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Abstract

Oxidative stress, largely mediated by reactive oxygen species (ROS), is a nearly ubiquitous
component in complex biological processes such as aging and disease. Optimal in vitro methods
used in elucidating disease mechanisms would deliver of low levels of hydrogen peroxide,
emulating the in vivo pathological state, but current methods are limited by kinetic stability or
accurate measurement of the dose administered. Here we present an in vitro platform that exploits
anthraquinone catalysts for the photocatalytic production of hydrogen peroxide. This system can
be dynamically tuned to provide constant generation of hydrogen peroxide at a desired physiologic
rate over at least 14 days and is described using a kinetic model. Material characterization and
stability is discussed along with a proof-of-concept in vitro study that assessed the viability of
cells as they were oxidatively challenged over 24 h at different ROS generation rates.
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1. Introduction

Reactive oxygen species (ROS) play a significant role in a wide range of biological and
pathophysiological processes, including aging [1-4], signaling [5, 6], immune reactions [7],
cancer development [5, 8], wound healing [9], and serve as a marker for numerous diseases
[2, 10-13]. Mechanistic studies aimed at determining the role of ROS in disease states are
difficult to perform in vivo as transgenic animal models missing critical antioxidant
pathways exhibit dysfunction across the whole organism [14], and as a result, is no longer
representative of the particular disease state under investigation. Because of this, the
biological impact of oxidative stress is predominantly studied using in vitro methodologies,
typically by acute bolus introductions of hydrogen peroxide (H,O5) and, less frequently,
introduction superoxide salts into cell culture media [15]. While simple and convenient to
perform, the intrinsic problems of this method are that supraphysiological doses of H,O, are
used (100-1000 uM) and the concentration decays rapidly over the course of a few hours
[16] which is inconsistent with physiological conditions where submicromolar levels of
H»0, persist indefinitely [17]. Experiments performed by presenting a continuous oxidative
profile that better represent physiological conditions tend to produce drastically different
outcomes when compared to acute/bolus doses [18, 19] and are thought to be more
biologically relevant. This was demonstrated during investigations into the molecular
mechanisms of oxidative stress induced apoptosis, which required continuous oxidative
challenge [20, 21]. Therefore generation of low levels of continuous oxidative stress is
critical for enabling investigations that model disease processes and evaluate potential
treatments in vitro.

Although continuous dosage techniques are physiologically more relevant for in vitro
models of chronic diseases, the development of techniques to perform such experiments
have received limited attention. Current methods that offer continuous delivery of H,O, or
superoxides include enzymatic systems (glucose oxidase [21-23] and xanthine oxidase [22])
and hyperoxic chambers [15, 24]_ENREF_24. These existing modalities suffer from a
combination of issues associated with (a) undesirable variability in early vs steady state
kinetics [21-23], (b) accumulation of counter-reactive by-products (e.g., glucono-&-lactone
and uric acid) [15], (c) limited tunability of the oxidative profile, (d) poor estimation of
dose, and (e) reproducibility. Thus, there is a pressing need for a stable, tunable ROS
generator that is compatible with the cell culture environment and yields a predictable
dosage.

Anthraquinones (AQ) are photoactive compounds that undergo a photoreduction cycle to
catalytically generate H,O5 upon exposure to UV and near-UV light [25, 26]_ENREF_26.
The photoreductive property of AQs and their derivatives have been exploited to photograft
DNA oligonucleotides [27] and polymers [28] to a variety of substrates. They have also
been impregnated into textiles [29, 30] or chemically grafted onto surfaces [31, 32],
polymers [33], and hydrogels [34] for generating H,O» and creating light-powered
antimicrobial surfaces. These properties suggest that AQs may make suitable de novo ROS
generators for oxidative challenge studies.
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Here we report a photoactive hydrogel-based material containing covalently bound AQ
moieties that provide highly controllable long-term generation of H,O, upon exposure to
visible light. The kinetics and long-term stability of ROS generation are characterized under
different AQ concentrations and activating light intensities. Furthermore, the physical
properties are investigated and demonstrate covalent bonding of the AQs within hydrogel
system. Lastly we employ this material as an in vitro continuous, tunable H,O, generator
and demonstrate its utility in a ‘proof of concept’ oxidative stress experiment.

