of CaCO; cores was performed with
the freezing-induced loading (FIL) techniquel®?] using the TetraQuant R-1
mini-rotator (TetraQuant LLC, Russian Federation). Briefly, T mL of AuNPs
suspension was added to the calcium carbonate cores in the US bath. The
obtained suspension was frozen under constant rotation at -20 °C for 1
h. Subsequently, the samples were washed three times with DI water, and
the FIL sequence was repeated six times to obtain the maximum possible
load. The AuNPs concentration in the mixture was calculated afterward
with the ICP-MS method.

Capsules Preparation: Synthesized CaCOj; particles were used as a
core for creating polymeric submicrocapsules. Capsules were obtained
by adsorption of BSA (2 mgmL~"), TA (2 mgmL~"), PARG (1 mgmL™")
and PS (1 mgmL™") on the surface of the vaterite particles using the
Layer-by-Layer method. Thus, the capsule shell consisted of five layers:
BSA/TA/BSA/PARG/BSA or BSA/TA/BSA/PARG/PS. (Figure 3). Subse-
quently, the vaterite cores were dissolved with HCl solution (0.1 M), result-
ing in the formation of polymer capsules. After each stage of adsorption,
as well as after dissolution of the vaterite cores, the capsule suspension
was purified by centrifugation (2 min, 13000 rpm) and washed twice with
1 ml of DI water.
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Characterization: Dynamic Light Scattering (DLS) and Zeta-Potential
Measurements: Size and zeta-potential measurements were performed on
the ZetaSizer Nano ZS analyzer (Malvern Panalytical, Malvern, UK). For
zeta-potential measurements, all samples were diluted approximately 20
times in DI water and placed in a U-shaped cuvette; for size measure-
ments, all samples were diluted 40 times in DI water and placed in the
plastic cuvette. The results were processed by ZetaSizer Software 8.00.
Each measurement was carried out at 25 °C and repeated three times.

Extinction Spectra Measurements: Extinction spectra measurements of
nanoparticles, core-shell structures, and capsules were performed with a
Tecan Infinite M Nano + multifunctional microplate reader (Tecan Trad-
ing AG, Minnedorf, Switzerland) and UV-Probe 3600 spectrophotometer
(Shimadzu, Japan) at room temperature (25 °C).

Photoluminescence and Photoluminescence Excitation Spectra Measure-
ments: The steady-state PL and PLE spectra were obtained with Cary
Eclipse spectrofluorometer (Agilent, Santa Clara, CA, USA).

Scanning Electron Microscopy with Energy-Dispersive X-Ray Spectroscopy
(SEM EDX): Surface morphology and the elemental composition of the
particles were characterized by a scanning electron-microscope (SEM)
MAIA3 (Tescan, Brno, Czech Republic) coupled with an energy dispersive
X-ray spectroscope (EDS) X-act (Oxford Instruments, Abingdon, UK). Par-
ticle solution in water was dropped on a silicon wafer and dried under
ambient conditions. Particle images were obtained at a 15 kV accelerating
voltage in the secondary electron (SE) and back-scattered electron (BSE)
detection modes.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS): The concen-
trations of elements in particles were quantified by inductively coupled
plasma mass-spectrometry using a NexlON 2000 spectrometer (Perkin
Elmer, Waltham, MA, USA). The particles were dissolved in concentrated
aqua regia, a 3:1 mixture of HCl:HNOj3, and diluted with water to the acid
concentration 30% for the measurements. 3'P, ¥3Ca and 7°Au peaks were
used for the analysis.

EPR: EPR measurements were performed at room temperature (23 °C).
A Varian E-4 X-band spectrometer operating at 9.2 GHz was used. This
spectrometer had been upgraded to connect to a personal computer. Lig-
uid samples with a typical volume of 30 pL were placed in open glass cap-
illary tubes. EPR signals as the first derivative of the microwave absorp-
tion were collected at sub-saturating microwave power T mW using 100
kHz modulation of 0.1 Oe peak-to-peak amplitude with a typical spectrum
scanning time of 2 min.

Finland trityl radical (FTAM) was used for molecular oxygen detection.
To separate the oxygen generator substance from FTAM, two 0.6 mL ep-
pendorftubes were soldered to each other by caps with a hole drilled in the
middle. Between these tubes, a piece of 500 Da dialysis bag was placed.
Placing the eppendorfs vertically on each other, locating the reaction me-
dia on the lower tube, and FTAM on the upper tube allowed gas transfer
through the dialysis membrane, preventing the transfer of large molecules.

Mass Spectrometry Detection of Catalytic Oxygen Release: To estimate
the catalytic reduction of hydrogen peroxide on the surface of the gold
nanoparticle, mass spectrometry detection of released oxygen was imple-
mented. On the basis of this, a mass spectrometer with a direct inlet and
a quadrupole mass analyzer Universal Gas Analyzer UGA-100 (SRS, USA)
was used. 2 mL suspension of gold nanoparticles (C = 0.2 mgL™") in the
phosphate buffer of chosen pH (7 or 7.4) was placed in a 10 mL flask sealed
with a rubber septum, where 1 mL of hydrogen peroxide was added using a
micro syringe after 5 min of measurements. During the catalytic reduction
of hydrogen peroxide, a constant argon flow of 100 mLmin~" was pumped
through the suspension volume, which helps to transfer the released oxy-
gen molecules into the ionization source chamber (Electron energy 70 eV)
of the mass spectrometer. In addition, control samples without H,0O, or
gold nanoparticles were also measured.

