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ABSTRACT: Although metal ions, such as silver and gold, have
been shown to have strong antimicrobial properties, their potential
to have toxic effects on human and environmental health has gained

interest wit}} an improved understanding of the.jr mechanisms to Lo\ = / ‘\__-_.._"" -
promote oxidative stress. Redox control is a major focus of many ... wir AR+ NAC epystl
drug delivery systems and often incorporates an antioxidant as the o 8. o “ a

active pharmaceutical ingredient (API) to neutralize overproduced

reactive oxygen species (ROS). Nevertheless, there are still e P ——— —

limitations with bioavailability and extended redox control with

regard to antioxidant drug delivery. Herein, this study develops a colloidal antioxidant crystal system that dissolves sustainably
through polymer stabilization using sodium hyaluronate conjugated with dopamine (HA-dopa). We explore the role of dopamine
incorporation into crystal-stabilizing polymers and quantify the balance between drug—polymer interactions and competing
polymer—polymer interactions. We propose that this type of analysis is useful in the engineering of and provides insight into the
release behavior of polymer—crystal complexes. In developing our crystal complex, N-acetylcysteine (NAC) was used as the model
antioxidant to protect against silver ion toxicity. We found that our optimized HA-dopa-stabilized NAC crystals prolong the release
time of NAC 5-fold compared to a polymer-free NAC crystal. Therefore, following sublethal exposure to AgNO;, the extended
lifetime of NAC was able to maintain normal intracellular ROS levels, modulate metabolic function, mitigate fluctuations in ATP
levels and ATP synthase activity, and preserve contraction frequency in engineered cardiac muscle tissue. Furthermore, the
protective effects of the HA-dopa-stabilized NAC crystals were extended to a Daphnia magna model where silver-ion-induced change
to both cell-level biochemistry and organ function was alleviated. As such, we propose that the packaging of hydrophilic antioxidants
as colloidal crystals drastically extends the lifetime of the API, better maintains ROS homeostasis post metal ion exposure, and
therefore preserves both intracellular biochemistry and tissue functionality.

KEYWORDS: cardiomyocytes, daphnia, drug crystallization, N-acetylcysteine, oxidative stress, silver nanoparticles

1. INTRODUCTION reactive oxygen species (ROS) is in part caused by silver-ion
disruption of mitochondrial function.>''~"* Silver ions can also
deactivate endogenous antioxidants through protein conforma-
tional changes, such as with catalase, or binding to active sulfur
groups, such as with reduced glutathione and superoxide
dismutase (SOD).'""?

ROS are inevitable byproducts of cellular respiration and
when maintained at normal physiological levels mediate the
intracellular signaling responsible for the regulation of cell
adhesion, proliferation, differentiation, senescence, and apop-
tosis.">~* Furthermore, balanced ROS levels are necessary for
proper stimulation of tissue-forming cells and immune cells

Silver nanoparticles (AgNPs) have strong antimicrobial and
antiviral properties and are processed into various forms for
household products, agricultural and industrial applications,
medical devices, and therapeutic treatments.'”* More specif-
ically, in healthcare, AgNPs have been added to the
formulations for disinfectants as well as wound dressings and
have been shown to prevent bacterial colonization that can
lead to infection, inflammation, impaired wound healing, and
in extreme cases death.””® The antimicrobial nature of AgNPs
leads to many promising applications, albeit studies have
identified silver-ion release as toxic to both ecological systems
and humans.’~"” As the use of nanosilver becomes more
common place, it is important to consider the implications on Received:  May 18, 2022
intracellular biochemistry and macroscale tissue behavior. Accepted:  August 11, 2022
Many studies have explored the basis of AgNP toxicity, and Published: August 25, 2022
while several mechanisms exist, a change in the cell’s oxidative

state is a principal component of silver-ion toxicity. Intra-

cellular oxidative stress triggered by the overproduction of
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Figure 1. Schematic of the NAC crystallization process in the presence of HA-dopa.

responsible for enhanced wound healing.”"~** However, the
overproduction of ROS commonly caused by proinflammatory
cytokine signaling, pathogenic bacterial infections, dysfunction
of the mitochondria, and suppression of antioxidant sig;laling
can be problematic for normal cellular function.””™ ™ The
prolonged survival of these reactive species can denature lipids,
nucleic acids, and proteins through various oxidative pathways.
In the case of cardiac tissue, deviations in adenosine
triphosphate (ATP) levels are directly related to abnormal
myofilament contraction and relaxation frequencies.”” There-
fore, to maintain a physiological balance of ROS, cells have a
sophisticated antioxidant regulatory system; however, silver-
ion-induced disruption in homeostasis can overwhelm
endogenous antioxidant defenses and result in inadequate
scavenging of ROS.

In order to recover balanced ROS activities, exogenous
antioxidants are administered to directly scavenge ROS or
stimulate the production of antioxidant enzymes by
cells.'®*~33 Many of these antioxidant drugs are hydrophobic
and have poor bioavailability because of their reduced
solubility in aqueous environments. As such, polymeric
additives can be used to fabricate amorphic solid dispersions
(ASDs) of hydrophobic antioxidants to partially improve the
bioavailability.>*~>® Alternatively, hydrophilic antioxidants are
a promising candidate because of their high solubility in tissue
fluid. However, their merits are offset by rapid metabolism and
fast diffusion from oxidative tissue, leading to both a reduced
lifetime and the need for increased or more frequent
(:Iosing.ls’g‘2 In general, hydrophilic antioxidants in the soluble
state can lose their activities within 24 h in vitro and 12 h in
vivo. As such, efforts have been made to extend the working
time of hydrophilic antioxidants without altering their chemical
structure and sacrificing bioavailability. One popular approach
is to encapsulate antioxidants into biodegradable nano- or
microsized carriers. These can be of polymeric forms or lipid
forms, and many studies have shown promising results in
extended antioxidant release kinetics and drug residence
time.”>*"~*! Alternatively, hydrophilic antioxidants can be
dosed in the crystalline form to extend the release time and
increase the lifetime of antioxidant activity. However, in the
case of extremely hydrophilic antioxidants, pure crystalline
forms dissolve in a few hours and could benefit from a coupled
approach to release.

To this end, this study demonstrates that hydrophilic
antioxidant crystals complexed with polymeric additives show

greatly improved efficacy in protecting tissue from silver-ion-
induced oxidative stress compared to polymer-free antioxidant
crystals. We took inspiration from the approach to forming
ASDs, but rather than the polymeric excipients preventing
ripening and crystal formation, when complexed with hydro-
philic drugs, they promote increased crystal stability through a
combination of mechanisms. First, we propose that engineered
polymeric excipients with high affinity for crystal surface
adsorption may inhibit dissolution through desolvation of the
crystal surface. Second, functional moieties designed to
facilitate polymer—polymer interactions can be used to drive
crystal aggregation and result in a decrease in the dissolution
rate of the aggregate core. As such, we hypothesized that
crystallization of antioxidants with sodium hyaluronate (HA)
conjugated with controlled numbers of dopamine (HA-dopa)
would extend the period during which antioxidants are able to
retain or restore ROS balance from an oxidative environment
due to sustained antioxidant release (Figure 1). Specifically, the
dopamine groups tethered to HA molecules facilitate two types
of interactions: (1) thermodynamically driven association with
antioxidants leading to HA-induced desolvation of antioxidants
and (2) z—=m stacking and hydrogen bonding between
neighboring polymers, leading to crystal aggregation.