2. Materials and Methods

2.1. Materials

Hydrogen peroxide (30%), 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT, >97.5%, cell culture grade), phosphate buffered saline (PBS), sodium 9,10-
anthraquinone-2,6-disulfonate (2,6-AQS, >98%), poly(ethylene glycol) diacrylate (PEG-
DA, mw 700 g/mol), xylenol orange tretrasodium salt (ACS grade), sorbitol (98%),
ammonium iron(ll) sulfate hexahydrate ((NHz)2Fe(SO4)2, 99%), and N,N,N’,N’-
Tetramethylethylenediamine (TEMED) were purchased from Sigma-Aldrich (St. Louis,
MO). Hydrochloric acid (HCI, 12M), sulfuric acid (H,SO4, 96%) sodium chloride (NaCl,
ACS grade), dibasic sodium phosphate (99%), HEPES (99%), dimethyl sulfoxide (DMSO,
99.7%), and ammonium persulfate (APS) were obtained from Fisher. Calcein-AM and
ethidium homodimer-1 were purchased from Molecular Probes as a LIVE/DEAD viability
kit and amplex red was from Life Technologies. Horse radish peroxidase (HRP, 250 U/mg)
was obtained from MP Biomedicals (Solon, OH). Staining buffer was prepared with 150
mM NaCl, 2 mM NayHPO4, 50 mM HEPES, and 2.5 mM CaCl, (96%, Acros) in DI water.

2.2. Synthesis and Fabrication

A stock solution of 4.0 mg/mL 2,6-AQS was prepared in DI water and acidified to pH 2 by
HCI to increase solubility. The solution was protected from light and allowed several hours
to fully dissolve. Prepolymer solutions were prepared by mixing equal volume PEG-DA
with agueous solution containing 0.5, 1, 2, or 4 mg/mL 2,6-AQS from the stock solution.
Bulk hydrogels were photopolymerized in @15 x 1.5 mm disks with a low intensity 5
mW/cm? @ 365 nm UVA light at a dose of 150 mJ/cm2. Afterwards, the hydrogels were
allowed to stand for 20 min and subsequently swollen and extracted with PBS overnight. For
photolithographically patterned hydrogels, 1-4 uL droplets of a prepolymer solution
containing a 4 mg/mL 2,6-AQS aqueous component were placed on a chrome-glass
photomask and sandwiched with an acrylated glass coverslip that had been treated with 3-
acryloxypropyltrichlorosilane (Gelest) (silanization details in Supplemental Information). A
collimated UV light source with a peak intensity at 365 nm of 25 mW/cm?2 was used to
expose the patterns for 0.5 — 2 s. The patterns were developed with ethanol and gently dried
with compressed air. For fluorescent ROS detection, photopatterned ROS hydrogel
structures were backfilled with a prepolymer solution containing 10% HRP solution (10
mg/mL) and 90% PEG-DA [39], with 1% v/v of APS (50 mg/mL) and TEMED added to
initiate crosslinking, and left to stand covered with a cover slip for 20 min. A 50 uM solution
of amplex red in PBS was placed over the micropatterned hydrogel and exposed to UV light
for 5 minutes and subsequently fluorescently imaged.

Biomaterials. Author manuscript; available in PMC 2015 February 01.
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2.3. Material characterization

Swollen gels were punched to 10mm and placed in a 48-well plate (Costar) with 1 mL of
PBS. To initiate photoreduction and stimulate the generation of hydrogen peroxide, the
hydrogels were exposed to an array of 8 x 9 LEDs (5 mm, Bivar) with a peak intensity
wavelength of 405 nm. For the long term stability study, hydrogels in triplicates formed with
0.5-4 mg/mL aqueous components were exposed at an intensity of 200 pW/cm?2. Hydrogen
peroxide evolution was measured in PBS with a selective hydrogen peroxide
electrochemical probe (HP-250, Innovative Instruments, Inc.) driven by a potentiostat
(EMstat2, Palm Sens) at 400 mV. Prior to each measurement, a calibration curve was
generated using hydrogen peroxide standards. For the short term kinetic studies, triplicate
hydrogels formed from 0.5-4 mg/mL aqueous components were exposed to 100, 200, 400,
and 800 pW/cm? light intensities and measured every 10 min for 2 h. All characterization
studies were conducted at room temperature.