Cryo-TEM: A copper grid (200 mesh) with lacey carbon cover was made
hydrophilic by air plasma treatment. 3 uL of the sample was placed on
the hydrophilic grid under 100% humidity conditions. The excess of the
sample was removed by blotting the grid for 1 s with filter paper. Then,
the grid was plunged into liquid ethane (automated plunging system, Vit-
robot FEI, USA). The prepared grid was transferred in liquid nitrogen to
cryo-TEM (Transmission electron microscope Tecnai G212 SPIRIT, FEl,
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Figure 10. Cell experiment timeline.

USA). To calculate size distribution at least 100 gold nanoparticles were
analyzed.

Nanoparticle Tracking Analysis: The concentration of the capsules was
evaluated using the NanoSight NS300 (Malvern Instruments Ltd, UK). The
analyzed samples were diluted 1000 to 2000 times. The camera level was
setto 12 for light scatter mode. Data were analyzed using NTA 3.4 software
(Malvern Instruments Ltd, UK).

XPS: The chemical state were analyzed by X-ray photoelectron spec-
troscopy (XPS), using a Theta Probe spectrometer under high-vacuum
conditions (base pressure <2 x 10~° mbar) with a monochromatic Al-Ka
X-ray source (1486.6 eV). Photoelectron spectra were acquired using the
fixed analyzer transmission mode at 50 eV pass energy.

LED Phototherapy Device:  For irradiation of cells with red light, a cus-
tom phototherapy device was made. The device was designed to direct
light to each well of the 96 Eppendorf well-plate. To achieve that, LEDs with
a central emission wavelength of 658 nm (Figure Séc, Supporting Informa-
tion) were placed directly under each of the 96 sample wells (Figure S6a,
Supporting Information). The LED emission spectrum was measured us-
ing a ThorLabs spectrometer CCS200/M. The total light power delivered to
each well was measured using a ThorLabs 121 C photodiode power sensor
and amounted to 6.5 mW. The sensor aperture was circular with a diam-
eter of 0.6 cm, giving a total power density of 23 mWecm™2 delivered to
each well. The device was designed so that one can turn on all 96 LEDs,
or only 48 LEDs (Figure S6b, Supporting Information). This was done to
facilitate experiments that require control samples. Moreover, below the
LEDs, a cooler was placed to prevent the LEDs from overheating.

Catalytic Experiments: In the presence of catalase, hydrogen peroxide
decomposes to water and oxygen:

2H,0, — 2H,0 + O, (5)

The catalase-like activity of gold nanoparticles of different sizes (3 and
30 nm) was evaluated based on the consumption of H,0, in phosphate
buffer solutions with different pH values. All reactions were carried out at
37 °C in glassware to avoid the adhesion of the nanoparticles to the plas-
tic walls. 1 mL of 20 mM H, 0O, was mixed with 900 uL of buffer with the
desired pH and 100 pL of gold nanoparticles with a concentration of 0.3
mgmL~1. The residual H,O, was monitored at 240 nm using UV-vis spec-
troscopy (Tecan Infinite M Nano+, Tecan Trading AG, Mannedorf, Switzer-
land) each hour during the first eight hours and after 24, 48, and 72 h after
the reaction started. Moreover, control experiments were performed in the
absence of a catalyst under the same conditions. On the basis of spectrom-

Part. Part. Syst. Charact. 2024, 41, 2300149

2300149 (11 of 13)

www.particle-journal.com

etry data, kinetic curves were plotted, and the reaction rate was calculated
for linear range and used further as the main parameter for nanozyme ac-
tivity comparison. For further experiments, two pH values were chosen:
7.4 to mimic physiological conditions and 7.0 as closest to the environ-
ment of the cancer cell.[63-67]

Cell Cultures: Human ovarian adenocarcinoma, SKOV-3 cell line were
used to represent cancer cells and Chinese hamster ovarian cell line, CHO
were used to represent healthy cells, both were obtained from the Ameri-
can Tissue Type Collection (catalog numbers HTB-77 and CCL-61, respec-
tively). Both cell lines were grown in RPMI 1640 Medium supplemented
with 10% FBS and 1% Penicillin-Streptomycin, at 37 °C, in a 5% CO, hu-
midified atmosphere. Although in most cases, especially in experiments
involving receptors, the comparison of human and hamster cells was not
legitimate, in this case the choice was based on their common epithelial
ovarian origin and the difference in intracellular pH (pHi), since SKOV-3
cells have pHi around 71441 and CHO around 7.4.[68]

Cell Experiment: The experiment timeline is shown in Figure 10.
Briefly, both types of cells were seeded at two 96-well plates (Perkin Elmer
LLC 6055302), one to keep it in the dark and one for experiments with light
irradiation, and kept until 100% density was achieved. Thereafter, the cul-
ture medium was refreshed and different types of capsules or pure PS were
added in decreasing concentrations to the cells. 24 h later, SKOV-3 cells
were treated with 15 uM of H, O, to simulate TME. 4 h after cells were irra-
diated with LED device, LD = 20 Jcm~2. Cells were stained with three dyes:
Calcein AM, cell-permeant dye (Invitrogen) to color living cells, Hoechst
33342 (Invitrogen) to color all cells nuclei, and propidium iodide (Invitro-
gen) used for staining dead cells nuclei. Operetta CLS High Content Anal-
ysis System (Perkin Elmer) was used to obtain fluorescent images from
wells, and Harmony High-Content Imaging and Analysis Software (Perkin
Elmer) was used to calculate the number of cells in the well. Cell viability
was calculated using the following formula:

V= Number of alive cells in the well
Mean number of alive cells in the control wells

Supporting Information

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