We examined our hypothesis by using N-acetylcysteine
(NAC) as the model hydrophilic antioxidant. NAC is
commonly used to promote intracellular glutathione (GSH)
synthesis that scavenges ROS and regenerates other anti-
oxidants such as tocopherols and ascorbate.*”~** In order to
explore the ability of our polymer-assembled NAC crystals to
remediate normal intracellular biochemistry and tissue
function following acute AgNO; exposure, we established
two distinct in vitro cardiac models. Cardiac muscle sheets
derived from rat cardiomyoblasts and human cardiomyocytes
were used to contextualize silver-ion implications on both
animal and human health. To expand the protective effects of
the crystal on the biological processes from cellular function to
attenuated heart function, Daphnia magna were used as an in
vivo model. The crystals were orally administered by the
daphnid’s specific filter-feeding capabilities after silver-ion
exposure. Due to the daphnid’s open blood circulatory system,
the heart can be exposed to both silver ions and NAC
molecules. This in vivo model is particularly useful as a means
to study environmental impacts from silver-ion exposure but
also to probe human cardiotoxicity due to their myogenic heart
which is similar to the human heart.*~** With these in vitro
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Figure 2. Characterization of NAC crystallinity in the presence of HA-dopa. (a) SEM image of pure NAC crystal, NAC crystallized with HA, and
NAC crystallized with HA-dopa (DS,,,, = 20%). Scale bar = 100 um. (b) Analysis of major axis diameter (blue square) and aspect ratio (gray
circle) of NAC crystals. Each data point and error bar represent average and 95% confidence intervals of five different samples per condition. (c)
XRD patterns of NAC crystals. (d) XRD peaks 1 and 2 for NAC crystals. Arrows depict observable peak broadening. (e) Ratio of integrated XRD

peak 1 and peak 2 for NAC crystals.

and in vivo platforms, we measured the extent to which our
NAC/HA-dopa crystal complex serves to avoid aberrant
biochemistry and physiological function through the character-
ization of metabolic activity, intracellular ROS levels,
adenosine triphosphate (ATP) and ATP synthase activities,
superoxide dismutase (SOD) levels, and beating behavior.

2. RESULTS AND DISCUSSION

2.1. Characterization of HA-dopamine. In this study,
sodium hyaluronate (HA), a hydroscopic biopolymer, was
used as the base polymer to induce polymer-directed
crystallization of N-acetylcysteine (NAC). Since the crystalline
structure of NAC is influential to the dissolution kinetics, we
used a high molecular weight (M, ~ 600 kDa) form of HA to
minimize polymer incorporation into the crystalline structure.
As such, HA could act as either a site for NAC nucleation or
adsorb to the surface of the NAC crystal during crystal growth.
To further increase the association between NAC and polymer,
HA was conjugated with dopamine. Dopamine-conjugated HA
(HA-dopa) was synthesized by forming an amide bond
between the carboxylic acid on HA and the primary amine
of dopamine using conventional carbodiimide chemistry. To
minimize polydopamine formation, this reaction was con-
ducted in acidic conditions.

To validate successful conjugation of dopamine to HA, we
ran '"H NMR (600 MHz) for HA and HA-dopa in deuterium
oxide (Figures S1—2). Furthermore, 'H NMR was used to
characterize the degree of substitution of dopamine to HA
(DS4opa)- DSyp, is defined as the percentage of carboxylic acid
groups on HA converted to amide bonds with dopamine. The
aromatic proton peaks on the dopamine moieties were
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observed at 6.55—7.1 ppm, and the methyl ketone proton
peaks on HA were observed at 1.83 ppm (labeled characteristic
peak “a”). The hydrogen atoms on the first carbon from the
amide on conjugated dopamine were shifted to 2.71-2.75 ppm
and labeled as characteristic peak “b”. According to the
integration of the characteristic peak intensities (Table S1),
DSgopa could be varied from 5% to 10%, 20%, and 25% by
altering the molar ratio of dopamine to sodium glucuronate of
HA from 2:9 to 4:9, 8:9, and 10:9, respectively.

To further confirm the successful conjugation of dopamine
to HA through the formation of a secondary amide bond, we
drop cast either HA or HA-dopa thin films on CaF windows
and ran FTIR spectroscopy under He flow (Figure S3a). When
comparing the spectra of the two different polymer films, we
identified two distinct regions where the peak intensities shift.
The first region spans 1500—1750 cm™', and there are four
observable peaks. The peak at 1617.6 cm™' represents the
signal from the secondary amide bonds; the peak at 1653.6
cm™' marks carboxylic acid dimers; and the peak at 1733.3
cm™! describes carboxylic acid monomers. Although HA has a
secondary amide functional group in the monomer, the
intensity of this peak is larger for HA-dopa. This increase
corresponds to the formation of a secondary amide following
conjugation with each dopamine molecule. Moreover, we see a
proportional decrease in the intensity of the carboxylic acid
dimers (1653.6 cm™") for HA-dopa. We also see the formation
of carboxylic acid monomer peaks (1733.3 cm™") that are blue-
shifted from the carboxylic acid dimers in the HA-dopa thin
film. Dopamine saturation of the carboxylic acids on HA
decreases the likelihood of two carboxylic acids forming
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Figure 3. Characterization of NAC—polymer interactions and polymer—polymer interactions. (a) Corrected heat rate as a function of time for
different DS,,,.. (b) Thermodynamic parameters including AG, AH, and —TAS. (c) Calculated association constants normalized by the
association constant for HA (K,/Kjg)- (d) Fluorescent analysis of pyrenes conjugated to different polymer formulations ranging from DS, 0 to
25%. Peaks I-V characterize the monomer peaks for pyrenes conjugated to HA-dopa, and peak VI characterizes the excimer peak for pyrenes
conjugated to HA-dopa. (e) Calculated ratio between excimer (A, = 485 nm) and monomer (4, = 370 nm) intensities for HA conjugated with
dopamine ranging from 0 to 25%. (f) Schematic illustrating drug—polymer interactions facilitated by thiol—aromatic bonds and polymer—polymer
interactions facilitated by m—x bonds. (g) NAC and polymer association constants and the ratio of excimer and monomer intensities for HA

conjugated with dopamine ranging from 0 to 25%.

hydrogen bonds in the thin film. As such, the carboxylic acid
monomer peak arises.

In addition to changes in the spectra at lower wavenumbers,
we also observe a change above 2500 cm™'. We used a Gauss
peak function to try to deconvolute the v(C—Hj;) and »(O—H)
regions (Figure S3b,c). First, we tried fitting 7 peaks to this
region, 2 each for v(C—Hj), 1 for v(=C—H), and 4 for v(O—
H), with the assumption that there is a wide distribution of
OH features. The seven-peak Gauss deconvolution succeeded
for dopamine-functionalized polymers; however, the seven-
peak Gauss deconvolution failed for dopamine-free HA.
Subsequently, a six-peak deconvolution quickly converged for
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the HA spectra. We propose that this may be evidence for the
v(=C—H) feature (part of the aromatic of dopamine),
considering the seventh peak manifests directly in the region
of ~3100 cm™ L

2.2. Characterization of HA-dopamine-Stabilized
NAC Crystals. N-Acetylcysteine was crystallized in bulk
using cooling crystallization under the following conditions:
no polymer or HA-dopa with DSy, ranging from 0 to 25%.
The pure NAC crystals were prepared by decreasing a 10%
(w/v) NAC solution temperature from 45 to 4 °C and, in turn,
reducing the solubility of NAC. Separately, the polymer-
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stabilized NAC crystals were prepared by mixing 10% (w/v)
NAC with 0.5% (w/v) HA or HA-dopa.

The major axis diameter, aspect ratio, and size distribution
of the resulting crystals were characterized using scanning
electron microscopy (SEM) images (Figure 2ab). The
crystallization of NAC without polymer resulted in an average
major axis of 60 um and an aspect ratio of 1.36. When NAC
was crystallized in the presence of HA, the average major axis
of the NAC-HA crystal was dropped to 28 um, but the aspect
ratio was not statistically different at 1.46. NAC was also
crystallized with HA-dopa with different DS;,,. The crystals
made with HA-dopa (HA-dopa-stabilized NAC crystals) with a
DSgopa Of 20% showed both the smallest average major axis
diameter at 13.9 pym and the narrowest particle size
distribution. Like the other two conditions, the aspect ratio
was not statistically different at 1.39. The decrease in crystal
diameter in the presence of polymer can be explained via two
mechanisms. First, the polymer functions as a nucleation site
and therefore shifts the competition between nucleation events
and crystal growth toward nucleation. Second, the polymer
adsorbs to the surface of the growing crystal and retards crystal
growth.