For crosslinking dose studies, 4 mL of the prepolymer solution with a 4 mg/mL 2,6-AQS
component was added to 60 mm dishes and photopolymerized with 150, 300, 600, 900, and
1,500 mJ/cm? energy using the low intensity 5 mW/cm?2 UVA source. A 3,000 mJ/cm?
photopolymerizing exposure was performed using a high intensity 25 m\W/cm?2 mercury arc
lamp. The gels were allowed to stand for 20 min at room temperature and punched into 10
mm disks. Each gel was placed in its own container with 2 mL of DI water and placed in a
shaker oscillating at 60 Hz at 37°C. The 2 mL extracts were saved and replaced at 2, 4, and
24 h. The 2,6-AQS content in the extract was measured by spectrophotometic absorption at
260 nm using a UV/Vis spectrophotometer (Evolution 600, Thermo Scientific) and
calibrated to standards made from the 2,6-AQS stock solution. After 24 h of leaching, the
hydrogels were then placed into a 48-well plate with 1 mL of DI water and exposed at 400
pW/cm? using the LED array. Hydrogen peroxide concentrations were measured after 2 h of
exposure using the electrochemical probe as described. For the swelling ratio analysis, each
gel was subsequently dried on a Kimwipe to remove unbound water and weighed. The
hydrogels were then placed in a 65°C at least overnight and the change of weight was
recorded.

2.4. Oxidative challenge experiments

For oxidative challenge experiments, TM-1 cells were prepared as described in the cell
culture section in 24-well plates in 4 triplicate groups, with each well containing 1 mL of
modified DMEM (mDMEM, specially formulated low glucose DMEM with pyruvate and
without phenol red, riboflavin, and ferric nitrate, Invitrogen) and the appropriate hydrogel.
The “light control” and “high ROS” groups were exposed at an intensity of 400 pW/cm?
before light diffusion, the “low ROS” group was exposed at 100 pW/cm? before diffusion,
and the “dark control” group was not exposed to light (LEDs were not given power). The
groups were exposed for 4, 16, and 24 h in an incubator at 37°C supplemented with 5%
CO». Viability of the triplicate sets were either analyzed by MTT or LIVE/DEAD viability
staining. Hydrogen peroxide concentration in media was measured using the xylenol orange
assay employed by Gulden, et al. [16]. Briefly, 10 uL of sample was placed in a 96 well
plate with 140 pL of 25 mM H,SO,4 to which 150 pL of a xylenol orange solution is added
containing 0.5 mM (NH4)2Fe(SO4),, 200 UM xylenol orange, and 200 mM sorbitol
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dissolved in 25 mM H,SO,. The reaction was allowed to proceed for 45 min at room
temperature which produced a stable colored solution whose absorbance was read at 570 nm
by a plate reader (BioTek Synergy 4).

2.5. Statistical analysis

All data to be statistically analyzed were checked for normality by the Kolmogorov-Smirnov
test (p < 0.05). Oxidative challenge data omitting the light control was analyzed by a
nonparametric Kruskal-Wallis two-way ANOVA followed by a post-hoc analysis using
Tukey’s test. Pairwise comparisons of groups not requiring ANOVA were performed using
the Mann-Whitney-Wilcoxon test. A Kruskal-Wallis one-way ANOVA using was
performed on the bolus data to determine statistical significance.

3. Results and Discussion

3.1. Photoactive hydrogel fabrication and photoreduction mechanism

Photoactive hydrogels were fabricated by equal-volume mixtures of poly(ethylene glycol)
diacrylate (PEG-DA) monomers and an aqueous 2,6-anthraquinone sulfonate (2,6-AQS, a
water soluble AQ) solution, and were cast either into a mold to form a bulk hydrogel or
between two glass substrates to form a thin film (Fig. 1). UV light exposure (at 365nm) over
the prepolymer materials triggers two simultaneous reactions. (Fig. 1b). In one reaction, the
2,6-AQS molecules in the solution performs as a traditional photoinitiator by inducing
radical polymerization. As 2,6-AQS is exposed to UV light, it first enters a singlet state and
then quickly transitions to a triplet state through an intersystem crossing [26]. Once in this
excited state, it abstracts a hydrogen with an electron from surrounding PEG-DA molecules,
forming two radical species: a hydroxylated quinone (may be called ketyl radical of reduced
anthraquinone) and a PEG-DA radical. As PEG-DA radicals accumulate, they react with the
acrylated terminal groups of the monomer and proceed to crosslink into a network, forming
a hydrogel [35]. The second reaction is a photografting/radical termination type reaction
where the ketyl quinone radicals interact with existing radicals in the PEG polymers and
form new, stable covalent bonds. The photografting mechanism of AQ compounds to a PEG
matrix has been proposed by a recent work [36]. This reaction results in the reduction of one
of the photoactive sites within the AQ moiety but allows for the other one to maintain its
activity. The PEG networks rapidly polymerize under these conditions (typically < 30 s),
forming hydrogels that were subsequently swollen and stored in DI water for later use.