To explore the role of dopamine on NAC crystallization, the
polymorphs of the HA-dopa-stabilized NAC crystals were
characterized using powder X-ray diffraction (XRD). Accord-
ing to the diffraction patterns (Figure 2c), all the crystallization
conditions showed the same triclinic polymorph and a high
degree of crystallinity. However, while the crystal polymorph
was preserved across all samples, there were notable changes in
the ratios between peak intensities and peak broadening,
notably peak 1 (26 = 14.16) and peak 2 (20 = 15.58), which
correspond to different crystallographic planes (Figure 2d). As
marked by the arrows in Figure 2d, the incorporation of
dopamine in the polymer design led to substantial peak shape
alterations, but the peak locations were minimally affected. As
such we suspect that rather than incorporation into the crystal
lattice HA-dopa preferentially adsorbs at these crystal planes.
Furthermore, we observed that the ratio of peak 1 to peak 2
intensities was increased from 1.03 to 2.72 with an increase of
DSyep, from 0 to 25%, respectively (Figure 2e).

To give a potential mechanistic explanation for the observed
changes in the XRD diffractograms, we needed to better
understand the intermolecular bonds present at both peak 1
and peak 2. A notable bond in NAC triclinic crystals is a N—
H:--S hydrogen bond that stretches along the crystallographic b
axis.*** Furthermore, peak 2 characterizes a crystallographic
plane perpendicular to the crystallographic b axis.***’ We
suspect that HA-dopa preferentially associates with this
crystallographic plane through thiol—aromatic van der Waals
forces and is a type of bond that is additive to the overall
interaction between NAC and HA-dopa.

2.3. Thermodynamic Analysis of NAC—Polymer
Interactions and Fluorescent Analysis of Polymer—
Polymer Interactions. To further explore the interaction
between NAC and HA-dopa, we used isothermal titration
calorimetry (ITC) to characterize the thermodynamic
interaction between NAC and HA with different DSy,
Equimolar amounts of a 0.1 mM NAC solution were titrated
into a 0.01 mM solution of either HA or HA-dopa. All
conditions illustrated an endothermic association between
NAC- and HA-derived polymers characterized by positive
heats of adsorption (Figure 3a). Using an independent binding
site model, we extracted the Gibbs free energy change of

reaction (AG), the enthalpic contribution (AH), and the
entropic contribution (—TAS) (Figure 3b). AG was always
negative, indicating a spontaneous event. Additionally, AG was
independent of the DSy, suggesting a minimal difference in
the activation energy for the association between NAC and HA
or HA-dopa.

The association between NAC and HA generated an
endothermic reaction with increasing DS, Although the
reaction became more endothermic with increasing DS, the
presence of dopamine also increased the entropic contribution.
HA is a highly hygroscopic polymer and forms strong bonds
with water. Therefore, the increase in entropy can be attributed
to the desolvation of HA following an interaction with NAC.
Given the negative AG change following the endothermic
reaction, we suggest that the association between the polymer
and NAC was entropically driven.

The association constant (K,) was also quantified to
characterize how DSy, influences the interaction between
polymer and NAC. K, increased with DSy, (Figure 3c). In
particular, K, was almost 3-fold higher for HA-dopa with a
DS jop 0f 25% (2.138 X 10° M™") than HA (0.731 x 10° M™").
This result suggests that dopamine plays a significant role in
increasing the binding affinity between the polymer and drug.
We propose that the initial interaction between NAC and
polymer begins with desolvation and hydrogen bond formation
with the HA backbone. As such, the dopamine moiety on HA-
dopa further facilitates the interaction with NAC through bond
formation between thiols and aromatic groups.

As observed in the ITC data, the association constants
between HA-dopa with DS,.,, of 20% and 25% are
quantitatively similar. To explore if there is a value of DS,
that begins to impair NAC and polymer binding, we
conjugated HA with water-soluble 8-aminopyrene-1,3,6-
trisulfonic acid trisodium salt (APTS). APTS molecules give
different emission spectra based on their spatial position
relative to other [.‘Jyrenes.so'Sl These spectra can be classified as
either a monomer, meaning that the emission spectra come
from the excitation of nonoverlapping APTS molecules, or
excimer, meaning that the emission spectra come from the
excitation of overlapping APTS molecules. As such, we can use
the ratio of monomer and excimer peaks in the emission
spectra to elucidate the spatial arrangement of HA or HA-dopa
in the solution. More intramolecular interactions between
polymers would result in a higher excimer peak intensity
through the aggregation of APTS, therefore providing a tool to
probe how dopamine conjugation to HA influences these
polymer—polymer interactions. First, we identified the
monomer peak intensities with a dilute, 0.01 uM APTS
solution and noted five characteristic peaks ranging from 360
to 425 nm (Figure S4a,b). Furthermore, to confirm that any
excimer peak observed is a result of a pyrene—pyrene
interaction, we measured the emission spectra of a free pyrene,
at a fixed concentration of 0.01 uM, and unconjugated
dopamine solution at several pyrene/dopamine ratios: 1:0.01,
1:0.1, 1:1, 1:10, and 1:100 (Figure S4c). We observed no
changes in the emission spectra.

To study how dopamine conjugation to HA influences
polymer—polymer interactions, we first conjugated APTS to
HA-dopa at a number ratio of 1:100 of APTS to HA sugar
residues (Figure S5). We varied the DSopa from 0 to 25% to
match polymer conditions studied in the ITC and XRD
experiments. We note that the ratio of APTS to HA sugar
residues was chosen to minimize interactions between pyrenes
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Figure 4. Analysis of NAC crystal release. (a) NAC crystal dissolution profiles in PBS at 37 °C. NAC crystals were prepared with either no polymer
or HA-dopa with a controlled DSdopa. DSdopa was varied from 0 to 25%. (b) Half-life of NAC crystals. (c) Onset dissolution of NAC crystals. (d)
Polymer-free NAC crystal dissolution profiles in PBS at 4, 25, and 37 °C. (e) NAC/HA-dopa (DSdopa = 20%) crystal dissolution profiles in PBS at
4, 25, and 37 °C. (f) Halflife and final dissolution time of either polymer-free NAC or NAC/HA-dopa crystals at different temperatures. In each
plot, data points and error bars represent average values and 95% confidence intervals of 8 samples per condition. *, **, and *** represent the
statistical significance between conditions (*p < 0.05, **p < 0.01, ***p < 0.001) using a nonpaired f test.

due to crowding. The mixing of APTS-conjugated polymers
yielded a sixth peak in the emission spectra at 485 nm, which
corresponds to the excimer form of APTS (Figure 3d). As
such, the ratio of the excimer (lg, = 485 nm) and fourth
monomer (A, = 370 nm) peaks (Ig,/Iyon) Was characterized
for HA with DSy, ranging from 0 to 25% (Figure 3e). We
observed that probes conjugated on HA-dopa tend to
aggregate more (Figure 3f), increasing the excimer/monomer
emission intensity ratio (Ig,/Iy,) nonlinearly with DSy,,.. To
validate that this observation is not a result of dopamine—
pyrene interactions driving the rearrangement of polymers, we
reduced the APTS to HA sugar residue ratio to 1:1000 and
observed no statistical difference in the ratio of excimer to
monomer peak intensities (Figure S6a—c). Therefore, we
suggest that the I /Iy, ratio indicates that the HA—HA
interaction is driven by hydrogen-bond formation, and the
inclusion of dopamine increases this ratio from 7—m stacking
between dopamine molecules that supplement the pre-existing
hydrogen bonds. Although dopamine facilitates NAC—HA
interactions, dopamine also enhances HA—HA interactions.

Finally, we plotted the relationship between K,/Ky; and I,/
Iyon (Figure 3g). We observe that increasing dopamine
conjugation increases HA—HA interactions more significantly
than NAC—HA interactions and note that a trade-off needs to
be considered with increasing dopamine conjugation. If HA—
HA interactions are too heavily favored, then crystal stability
may be impaired.
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2.4. NAC Crystal Dissolution. In order to understand the
role HA and HA-dopa play in the stabilization of NAC crystals,
we analyzed the dissolution behavior of NAC in PBS at 37 °C.
The amount of NAC released from the crystals was measured
using UV—vis spectroscopy as a function of time (Figure 4a).
Polymer-free NAC crystals released NAC molecules continu-
ously over 2 h. When crystallized in the presence of HA, the
NAC crystal released NAC molecules continuously over 3 h. In
contrast, NAC crystals made with HA-dopa with DS, up to
20% extended the period during which NAC molecules are
released from the crystal. For instance, the NAC crystals
prepared using HA-dopa with DSy, of 5% continuously
dissolved over 6 h, while those prepared using HA-dopa with
DSy, 0f 20% released NAC molecules over 10 h. Overall, we
found that crystal fabrication with HA-dopa extended the NAC
dissolution period by 3 to 5 times compared to the polymer-
free NAC crystals. However, an increase of DSy,,, above 20%
did not make any significant change in the dissolution rate of
NAC crystals.

We further quantified the half-life (t,,,) and onset
dissolution rate from the NAC crystal dissolution profile.
The t;;, describes the time at which 50% of the total
crystallized NAC dissolved and is a useful metric for
determining dose frequencies. Figure 4b shows that the t,,,
of polymer-free NAC crystal is 37 + 3 min. When crystallized
in the presence of HA, the t, ,, was extended to 60 + 4 min. In
concurrence with the dissolution profiles, increasing DSy, to
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*%% represent the statistical significance between conditions (*p < 0.05, **p < 0.01, ***p < 0.001) using a nonpaired ¢ test.

20% led to a 3-fold increase of the t;,, compared to the
polymer-free NAC crystals.

The onset dissolution rate of the NAC crystals was obtained
by linearly fitting the percentage of NAC dissolved over the
first 60 min (Figure 4c). After the first 60 min, the dissolution
profile began to deviate from a linear trend. The quantification
of the onset dissolution provides insight into how quickly the
drug begins to control the oxidative environment. Polymer-free
NAC crystals had an onset dissolution of 1.3 + 0.07%-
dissolved/min. When crystallized in the presence of HA, the
onset dissolution rate was decreased to 0.79 + 0.05%-
dissolved/min. As expected, the DS, for the HA-dopa-
stabilized NAC crystals influenced the onset dissolution rate.
In particular, NAC crystals prepared with HA-dopa with a
DSgopa Of 20% exhibited a 3-fold lower onset-dissolution rate
than the polymer-free NAC crystals.
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These results further validate that HA-dopa strengthens the
association between NAC and HA and can be used to create
NAC crystals with increased stability and prolonged NAC
release. The amount of dopamine conjugated to HA was found
to dictate the stability of the NAC crystals due to the coupled
effect of hydrogen bonding with the polymer backbone and
strong association between aromatic groups of dopamine and
thiol groups of NAC, as confirmed with the ITC analysis
showing the increased association with DS,y Also, the
intermolecular hydrogen bonding between polymers and 7—=
stacking between dopamine molecules can lead to crystal
aggregation and improved stability by forming a solvation shell
with different diffusion properties based on the packing of the
crystals. However, increasing DS, above 20% has a trade-off.
HA-dopa with DS, of both 20% and 25% have similar NAC
crystal dissolution profiles.
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We further studied how temperature affects the dissolution
rate of polymer-free NAC crystals and HA-dopa-stabilized
NAC crystals (Figure 4d and 4e). The results show that
decreasing the incubation temperature from 37 to 25 °C and 4
°C slows down the NAC crystal dissolution because of the
decreased NAC solubility at lower temperatures. Accordingly,
the halflife and time to reach full dissolution increased with
decreasing incubation temperature (Figure 4f). The depend-
ency of the half-life and time to reach full dissolution on the
temperature was larger for HA-dopa-stabilized NAC crystals.

2.5. Efficacy of NAC/HA-dopa Crystals to Protect Rat
Cardiac Muscle Sheets Exposed to AgNO,;. The
antioxidant activity of the NAC crystals over 48 h was tested
by examining both the metabolic activity and intracellular
oxidative stress in rat cardiomyotubes following silver nitrate
(AgNO;) exposure. As previously reported, silver ions are a
major toxic component of AgNPs and drive AgNP cytotoxicity
through ROS production. As such, we used AgNOj; to produce
silver ions that could be taken up by the cells and promote
oxidative stress. We first characterized the half-maximal
effective concentration (ECg,) of AgNO; following 24 h of
exposure, to establish a condition in which there was a
significant reduction in cell metabolic activity observed over a
48 h exposure and treatment condition (Figure S7a,b). We
found that following a 24 h exposure time to 0.1 ppm AgNO;,
only 53.2% of the original metabolic function was retained. For
the remainder of the metabolic characterization, the AgNO;
exposure concentration was fixed, but the treatment conditions
were varied.

To illustrate the improved efficacy of HA-dopa-stabilized
NAC crystals, rat cardiac muscle sheets were exposed to
AgNO; and subsequently treated with either a polymer-free
NAC crystal suspension or a NAC/HA-dopa (DS, = 20%)
crystal suspension for 12, 24, and 48 h. In the first study, we
varied the concentration of each crystal formulation (Figure
S8a—c) and compared the ECg, values, defined as the AgNO;
concentration resulting in 50% reduction in metabolic activity
(Figure 5a). At both the 12 and 48 h time points, the ECgy of
the polymer-free NAC crystal was higher than that of the HA-
dopa-stabilized NAC crystal, illustrating the larger NAC dose
requirement to preserve 50% of the maximum metabolic
function. We note that there will be irreversible cellular
damage since the NAC treatment was 30 min post AgNO;
exposure. The metabolic function for both crystal systems
approaches a maximum value below that of a healthy
population. We further point out that after 12 h there is a
statistical difference in the maximum metabolic function for
both crystal systems, resulting in ECs, values corresponding to
different metabolic activities. We also report the metabolic
activity following treatment of both crystal systems at their
respective ECgy values (Figure 5b). At 24 and 48 h post-
treatment, the HA-dopa-stabilized NAC crystal preserved a
higher degree of metabolic function in the cardiac muscle
sheets than the polymer-free NAC crystal.

The Hill coefficient (cy), the slope at the inflection point, is
another valuable metric for comparing the efficacy of the
crystal systems (Figure S8d). A larger ¢ indicates that the
effective concentration range to preserve metabolic activity is
narrower and would suggest the requirement of a more
frequent dosing regimen. Our study shows that: (1) The cy
increases as a function of exposure time for the HA-free NAC
crystal system. In contrast, there is no statistical difference in ¢y
for the HA-dopa-stabilized crystal. This result demonstrates

that the increased working time of the NAC crystals aligns well
with the prolonged release of NAC. (2) Furthermore, the ¢ is
higher for the polymer-free NAC crystal system than for the
HA-dopa-stabilized NAC crystal system at 24 and 48 h.

In addition to ECy, characterization for both crystal systems,
we compared the maintenance of metabolic activity at a fixed
NAC crystal dose. Cardiac muscle sheets were first exposed to
0.1 ppm AgNO; and treated with either a 5 ppm polymer-free
NAC crystal suspension or a 5 ppm NAC/HA-dopa (DSd,,Pil =
20%) crystal suspension for 12, 24, and 48 h (Figure 5c). The
NAC concentration of 5 ppm was chosen based on no
observed decrease in metabolic function at this concentration
(Figure S7d). Furthermore, we tested if HA-dopa may elicit a
toxic response by probing the metabolic state of the cells
(Figure S7e). Even at a concentration 100 times larger than we
used in our treatment studies, there was no statistical difference
in the metabolic function of the cells compared to the no-
treatment control. Following AgNO; exposure, there was a
significant decrease in metabolic activity for the no-treatment
group. The fraction of metabolic activity decreased to as low as
0.39 + 0.05 over 48 h of exposure. NAC crystal treatment post
AgNO; exposure served to preserve metabolic function. The
duration of antioxidant activity depended on the NAC crystal
stability and release. In particular, after 12 h, both polymer-free
NAC and HA-dopa-stabilized NAC crystals maintained over
90% of the original metabolic activity.

However, the efficacy difference between the two NAC
crystal systems became significant over the next 36 h. The
fraction of metabolic activity decreased by 24% when treated
with polymer-free NAC crystals. In contrast, the HA-dopa-
stabilized NAC crystals effectively retained metabolic activity
at 90%. The extended duration of preserved metabolic function
in the muscle sheets is attributed to the more sustained release
of NAC from the HA-dopa-stabilized NAC crystals, as
characterized by the dissolution profile shown in Figure 4.
To confirm that the efficacy of the crystals is a result of the
release of NAC and not the polymer, we conducted additional
MTT studies with only HA-dopa. We did not see any direct
effects on the metabolic activity (Figure S7f).