Given that the reactions take place photocatalytically, the hydrogel material becomes
intrinsically photopatternable. The prepolymer solution, with the maximum 2,6-AQS
aqueous component (4 mg/mL, near solubility limit), is casted between a standard
photomask with microscopic features and a glass cover slip that has been acrylated by
silanization to anchor the resulting hydrogel. UV exposure from a 365 nm wavelength
collimated light source photopolymerizes the material, followed by subsequent development
in ethanol. Photo-crosslinked hydrogels were able to be reliably micropatterned down to a
feature size of 2 um (Fig. 2). This resolution limit is mainly due to the high concentration
and rapid diffusivity of the photoinitiator in the prepolymer solution in the unsolidified film,
resulting in soft edges [37]. Lithographic resolution could be potentially improved by
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introducing a quencher that would limit radical diffusion within exposed regions [37]. The
light-stimulated production of H,O, from the micropatterned hydrogels_ENREF_38 was
visualized using a fluorescent reporting system that employs horseradish peroxidase (HRP)
as a catalyst to oxidize amplex red to its fluorescent form in the presence of hydrogen
peroxide [38, 39] (Fig 2e).

3.2. Kinetic model and operating regimes

The kinetics of hydrogen peroxide production of the photoactive hydrogel is based on the
mechanism by which AQs are able to catalytically generate ROS through a photoreduction
process [26]. Similar to the photoinitiation reaction, the covalently bound AQ molecules are
first excited to a singlet state that crosses into a highly reactive triplet state that can abstract
a hydrogen atom from other molecules in its environment, forming an AQ ketyl radical.
Unlike the photoinitiation condition, this AQ radical does not form covalent bonds with
other radicals because it is unable to freely diffuse. If dissolved oxygen molecules are
present, ground-state triplet oxygen reacts with the ketyl radical, abstracting the unpaired
electron and yielding a superoxide anion (-O,7) and a carbocation of AQS. Superoxide can
then abstract the hydrogen from the hydroxyl group connected to the carbocation yielding a
hydroperoxyl radical (-HO,) and a renewed AQS group that may repeat this cycle.
Accumulated hydroperoxyl radicals then react with another of its species to form hydrogen
peroxide and molecular oxygen. The details of this mechanism are much more complex than
presented here and are described comprehensively elsewhere [26, 40]. A kinetic model to
describe the generation of H,O5 based on this reaction mechanism is proposed in equation

).

d[Hy05] _

dt kg([AQ]a[OZ]?Z?)\)_kr [H202] @

The reaction rate consists of a zeroth order generation term (kg) and a first order loss or
reverse reaction term (k). The generation rate constant kg is a function of the AQ content
within the hydrogel ([AQ]), the intensity (1) and wavelength () of the light driving the
reaction, and the local dissolved oxygen concentration ([O,]). Higher generation rates are
expected with increasing AQ and oxygen concentration within the gel as more catalytic
centers and reactants would be present. The photoreduction cycling rate is expected to
increase in response to higher light intensities and wavelengths that approach AQ’s
absorption maxima (typically between 300 and 400 nm for UVA band depending on the
derivative and solvent [41]). The decay/reverse reaction first order constant k; is an
approximation that represents a composite of factors that would lead to breakdown or
removal of H,O, from the system, such as a possible reverse reaction with AQ, consumption
by another chemical/biochemical reaction, reaction with the PEG matrix or vessel wall,
spontaneous breakdown, or photolysis. As long as the chemical environment of the system is
not significantly changing, k, can be considered constant. Two regimes are predicted by this
model. For relatively low concentrations of HyO, (kg >> k([H,05], Regime 1), the rate of
generation of hydrogen peroxide would be constant and result in a linear increase. However
as concentrations increased, the generation rate would approach the decay rate (kg ~
k/[H20,], Regime II) and a steady state concentration of H,O, would eventually result at a
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value of kg/k;. These regimes allow one to provide either a constant generation of hydrogen
peroxide to a system at low concentrations or a constant concentration of H,O5 that is
actively maintained, both of which are tunable by 2,6-AQS concentration and light intensity,
the latter of which can be done dynamically.