Since we propose that the drug efficacy comes from the
antioxidant behavior, we quantified the intracellular oxidative
stress in rat cardiac muscle sheets exposed to 0.01 ppm AgNO;
and related these levels to the ROS-scavenging potential of the
NAC crystals. Since we observed cell death from the AgNO,
EC;;, we used the effective concentration at 20% of the
maximal value (EC,,) (Figure S7c) for this experiment, as to
only put cells into an acute state of oxidative stress. In order to
quantify the intracellular ROS levels, we used a fluorescent
probe, CellROX Green. In the reduced state, the cell-permeant
dye is weakly fluorescent; however, it emits a green, fluorescent
signal at 520 nm upon oxidation by intracellular ROS. The
corrected total cell fluorescence was collected at 12, 24, and 48
h (Figure 5d), where the cell fluorescence value represents the
intracellular oxidative stress level. The corrected fluorescent
values were normalized to the fluorescent value of healthy cells
that were not exposed to AgNO;.

Cells exposed to AgNO; showed an increase in the
intracellular oxidative stress up to 48 h, as marked by the
increased fluorescence intensity (Figure Se). In agreement with
previous mechanistic studies, increased ROS levels are likely a
result of increased intracellular ROS production, prolonged
survival through the deactivation of endogenous antioxidant
pathways, or a combination of both.>”~'* Interestingly, at each
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line represents intracellular ROS levels of a healthy population. In subfigures a—f, data points and error bars represent average values and 95%
confidence intervals of § samples per condition. *, **, and *** represent the statistical significance between conditions (*p < 0.05, **p < 0.01,

*EEp < 0.001) using a nonpaired f test.

time point, HA-dopa-stabilized NAC crystals showed both
lower intracellular ROS levels compared to the no-treatment
group and no statistical significance from the control
(represented as a normalized ROS intensity of 1.0).
Polymer-free NAC crystals also decreased the intracellular
oxidative stress compared to untreated cells, but intracellular
ROS levels were still elevated compared to the healthy cell
population.

2.6. Efficacy of NAC/HA-dopa Crystals to Protect
Human Cardiomyocytes Exposed to AgNO;. To extend
the observed efficacy trends in rat cardiomyotubes to human
cells, we utilized an induced pluripotent stem cell (iPSC)-
derived human cardiomyocyte model. This model displays
characteristic synchronous beating that can be used to simulate
tissue function post AgNO; exposure and NAC crystal
treatment. In accordance with the rat cardiac muscle sheet
study, we characterized the metabolic activity in two ways: (1)
direct comparison of the ECg, values for polymer-free NAC
crystals and HA-dopa-stabilized NAC crystals and (2)
comparison at fixed NAC crystal concentrations. We further
characterized both the cellular ATP levels and ATP synthase
activity.

In the first study, we varied the concentration of each crystal
formulation (Figure S9a—c) and compared the ECj, values
(Figure 6a). At both the 12 and 48 h time points, the EC, of
the polymer-free NAC crystals was higher than that of the HA-
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dopa-stabilized NAC crystals, illustrating a larger dose
requirement to preserve 50% of the maximum metabolic
function. For the metabolic activity of both crystal systems at
their respective ECy, values (Figure 6b), the HA-dopa-
stabilized NAC crystal system preserves a higher degree of
metabolic function in the AgNO;-exposed cardiac muscle
sheets than the polymer-free NAC crystal system at 24 and 48
h. Like before, we characterized the ¢y (Figure S9d) and
observed an increase as a function of exposure time for the
polymer-free NAC crystal system. In contrast, the HA-dopa-
stabilized system did not show a statically significant change.
Additionally, the ¢y was higher for the polymer-free NAC
crystal system than the HA-dopa-stabilized NAC crystal system
at 24 and 48 h.

In addition to EC, characterization for both crystal systems,
we compared the maintenance of metabolic activity at fixed
NAC crystal suspension concentrations. Again, the cardiac
muscle sheets were first exposed to 0.1 ppm AgNO; and
treated with either a 5 ppm polymer-free NAC crystal
suspension or a 5 ppm NAC/HA-dopa (DS, = 20%) crystal
suspension for 12, 24, and 48 h (Figure 6c). Following AgNO;
exposure, there was a significant decrease in metabolic activity
for the no-treatment group. The fraction of metabolic activity
decreased to as low as 0.31 + 0.03 within 48 h of exposure.
NAC crystal treatment post AgNO, exposure served to
preserve metabolic function. Again, we observed that the
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population that was not exposed to AgNO;. (f) Heart rate (BPM) at 48 h normalized to a population that was not exposed to AgNO;. Dotted line
represents intracellular ROS levels of a healthy population. Data points and error bars represent average values and 95% confidence intervals of 20
samples per condition. *, **, and *** represent the statistical significance between conditions (*p < 0.05, **p < 0.01, and ***p < 0.001) using a

nonpaired t test.

antioxidant activity duration depended on the NAC crystal
stability and release. In particular, after 12 h, both polymer-free
NAC and HA-dopa-stabilized NAC crystals maintained over
90% of the original metabolic activity. However, the efficacy
difference between the two different NAC crystal systems
became significant over the next 36 h. The fraction of
metabolic activity decreased by 22% when treated with
polymer-free NAC crystals. In contrast, the HA-dopa-stabilized
NAC crystals were effective in retaining metabolic activity at
90%.

To further explore the metabolic function of the human
cardiomyocytes post silver ion exposure, we quantified both
the cellular ATP levels and the ATP synthase activity levels

(Figure 6d,e). In accordance with our previous methods, we
used the AgNO; ECy; value to evaluate the effects of acute
oxidative stress and monitor deviations in the intracellular
function. Following 0.01 ppm AgNO; exposure to the human
cardiac muscle sheets, ATP levels and ATP synthase activity
significantly deviated from the levels in cardiac muscle sheets
that were not exposed to silver ions. The deviation was the
most extreme at 48 h. ATP levels deviated by 63%, and ATP
synthase activity levels deviated by 39%. Abnormal changes in
ATP levels and ATP synthase levels were mitigated by NAC
crystal treatment. In particular, at 48 h, the HA-dopa-stabilized
NAC crystals minimized the ATP level deviation across all
treatment groups.
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One major advantage of the iCell cardiomyocyte cell line is
that they synchronously contract spontaneously when
confluent. To illustrate that the antioxidant crystals can
preserve normal tissue function post silver ion exposure, the
number of contractions per minute was quantified for either
no-treatment, polymer-free NAC crystal treatment, or HA-
dopa-stabilized NAC crystal treatment (Figure 6d—f).
Interestingly, we saw a suppression in contraction frequency
for the no-treatment group and increased contraction
frequency for the polymer-free NAC crystal treatment group.
The HA-dopa-stabilized NAC crystal treatment group was not
statistically different from the human cardiomyocytes not
exposed to AgNO,;. This nicely illustrates the need for
balanced intracellular ROS levels for normal tissue function
by demonstrating that unregulated oxidative stress can result in
abnormal beating behavior in human cardiac muscle sheets.

2.7. In Vivo Analysis of the Extent That NAC/HA-dopa
Crystals Protect Daphnia magna Exposed to AgNO;. In
addition to potential toxic effects in humans, silver ions
released in aquatic ecosystems can have drastic implications on
the health of microorganisms such as the freshwater
zooplankton Daphnia magna.46_48 As such, this species is
extensively used to assess nanoparticle toxicity due to its
sensitivity (Figure S10b) and filter-feeding behavior that aids
in the oral uptake of nanoparticles or freshwater contami-
nants.*® In this study, young daphnids were exposed to media
supplemented with 0.001 ppm AgNO; (determined as the
EC,, from Figure S10a) and either treated with 5 ppm
polymer-free NAC crystals or 5 ppm HA-dopa-stabilized NAC
crystals. As previously noted, silver ions induce intracellular
oxidative stress and influence the endogenous antioxidant
system of cells. In agreement with the rat cardiac muscle study,
we assessed the ROS levels but further characterized the
endogenous antioxidant system through the characterization of
the enzyme, superoxide dismutase (SOD) (Figure 7a—c). Both
ROS and SOD levels were monitored over 48 h.