3.3. Kinetic analysis and parameter measurement

The hydrogen peroxide generation performance was determined by varying the
concentration of 2,6-AQS in the prepolymer solution and the illuminating light intensity. A
wavelength of 405 nm was selected for these studies to both reduce the effects of
phototoxicity with in vitro experiments as well as improve user safety. First, the
concentrations of H,O, generated from @10 x 1.5 mm bulk hydrogel disks with 0.5 to 4
mg/mL 2,6-AQS aqueous prepolymer concentrations (all crosslinked with 365 nm UV at
150 mJ/cm?2) were measured. The photoactive hydrogels were then exposed to an LED array
emitting 405 nm light at an intensity of 200 pW/cm? over a course of 20 days (Fig. 3a). The
concentration of hydrogen peroxide generated by each hydrogel showed a transient increase
in the first two hours, followed by reaching a steady-state value, with a magnitude that is
positively correlated with 2,6-AQS prepolymer concentration. Moreover, the stability of the
steady-state values were also functions of the initial 2,6-AQS concentration in the
prepolymer, as the highest two tested concentrations lasted nearly 14 days before gradually
decaying. The lower concentrations had a worse performance with 0.5 and 1 mg/mL
decaying after 2 and 6 days, respectively.

Characteristics of both regimes described by the kinetic model were observable in
measurements of hydrogen peroxide generated by irradiated hydrogels (Fig 3a). Early time
points (< 1 h) show a linear increase in H,O, concentration which indicate that the system
was in Regime I. Under this condition the decay of H,O> is considered negligible and the
generation rate constant kg can be approximated by taking the slope of a linear regression
through the first 60 min of time points. After 1.5 h, the concentration profile became level
and an equilibrium concentration of H,O, is achieved and the conditions of Regime Il are
realized. The ratio of kg/k, was taken as the average equilibrium value of H,O, before decay
is observed.

Further investigation on the stability of ROS equilibrium in Regime Il was conducted by
placing a hydrogel under constant illumination of 405 nm light at 200 pW/cm?, allowing it
to generate hydrogen peroxide to a steady state level, and replacing the buffer (Fig. 3b).
Subsequently, the H,O5 concentration was observed to quickly recover its original steady-
state concentration, consistent with the continuous generation model described above. An
important practical benefit of this equilibrium is that media changes, a common practice in
cell culture and necessary for long-term oxidative challenge studies, would be possible
without significantly disrupting the hydrogen peroxide levels.

The parameters kq and k; in the proposed kinetic model were determined by examining the
hydrogen peroxide concentration profiles of photoactive hydrogels over 2 hours for a
combined matrix of 2,6-AQS prepolymer concentrations and 405 nm light intensities at
room temperature. Analysis of generation curves yielded values for H,O, steady-state levels
(kg/kr) and generation rates (kg) for each gel/intensity combination (Fig. 3d, e). The
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generation rate was converted to a mol rate of production by multiplying by the reaction
(PBS) volume and represents the kg for a 150 uL hydrogel volume. Both equilibrium and
generation rate curves possessed similar trends, leveling off after a prepolymer
concentration of 1 mg/mL but still showing increased activity with higher light intensities.
The plateauing effect observed in these experiments was not simply due to light absorption
through the hydrogel matrix as the thinner gel did not produce significantly different
amounts of hydrogen peroxide in a normalized concentration and intensity scale. Therefore,
this behavior could be potentially explained by saturation of binding sites for 2,6-AQS
within the hydrogel matrix. This is consistent with the fact that increasing prepolymer 2,6-
AQS concentration does not increase H,O, production; however, higher light intensity
would lead to increasing H,O, production as the photochemical conversation can be further
tuned with the light stimulation. These data show that the production of H,O5 is tunable
over both 2,6-AQS concentration and light intensity, allowing them to act as independent
adjustment parameters to deliver the desired dose.

The decay constant k; was determined by dividing the equilibrium H,O, concentration
(kg/k) by the molar generation rate and was found to be 15.5 + 1.92 x 1073 min~1 (mean +
standard deviation) over all concentration/intensity experiments. Decay due to light
exposure was considered to be minimal, as the photolysis of H,O, only begins to occur
below 365 nm which is sufficiently far from the 405 nm source used [42]. Without light, it
was found that it took 20 uM of H,O5 nearly 4 h to decompose in the presence of a
photoactive PEG hydrogel (data not shown). Therefore, a majority of the loss of H,O, is
most likely due the existence of a reverse reaction under these conditions.

3.4. Material properties and leaching studies

According to the photosynthetic model proposed, the HoO, generation capacity of these
photoactive hydrogel matrices can be adjusted according to the level of 2,6-AQS integration
and crosslinking density of the hydrogel by the exposure energy dose. Specifically,
increased photo-exposure of the prepolymer solution should lead to increased integration of
2,6-AQS as well as generation of more polymeric crosslinks. To investigate the stability and
retention of 2,6-AQS within the hydrogel matrix, we spectrophotometrically examined the
aqueous extracts at 3 time points over 24 h of photoactive hydrogels polymerized with 150
to 3,000 mJ/cm? energy. The losses were determined over the 3 time points (Fig. 4a) and
summed to determine the percentage loss as a function of crosslinking energy (Fig. 4b).
Significant leaching of 2,6-AQS was observed for the lower energy doses but the losses drop
precipitously with increasing energy. After extraction, these gels were then exposed to 405
nm light for 2 hours to determine their steady state concentrations (Fig. 4b). Increased
crosslinking exposure energy resulted in a significantly higher H,O, production. Consistent
with our photografting model, these data show that increased crosslinking energy results in
more 2,6-AQS integrating into the PEG backbone that also retain their photocatalytic
capability. Subsequent to H,O, generation tests, the weight of the hydrogels were measured
before and after desiccation in an oven to determine their swelling ratios (Fig.4b). The
swelling ratios, which were inversely proportional to the crosslinking density, decreased in
an exponential fashion with increasing crosslinking energy. These results again support the
photosynthetic model.

Biomaterials. Author manuscript; available in PMC 2015 February 01.
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3.5. Oxidative challenge studies

To utilize the photoactive HoO»-producing material for generating in vitro oxidative stress, a
two-component cell culture system has been devised in a standard 24-well format, which
consisted of a lower plate that housed 405 nm LEDs with an adjustable power source and a
stacked top plate containing cells surrounded by photoactive hydrogels (Fig. S1, see
Supplemental Methods for description). In the top plate, TM-1 cells, a transformed human
trabecular meshwork cell line, were first seeded in the center of each well at a density of
10,000 cells/well. Hydrogel rings were placed in wells around the cells such that oxygen
diffusion and light microscopy were not impeded. Two control groups were used: a “light
control” group that contained light-exposed non-photoactive hydrogels photopolymerized
with Irgacure 2959 (1259, a non-cytotoxic [43] type | fragmenting photoinitiator with no
residual photoactivity) and a “dark control” with a H,O,-producing hydrogel that is not
exposed to light. Two experimental groups representing “low” and “high” generation rates
were chosen empirically by adjusting the intensity of illumination of photoactive hydrogels
containing 1 mg/mL 2,6-AQS to achieve a moderate and severe H,O, dosage, which
corresponded to generation rates of 260 and 350 nM/min. Early (4 h), mid (16 h), and late
(24 h) oxidative challenge responses from 4 test groups using an methylthiazolyldiphenyl-
tetrazolium bromide (MTT) assay [44] determined viability at each time point (Fig. 5a). All
values were normalized to the dark controls and statistical analyses were performed to
determine significance (see methods for details). Cells were stained with a combination of
fluorescent calcein-AM and ethidium homodimer (LIVE/DEAD assay kit) corroborate the
cell viability data (Fig. 5b). Initially, a media phototoxicity study was performed with TM-1
cells without hydrogels and it was found that serum-free modified DMEM (MDMEM)
without riboflavin, ferric nitrate, and phenol red was necessary to maintain cell viability with
24 h exposure to 405 nm light (Fig. S2). Riboflavin has been well-established as a
phototoxic agent in cell culture media [45-47]. As such, all cell experiments were conducted
with mDMEM unless otherwise noted.