Initially, the ROS levels for the no-treatment and HA-dopa-
stabilized NAC administration conditions showed an increase
in ROS level, but at 6 h all conditions had quenched
overproduced ROS. Nonetheless, after 6 h the ROS levels
continued to increase and at 48 h were over 2-fold higher than
the control conditions. The increase in ROS levels followed by
no recovery suggests that by 6 h the endogenous antioxidant
system has become overwhelmed following AgNO; exposure
and no exogenous antioxidant treatment. When comparing the
polymer-free and the HA-dopa-stabilized NAC crystal systems,
the polymer-free NAC crystals showed better ROS control in
the first 12 h. This result aligns well with the dissolution study
and highlights that fast release leads to improved oxidative
stress control in the short term. However, at 24 h, control over
the oxidative environment has been lost. In contrast, at 24 and
48 h there was no increase in intracellular ROS following
treatment with HA-dopa-stabilized NAC crystals. While the
polymer-free NAC crystals display therapeutic potential, the
colloidal crystals highlight their ability for prolonged redox
control. Moreover, delivery of both antioxidant systems
showed reduced ROS levels in the intestine, the expected
residence site of the NAC crystals, and around the heart
(Figure 7a). Increased ROS levels near and in the heart were
observed for the no-treatment condition, especially at 24 h.
This result indicates that both NAC crystal systems are able to
control the oxidative environment initially at the local site of
delivery. However, only the HA-dopa-stabilized NAC crystals

could offer oxidative protection to the surrounding tissue
sustainably.

SOD is an endogenous antioxidant system found in the
Daphnia magna. At 3 h postexposure to AgNO, and no NAC
treatment, there was an increase in SOD level. This result
indicates that the intracellular ROS generation resulting from
AgNO; exposure promotes SOD activity as an endogenous
response to oxidative stress. In contrast, NAC crystal delivery
showed initial suppression of SOD activity, and at 48 h the
HA-dopa-stabilized NAC crystals led to significant suppression
of SOD activity compared to the polymer-free NAC crystals.
Coupled with the ROS measurement, this result suggests that
the extended release of NAC from HA-dopa-stabilized crystals
serves to suppress the SOD activity by scavenging ROS
generation.

In addition to measuring ROS levels and SOD activity levels,
the ATP levels were measured over 48 h (Figure 7d). AgNO,
exposure followed by no NAC treatment caused two
observable spikes in ATP levels. The first occurred at 3 h.
Then, the ATP level decreased back to normal at 6 h. This is
likely because of the activation of the endogenous antioxidant
system to control ROS levels. After 6 h, however, the ATP
levels continuously increased, suggesting the endogenous
antioxidant system became overwhelmed. In contrast,
daphnids treated with both NAC crystal formulations showed
no increase in ATP levels during the first 12 h. After 24 h, the
daphnids treated with the polymer-free NAC crystals showed a
moderate increase in the ATP level, although the degree of
increase was smaller than the no-treatment condition.
Interestingly, the daphnids treated with HA-dopa-stabilized
NAC crystals exhibited a minimal increase in the ATP level,
which is well aligned with the observed sustained release of
NAC molecules from the crystals.

We further analyzed the changes in the ATP synthase
activity (Figure 7e). The no-treatment condition showed
minimal upregulation in ATP synthase activity. The observed
elevation in ATP levels for the no-treatment condition, as
previously discussed, is therefore not a result of increased ATP
production and, instead, an indicator that ATP is not being
consumed. We theorize that ATP levels do not diminish
because of an impaired pathway to ATP hydrolysis propagated
by elevated ROS production seen at the same time points. In
contrast, daphnids treated with NAC crystals, particularly HA-
dopa-stabilized NAC crystals, showed continuously higher
ATP synthase levels than the no-treatment condition. ATP
synthase levels were likely to increase due to cellular damage
caused by silver ions. Although ATP synthase levels increased,
we did not see an increase in ATP levels which may be an
indicator that increased ATP hydrolysis is a natural response to
healing. We propose that NAC molecules sustainably released
from the crystals enter cells and lead to endogenous
glutathione production and maintenance of ROS homeostasis.
In turn, it is likely that individual cells in daphnids are active to
produce and hydrolyze ATP at a healthy level.

To further highlight the cardioprotective effects of NAC
crystals, the heart rate of the daphnids post 48 h AgNO,
exposure and treatment was quantified (Figure 7f). The
translucent body of the daphnids make monitoring the heart
rate feasible (Movies S5—S8), and the heart rate was
characterized as beats per minute (BPM) using a high-speed
camera. No treatment following AgNO; exposure led to over a
25% reduction in the heart rate. In contrast, the polymer-free
NAC crystals resulted in a small increase in heart rate, while
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the HA-dopa-stabilized crystals showed no statistical difference
from the normal heart. The preservation of the daphnid heart
rate by the HA-dopa-stabilized NAC crystals further highlights
their therapeutic efficacy, resulting from a prolonged release
profile.

3. CONCLUSION

This study demonstrated a new hydrophilic antioxidant
delivery system that was proper to achieve prolonged ROS
homeostasis in the context of silver-ion exposure. We found
that NAC could be crystallized and stabilized with HA-
dopamine through (1) coupled entropically driven hydrogen-
bond formation and dopamine—thiol interactions and (2)
aggregation due to 7— stacking between dopamine molecules
and hydrogen bonds between HA. The resulting HA-dopa-
stabilized NAC crystal released NAC molecules continuously
over 10 h, while the polymer-free NAC crystals dissolved
within 2 h. Thus, HA-dopa-stabilized NAC crystals could
protect cardiac muscle sheets and Daphnia magna over 48 h
after exposure to sublethal dosing of AgNO;. According to the
biochemical analysis, the HA-dopa-stabilized NAC crystals
retain ROS and endogenous antioxidizing activities at normal
levels. The improved antioxidizing activity of the HA-dopa-
stabilized NAC crystal is attributed to the sustained NAC
release. As such, the NAC molecules would scavenge
exogenous ROS and, also, stimulate cellular antioxidant
synthesis. We proposed that this antioxidant crystal platform
can be used to treat cardiac exposure to toxic metallic ions
through either intramuscular or intravascular delivery;
however, the administration route could be modified based
on the target tissue. Furthermore, metal-ion exposure in
aquatic systems can be mediated by the oral uptake of the
crystal system by essential microorganisms such as Daphnia
magna. Finally, we envision HA-dopa would be used to
improve the efficacy of a wide range of active pharmaceutical
ingredients through enhanced crystal stability.

4. EXPERIMENTAL SECTION

4.1. Materials. N-Acetyl-L-cysteine (NAC) (>99%), N-(3-
(dimethylamino )propyl)-N'-ethylcarbodiimide hydrochloride (EDC)
(98%), N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) (>98%),
4-morpholineethanesulfonic acid monohydrate (MES) (>99%),
dopamine hydrochloride, 8-aminopyrene-1,3,6-trisulfonic acid triso-
dium salt (APTS), and silver nitrate (>99%) were purchased from
Sigma-Aldrich. Hyaluronic acid (HA, Mw = 620—1200 kg/mol) was
purchased from Kikkoman. For polymer purification and drug release
tests, a dialysis tube (MWCO: 500—1000 Da, Spectrum Laboratories)
was used. H9¢2(2—1) cells (rat myoblast cell line from myocardium)
were obtained from American Type Cell Culture (ATCC CRL-1446)
and cultured according to the guidelines of ATCC. iCell human
cardiomyocytes (human iPSC-derived) were obtained from FUJI-
FILM Cellular Dynamics, Inc. (FUJI 11713) and cultured according
to the supplier's guidelines. Daphnia eggs were obtained from
Environmental Bio-Detection Products Incorporation (EBPI, Daph-
toxkit F magna) and cultured according to the standard operational
procedure.

4.2, Synthesis of HA Conjugated with Dopamine (HA-
dopa). The degree of substitution of dopamine (DSy,,) was
controlled by changing the molar ratio between dopamine and
sodium glucuronate of HA from 2:9 to 4:9, 8:9, and 10:9. HA was
dissolved in a 0.1 M solution of MES (pH = 5) for 12 h at room
temperature. Once the polymer was fully dissolved, 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC) and N-hydroxysulfo-
succinimide (sulfo-NHS) were dissolved in the solution for 30 min.
EDC and sulfo-NHS were both added in excess at a 0.625:1 molar

ratio to sodium glucuronate of HA. Dopamine hydrochloride was
added at the appropriate molar ratio. The mixture was dialyzed
against DI water using a dialysis tube (MWCO = 3.5 kDa) for 2 days
and then lyophilized for 3 days before storage at 4 °C until future use.