Statistical analyses demonstrated significant differences between groups and time points
(both p < 0.001) and significant interaction between the values was found (p < 0.05). Cell
viability in the dark and light control groups was found to be similar for all time points (p >
0.10) indicating that light exposure and the presence of the hydrogels in the culture media
did not impact cell viability. The dark control demonstrated the lack of cytotoxicity of the
system as the 2,6-AQS dye was safely retrained within the biologically inert [48] PEG
hydrogel after initial leaching of unbound components (Fig. 4). No significant differences in
viability were observed among the experimental groups at the 4 h time point compared to
controls except for the high group (p < 0.05) and cells appeared to be morphologically
normal under microscopy. However after 16 h, viability was reduced in the high (55%, p <
0.001) and low ROS (70%, p < 0.01) groups in comparison with control and additionally
there was a significant difference between the experimental groups (p < 0.05). At 24 h, the
MTT assay showed a further decrease in viability compared to the 16 h time point, as
viability had been reduced to 40% and 60% compared to controls for the high and low ROS
groups, respectively, and differed significantly from controls (p < 0.001) as well as each
other (p < 0.05). A reduction in cell number was observed in the low ROS group, and very
few viable cells remained in the high ROS group as seen by fluorescent staining. Cell death
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by apoptosis, a known mode of death by oxidative stress [49], was confirmed by positive
annexin V staining [50] at 16 h (Fig. S3).

One of the important features of this hydrogen peroxide generating system is that its kinetics
can be adjusted by the independent manipulation of 2,6-AQS concentration and light
intensity. To demonstrate that the tunability of the system also extends to biological results,
we replicated the 24 h results of the low ROS group in the previous experiment by reducing
the 2,6-AQS concentration of the hydrogel in half to 0.5 mg/mL and adjusted the light
intensity to match the generation rate of 260 nM/min (using the standard curve from Fig.
3d). Indeed, the viability of the 0.5 mg/mL low ROS group was found to be very similar to
the 1 mg/mL group (59% vs 64%, respectively; p = 0.73; Fig. S4).

Interestingly, no H,O, concentrations were observed above the detection limit of 2 uM at
any time in any group in the oxidative stress study. In addition, ROS generation experiments
conducted analogously with the same groups but without cells also did not contain any
detectable levels of H,O, at any time point as well. Although the rate of generation of ROS
was not high enough to result in accumulation of H,O5 in the media to detectable levels, the
continual presentation of ROS leads to significant changes in cell viability.

As a comparison to the continuous exposure method, the viability of TM-1 cells was
measured after delivering bolus doses of H,O,. Similar to the continuous exposure
experiments, TM-1 cells were seeded in 24 well plates at 10,000 cells/well and given bolus
doses of 5 to 500 pM of H,05 in 1 mL of mDMEM and viability was determined 24 h later
by the MTT assay (Fig. 5¢). Overall viability, normalized to control (MDMEM only), was
unaffected by even relatively high bolus doses of 500 uM H,0, and was not found to be
significantly different from control (p = 0.168). Similar experiments performed in Hank’s
buffered salt solution (HBSS) instead of mMDMEM showed extremely high mortality rates
above 5 uM boluses (data not shown), confirming that the TM-1 cells were unable to mount
sufficient antioxidant defenses in media without nutrients needed to maintain long-term
viability. The effect of the antioxidants on the oxidative profile were investigated by
measuring the concentration of an initial 100 uM bolus of H,O5 over time in 1 mL of
mDMEM with and without 10,000 cells/wells. The H,O, concentration reduced
exponentially at a first order rate with a decay constant of 0.143 + 5.14% and 0.130 + 3.12%
min~1 with and without cells, respectively (least squares fit + relative standard deviation,
Fig. S5). The entire bolus dose was found to effectively dissipate after 30 min. The
similarity of the decay constants suggests that the rate of H,O, neutralization is cell
independent while the concentration of antioxidants in the media, such as pyruvate [51], are
high. This effect is likely responsible for the observed lack of apparent cell viability
response to even relatively high bolus doses of H,O, (Fig. 5¢).

4. Conclusions

Photoactive PEG hydrogels produced by a single-step UV exposure were found to have
micropatternable and well-behaved, predictable kinetic properties that could be used in
conjunction with cell and protein patterning techniques [52-54] to provide predicable and
tunable in situ generation of H,O, on-demand by exposure to visible light. Hydrogen
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peroxide generation rates and equilibrium concentrations were tunable by both the
concentration of the photoactive 2,6-AQS component or dynamically by light intensity and
were stable for up to 14 days of continuous exposure. These properties were exploited to
provide continuous exposure of HoO, to TM-1 cells at different rates that resulted in a dose
response that had differing physiological consequences and outcomes. Interestingly, the 260
and 350 nM/min generation rates yielded an equivalent total ROS exposure a dosage of 230
and 500 uM over 24 h, respectively, yet these equivalent doses given acutely by bolus
addition of H,0O,, yielded very different biological results. These data show conclusively that
a persistent low level of H,0, had a more damaging effect on cells than an equivalent bolus
dose of H,0,. The continuous H,O, generating system described here provides a useful
technique for continuously introducing ROS into cell culture media with the precision and
stability that is difficult to obtain by more commonly used methods. Our approach allows
one to not only allows the recreation of pathological conditions where tissues are under
persistent redox imbalance but also assess what levels are relevant in the development and
progression of disease. We speculate this technology can be exploited to significantly
enhance the elucidation of molecular mechanisms of dysregulation and as a testing platform
for evaluating treatments for diseases characterized by chronic oxidative stress.
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Process flow and photochemical reactions. (a) Process flow diagram. An equivolume mixture of aqueous AQS solutions and
PEG-DA are casted over a substrate and photolithographically patterned with UV light. The resulting structures can be
developed with water and activated with 405 nm light. (b) Chemical reaction diagram of the 2-in-1 synthesis method that yields
both a crosslinked hydrogel and photografted AQS catalytic centers that yield hydrogen peroxide upon exposure to 405 nm

light.
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Fig. 2.
Photopatterning of photoactive hydrogels. Brightfield micrographs of patterned hydrogels with (a) 2, (b) 5, (c) 10, and (d) 25 pm
features. (e) Fluorescent micrograph of amplex red (red) activated by the generation of hydrogen peroxide from a 5 min UV
exposure of 50 um photoactive hydrogel pillars (green). Scalebars = 100 pum.
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Fig. 3.

Hydrogen peroxide generation profiles and kinetic data. (a) Long term generation of hydrogen peroxide from @10x1.5 mm
photoactive hydrogel discs of different 2,6-AQS concentrations exposed to 405 nm light continuously over 20 days. (b)
Restoration of equilibrium concentrations of hydrogen peroxide under constant illumination after buffer exchange indicated by
the arrows. (c) Equilibrium concentrations and (d) generation rates of hydrogen peroxide from hydrogels formulated with
different 2,6-AQS concentrations and illumination intensities of 405 nm light. Error bars indicate standard deviation (n = 3). All
studies were conducted in 1 mL PBS.
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Fig. 4.

Effect of crosslinking dose on the stability and photocatalytic acg:tivity of AQS in hydrogels. (a) Loss of 2,6-AQS from hydrogels
crosslinked with different exposure intensities measured over 24 h by spectrophotometry at 260 nm. Fresh DI water was
replaced between intervals. (b) Comparison of hydrogel properties as a function of crosslinking dose. The cumulative loss of
leeched 2,6-AQS from hydrogels in A showing retention with increasing dose. The subsequent equilibrium H,O5 concentration
generated from leached hydrogels after 2 h of exposure of 405 nm light at 200 pW/cm? demonstrating that retained 2,6-AQS
moieties are photoactive. Lastly, the swelling ratios of leached photoactive hydrogels with crosslinking dose are shown
indicating increased matrix density with crosslinking dose. All hydrogels were made with a 4 mg/mL 2,6-AQS solution. Error
bars indicate standard deviations (n = 3).
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Fig. 5.

Oxidative challenge study. (a) Viability quantified by MTT normalized to the dark control at 4, 16, and 24 h of continuous
oxidative stress. See text for discussion of groups. (b) Fluorescent micrographs of LIVE/DEAD stained samples of the groups
and time points in A with viable cells in green and dead cells in red. (c) Viability quantified by MTT of 5 — 500 pM H,0O, bolus
doses after 24 h in mDMEM. All studies were performed with TM-1 cells at a 10k/well in 1 mL of media. Error bars indicate
standard deviations (n = 3). Symbols: # indicate significance to the dark control at that time point; * indicate significance
between indicated groups. #/* = p < 0.05; ##/** = p < 0.01; ###/*** = p < 0.001. Scalebar = 100 pm.

Biomaterials. Author manuscript; available in PMC 2015 February 01.