4.3. Characterization of Dopamine Conjugation to HA. 'H
NMR (600 MHz, D,0) was run for dopamine, HA, and H-dopa.
Each scan was run at 25 °C in D,0O, and MestReNova software was
used for characterization. Infrared spectra of HA-dopa provide
spectroscopic evidence of polymer functionalization with dopamine.
Polymers were drop cast (in aqueous solution) as a thin film on CaF,
windows at 65 °C and dried under vacuum for 12 h to remove
residual water before being sealed within a custom-built, temperature-
controlled transmission cell attached to a gas-handling manifold under
He flow (10 cm—3 min™'; Airgas, Ultrazero grade) mounted inside an
FTIR spectrometer (Bruker, Vertex 70) coupled with a liquid N,-
cooled HgCdTe detector. Spectra were obtained at 313 K (128 scans,
4 cm™' resolution) after background spectra were obtained under
identical conditions with an empty transmission cell containing no
polymer.

4.4. Preparation of NAC Crystals by Polymer-Directed
Crystallization. An amount of 50 mg (5% w/w of NAC) of polymer
additives (hyaluronic acid or hyaluronic acid conjugated with
dopamine) was dissolved in DI water (10 mL) for 6 h at 45 °C to
ensure the complete dissolution. Then, 1g of NAC was added into the
polymer solution and stirred at 45°C until all the solids were dissolved
(6 h). The mixture was cooled to 4 °C at a controlled rate of 1 °C/
min, and the crystallization was allowed to proceed for 24 h. The
obtained crystal solution was filtered through a poly(vinylidene
fluoride) (PVDF) membrane (HVLP04700, pore size: 0.45 um,
Millipore) to collect NAC crystals. The crystals were gently washed
2—3 times with DI water to remove the unbound polymers. Then, the
samples were dried under vacuum at room temperature for 2 days.
NAC crystals were stored at room temperature under N, until used
for future experiments.

4.5. NAC Crystal Characterization. The morphology of NAC
crystals was examined by an optical microscope (Leica DMIL) and an
environmental scanning electron microscope (ESEM, Quanta FEG
450, FEI) at 7 kV acceleration voltage. Fifty crystals from five (n = 5)
different SEM images of each population were analyzed to measure
the average crystal size and aspect ratio, as determined with Image].
Powder X-ray diffraction (MiniFlex 600, Rigaku) was conducted to
observe changes in the contents of crystal phases. The scans were
performed in the 2-theta range of 10—70 at 5°/min.

4.6. Thermodynamic Analysis of NAC—Polymer Interac-
tions. Thermodynamic analysis of the association between NAC and
polymer additives was performed by isothermal titration calorimetry
(TA AffinityITC). The 300 uL sample cell was filled with a 0.01 mM
polymer solution. The cell was titrated with 28 injections of § uL
NAC solution (0.1 mM). Each injection was performed over 18 s with
a delay of 250 s between injections while stirring at 300 rpm.
Thermodynamic binding parameters such as the binding constant, the
change in enthalpy, and the change in entropy were obtained and
calculated by fitting data to a single-site binding model. The first data
point was not included in the analysis.

4.7. Fluorescent Analysis of the Self-Organization between
HA Polymers. APTS was dissolved in a HA-dopa solution and
conjugated via the same carbodiimide chemistry described above,
resulting in a 1:100 ratio of APTS to sugar monomer of HA. The
conjugation of APTS to HA and HA-dopa was confirmed with a
standard curve quantifying the summation of the monomer (4, =
370 nm) and excimer (Ag, = 485 nm) peak intensities. The resulting
pyrene-conjugated polymer was loaded into a quartz cuvette at a
concentration of 0.01 #M and excited at a wavelength of 343 nm. The
emission spectra were recorded from 350 to 650 nm for HA-dopa
with DSy, ranging from 0% to 5%, 10%, 20%, and 25% with a
fluorometer (Fluoromax-4, Jobin Yvon).

4.8. Analysis of the Dissolution Profile of NAC Crystals. An
amount of 50 mg of NAC crystals was placed in a dialysis tube
(MWCO = 500—1000 Da) with phosphate-buffered saline (PBS, 1
mL). The dialysis tube was placed in 499 mL of PBS media and
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incubated at either 37 °C, 25 °C, or 4 °C under continuous shaking at
100 rpm. At the designated time points, dissolved NAC was collected
from the incubation media and determined by reading the absorbance
at the wavelength of 260 nm using the microplate spectrophotometer
(Infinite 200 PRO, Tecan).

4.9, In Vitro Testing. 4.9.1. Analysis of the Metabolic Activity of
H9c2(2—1) Cells and iCell Human Cardiomyocytes. A commercially
available MTT assay kit (11465007001, Roche) was used to measure
the metabolic activity of cells exposed to AgNO;. The assay was
performed with several modifications to the manufacturer’s directions.
H9c2(2—1) cells were seeded onto 96-well plates at a density of
10 000 cells per well. When the cells reached 80% confluency, the FBS
in the cell media was reduced from 10% to 1%. By doing so, the
myoblasts fused and differentiated into myotubes. After differ-
entiation, the cells reached full confluency and formed a monolayer
cell sheet. iCell human cardiomyocytes were seeded onto 96-well
plates at a density of 40 000. After 2 days the medium was switched
from the supplier’s plating media to the supplier’s maintenance media.
Both cell lines were further incubated with either 0 ppm AgNO; as
the control or 0.1 ppm AgNO; as the sublethal conditions for 12, 24,
or 48 h. During the AgNO; exposure, cells were supplemented with
either no NAC, § ppm of NAC, or 5 ppm of NAC/HA-dopa (DS,
=20%). After that, 90 uL of growth media (0.1% FBS) and 10 uL of
MTT solution were then added to each well. The cells were incubated
for 3 h at 37 °C. The formazan crystals formed in each well were
solubilized using 65 uL of DMSO upon removal of growth media.
The absorbance of MTT was measured by using a microplate
spectrophotometer (Infinite 200 PRO, Tecan) at the wavelength of
550 and 650 nm. The relative metabolic activity of cells was quantified
as [(AS50—A650) sample/(AS50—A650) control]. Five samples (n =
5) were prepared for each condition.

4.9.2. Analysis of the Intracellular Oxidative Stress in H9c2(2—1)
Cells. H9c2(2—1) cells were seeded on poly-D-lysine coated 18 mm
cover glass at 10 000 cells/dish and differentiated as described before.
After differentiation, cells were exposed to either 0 ppm AgNO; as the
control or 0.01 ppm AgNO; as the sublethal condition along with
either no NAC, § ppm of NAC, or 5 ppm of NAC/HA-dopa (DS,
= 20%). After 12, 24, or 48 h, the intracellular oxidative stress was
evaluated using the cellROX green reagent (ThermoFisher), following
the manufacturer’s instruction. Briefly, the H9c2(2—1) cells were
incubated with 5 uM cell ROX reagent for 30 min, and the cells were
washed with 1X PBS three times. The cells were fixed with a 1:1
acetone/methanol solution for 15 min. For the nuclear counterstain,
cells were stained with 500 nM 4’,6-diamidino-2-phenylindole
(DAPI). Finally, the cells were imaged using a confocal microscope
(Zeiss LSM 700), and the intensity was quantified using Image]
software (NIH). Five samples (n = §) were prepared for each
condition.

4.9.3. Analysis of ATP Levels in iCell Human Cardiomyocytes.
iCell human cardiomyocytes were seeded into 24-well plates at a
density of 50000 cells/well. After 2 days, the media was switched
from the supplier’s plating media to the supplier’s maintenance media.
Then the cells were exposed to either 0 ppm AgNO; as the control or
0.01 ppm AgNO; as the sublethal condition along with either no
NAC, § ppm NAC, or 5 ppm NAC/HA-dopa (DSy,, = 20%). After
12, 24, or 48 h, the ATP levels of the cells were quantified with an
ATP colorimetric/fluorometric assay kit (MAK190, Sigma-Aldrich)
according to the manufacturer’s instructions. The fluorometric assay
protocol was followed to maximize sensitivity in the measurement.
Following cell lysis and deproteinization with a 10 kDa MWCO spin
filter, the samples were diluted several times to ensure the readings are
within the linear range of the standard curve generated with the ATP
standard provided in the kit. Most trials required a 10—100-fold
dilution. The fluorescent readings were measured by using a
microplate spectrofluorometer (Infinite 200 PRO, Tecan) with an
excitation wavelength of 535 nm and emission wavelength of 587 nm.
Five samples (n = 5) were prepared for each condition.

4.9.4. Analysis of ATP Synthase Activity in iCell Human
Cardiomyocytes. iCell human cardiomyocytes were seeded into 24-
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was switched from the supplier’s plating media to the supplier’s
maintenance media. Then the cells were exposed to either 0 ppm
AgNO; as the control or 0.01 ppm AgNO; as the sublethal condition
along with either no NAC, 5 ppm NAC, or § ppm NAC/HA-dopa
(DSy,,, = 20%). After 12, 24, or 48 h, the ATP synthase activity was
quantified with an ATP synthase enzyme activity microplate assay kit
(ab109714, abcam) according to the manufacturer’s instructions. The
enzyme, ATP synthase, was extracted from cell lysate with the
provided detergent and immobilized on a 96-well capture plate. The
loading concentration was determined based on the total protein level
of the cell lysate. The protein levels were determined with a Pierce
BCA Protein Assay Kit (23225, Thermo Scientific). The activity was
determined by quantification of the conversion rate of NADH to
NAD* (measured as the decrease in ODjy,/nm) The decrease in
absorbance at 340 nm over time was characterized in the linear
regime, observed between 10 and 30 min using a microplate
spectrofluorometer (Infinite 200 PRO, Tecan). Five samples (n =
5) were prepared for each condition.

4.9.5. Analysis of iCell Human Cardiomyocyte Contraction
Frequency. iCell human cardiomyocytes were seeded into 24-well
plates at a density of S0000 cells/well. After 2 days the media was
switched from the supplier’s plating media to the supplier’s
maintenance media. Then the cells were exposed to either 0 ppm
AgNO; as the control or 0.01 ppm AgNO; as the sublethal condition
along with either no NAC, 5 ppm NAC, or § ppm NAC/HA-dopa
(DS, = 20%). After 12, 24, or 48 h, the contraction for the cell
sheets was recorded under an optical microscope (Leica DMIL), and
the contraction frequency was determined manually. Five samples (n
= §) were prepared for each condition.

4.10. In Vivo Testing. 4.10.1. Daphnia magna Maintenance.
Daphnia magna were hatched from ephippia purchased from
MicroBioTests Inc. (Gent, Belgium) and maintained for more than
10 generations in our laboratory with M4 medium at 21 + 1 °C. The
photoperiod was kept at 16:8 h (light/dark) with a light intensity
between 1000 and 1500 Ix. Ten adult females were placed ina 2 L
beaker filled with 1.5 L M4 medium. The culture medium was
changed twice a week. The daphnids were fed daily ad libitum with
Chlorella vulgaris (ca. 1.5 X 108 cells/mL) and a mixture of yeast,
cerophyll, and trout chow (YCT) twice a week. C. vulgaris was
purchased from the Culture Collection of Algae at Cologne
University, Germany. The sensitivity of Daphnia magna was regularly
checked according to ISO 6341 (2012), including potassium
dichromate (Sigma-Aldrich, St. Louis, MO, USA) as a reference
substance.

4.10.2. Characterization of Daphnia magna Immobilization. In
all tests, neonates were the third brood of newborns (<24 h) and
between the fourth and eighth generations. The acute immobilization
test was performed according to OECD guideline 202. Five neonates
(n = 5) as a group were placed in six-well culture plates (VWR,
Darmstadt, Germany) with 10 mL of ISO media-based test solution.
The exposed range of silver jon concentration was 0.0001—0.5 mg/L
(ppm). The immobilization and survival were measured after 48 h
incubation. The protective effect of NAC and NAC/HA-dopa was
also tested against silver-ion exposure. Ten neonates as a group were
placed in a 100 mL beaker containing 50 mL of ISO media-based test
solution. The exposed concentrations of silver ions were 0.001, 0.002,
and 0.008 ppm, respectively. The concentration of NAC and NAC/
HA-dopa was set to 5 ppm, and the solutions were prepared in 0.5%
DMSO. The immobilization and survival were measured after test
solution treatment for 3, 6, 12, 24, and 48 h, respectively.

4.10.3. Characterization of Daphnia magna Biochemistry
Following AgNO; Exposure. After exposure according to the
designed time, alive neonates were exploited for analysis. Each
sample was prepared with 20 neonates (n = 20). Exposed daphnids
were gently transferred to E.P. tubes (Sigma-Aldrich) and rinsed with
phosphate-buffered saline (PBS; pH 7.4). Then, samples were
homogenized in 200 uL of PBS thoroughly by VWR Disposable
Pellet Mixers and a Cordless Motor (VWR, Darmstadt, Germany).
The homogenized samples were centrifuged under 13 000g at 4 °C for
15 min. Each supernatant was transferred to a new E.P. tube and kept
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at —80 °C until the assay was conducted. The amount of protein was
determined by a Pierce Rapid Gold BCA Protein Assay Kit (Thermo-
Scientific, Karlsruhe, Germany). The level of ROS was determined by
a cellular ROS assay kit (ab113851, Abcam, Berlin, Germany) based
on a 2,7 -dichlorofluorescein diacetate (DCFDA) reaction. The SOD
level was examined by a colorimetric activity kit (EIASODC, Thermo-
Scientific) based on the absorbance changes of nitro blue tetrazolium.
Relative ATP amount was determined using an ATP bioluminescent
assay kit (FLAA, Sigma-Aldrich). In the case of ATPase activity, the
ATPase activity assay kit (ab234055, Abcam) was applied for the
measurement. The free phosphate ion from the ATPase hydrolysis
reacts with malachite green, which generates absorbance changes of
free phosphate released (OD650). Therefore, ddH,0 was used for
rinsing and homogenization instead of PBS. All assays were followed
by the protocol in the assay kits with 20 uL of the supernatant from
the homogenized samples. Fluorescence and absorbance measure-
ments were conducted in the dark using a Spark Multimode
Microplate Reader (Tecan Trading AG, Minnedorf, Switzerland).
The obtained data were normalized by each control sample,
consisting of nontreated daphnids.

4.10.4. Images of Daphnia magna for Fluorescence ROS Assays.
Alive neonates were transferred to the solution of 10 uM DCFDA in
the buffer provided in the ROS assay kit (ab113851, Abcam). After 15
min incubation, the daphnids were washed gently in ddH,0. The
visualization was performed using fluorescence microscopy (ZEISS
SteREO Discovery V8) with a Plan § 1.0 X FWD 81 mm objective
and ZEN 2.6 software. The Image] program was exploited for merged
images.

4.10.5. Characterization of Daphnia magna Heart Rate. The
most commonly used end point of toxicity is still to measure death
rates of Daphnia magna. The immobilization of Daphnia magna
immobilization was observed at each concentration before counting
the heart rate. Lethal concentration (LCsy) is defined as the
concentration of toxic substances that kill 50% of the test organism
within a certain exposure period. Survival data were plotted, and LCs,
values were calculated using a logistic three-parameter curve fitting
with Sigmaplot 13.0 software (Systat Software Inc., San Jose, CA,
USA). The heart rate was measured to evaluate the influences by
exposure to each nanomaterial in triplicate. Neonates hatched within
24 h from the fifth generation of D. manga adults were newly prepared
on the day of the experiment. Every five neonates were exposed to
each concentration level for 3 and 48 h, respectively. The control
group was also prepared for comparison with exposure groups under
the same conditions without chemical treatment. After exposure, an
aliquot of the methyl cellulose solution (4% v/w, Lot No. SLCC9072,
Sigma-Aldrich Corp., St. Louis, MO, United States) was treated to fix
the individual neonate on the glass plate. We observed heart rate
conditions for 1 min using an optical microscope with 4x
magnification (model CKX41, Olympus Inc, Tokyo, Japan) and
recorded video files. The heart rate was finally counted manually in
the play condition of low speed (x0.3).

4.11. Statistical Analysis. Averaged data are presented as mean
+95% confidence intervals. The statistical significance between pairs
of experimental populations is determined by a nonpaired student’s t
test. ¥p < 0.05, **p < 0.01, and ***p < 0.001.
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