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kinds of organic compounds and nanomaterials have been investigated or newly
synthesized to suppress Aβ aggregation
in vitro.[6d,7] Recent studies demonstrated
photodynamic routes for inhibiting Aβ
self-assembly using photosensitizers such
as organic compounds[8] and colloidal
photocatalysts[9] under visible (or UV) light
illumination.
Medical use of light is attractive because
of the temporal and spatial controllability
and reduced side effects.[10] However,
its use for treating AD poses potential
problems such as delivering photosensitizers across the blood–brain barrier[11]
and their incomplete metabolism in the
human body.[12] Here, we explore a novel
photoelectrocatalytic strategy using photo
electrodes for the possibility of in situ light-induced inhibition of
Aβ aggregation. An electrode-based treatment (known as deep
brain stimulation) is currently in clinical use for the treatment
of neurodegenerative diseases such as Parkinson’s disease.[13]
According to a recent report,[14] a microscale, brain-injectable
LED module has been successfully developed, addressing the
issue of delivering short-wavelength light with low tissue penetration depth into the brain, which hints at future development
of an integrated platform for photoelectrode-based, localized
therapy of AD.
We have developed a visible light-active, hematite (α-Fe2O3)based photoanode platform for effectively preventing abnormal
self-assembly of Aβ peptides and reducing amyloid cytotoxicity.
As depicted in Figure 1, the hematite photoanode generates
hole-derived radicals upon illumination of a white light-emitting diode (LED) under anodic bias by the photoelectrocatalytic
process, which suppresses Aβ aggregation by radical-mediated
oxidative reaction. Hematite is an attractive n-type semiconductor widely used as a photoanode material for applications
such as solar water-splitting and organic pollutes degradation
because of its properties such as narrow bandgap (2.1 eV) to
absorb visible light and a favorable valence band position for
water oxidation.[15] While hematite is chemically stable, earthabundant, and nontoxic,[16] few studies on its medical applications have been conducted.[17]
We synthesized hematite thin film on a F:SnO2 (FTO)coated glass using the two-step annealing process according
to the literature.[18] As-synthesized film showed a worm-like
nanostructure with an approximate thickness of 570 nm

A visible light-active, hematite-based photoelectrode platform for suppressing
β-amyloid (Aβ) self-assembly in vitro is reported. Upon illumination of a
light-emitting diode with an anodic bias, the hematite photoanode generates
reactive radical species, such as superoxide ions and hydroxyl radicals, via
photoelectrocatalytic process. According to our analyses, the hematite photo
anode exhibited a strong inhibitory effect on Aβ aggregation under visible
light illumination and anodic bias. We found that hole-derived radicals played
a significant role of oxidizing Aβ peptides, which effectively blocked further
aggregation. The efficacy of photoelectrocatalytic inhibition on Aβ aggregation was enhanced by introducing cobalt phosphate (Co-Pi) as a co-catalyst
on the hematite photoanode, which facilitated the separation of electron-hole
pairs. We verified that both bare and Co-Pi@hematite photoanodes are biocompatible and effective in reducing Aβ aggregation-induced cytotoxicity.
Alzheimer’s disease (AD) is the most common progressive
neurodegenerative disease that causes progressive decline in
cognitive functions, leading to dementia.[1] Although a precise etiology of AD has yet to be identified, the formation of
peptide aggregates – called senile plaques – in the brain is
considered a pathologic hallmark.[2] The main components of
extracellular senile plaques are β-amyloid (Aβ) peptides that
are 40–42 amino acids long. Aβ monomers are prone to selfassemble into oligomers, protofibrils, and β-sheet-rich fibrils,[3]
which is related to the onset of neurotoxicity.[4] There have
been controversies about the correlation between Aβ plaques
and their neurotoxicity.[5] Although exact neurotoxic species of
Aβ aggregates remain unclear, it is considered that the selfassembly of Aβ monomers into oligomers or aggregates is
a critical step in the pathogenesis of AD according to the literature.[6] In the past decades, many efforts have been made
to inhibit Aβ aggregation because suppression of Aβ aggregation (or alteration of self-assembly pathways) is considered an
attractive therapeutic intervention for treating AD. Various
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Figure 1. Schematic illustration of inhibition of Aβ self-assembly by hematite photoanode. Upon the application of a bias potential to the hematite
photoanode under visible light irradiation, hole-derived radicals such as OH· are generated from the hematite photoanode. Co-Pi deposited on the
hematite photoanode facilitated charge separation and accelerated photoelectrocatalytic oxidation reactions. The hole-derived species cause radicalmediated oxidation of Aβ peptides, suppressing the aggregation of Aβ.

(Figure S1, Supporting Information). We examined the synthesized sample using X-ray diffraction (XRD) and Raman spectroscopy (Figure S2, Supporting Information). The XRD pattern
of pristine hematite matched well with the reference (PDF file
No. 87-1165) and a higher intensity of the (110) diffraction peak
indicated that the hematite nanostructure has a preferred orientation for the (110) axis vertical to the substrate. The Raman
spectrum of the as-prepared sample is in agreement with the
typical Raman spectrum of hematite that contains seven optical
mode of even symmetry (2A1g + 5Eg).[19] We carried out X-ray
photoelectron spectroscopic (XPS) analysis on the hematite film to identify the chemical states of the surface species
(Figure S3, Supporting Information). The Fe2p spectra revealed
that iron atom predominately exists in the Fe3+ state, and the
O1s peak corresponded to O2− in the hematite film. The UV–vis
absorbance profile of the hematite film sharply increased from
600 nm down to lower wavelengths, and its bandgap was estimated to be 2.15 eV according to the Tauc plot (Figure S4, Supporting Information).
To enhance photoelectrocatalytic activities, we applied an
external bias to the hematite photoanode. In the case of hematite, its conduction band edge (+0.4 V vs normal hydrogen
electrode, NHE) is too positively positioned to reduce oxygen
directly, i.e., O2/O2•− (–0.33 V vs NHE), while the valence band
1601133 (2 of 8)
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edge is suitable for oxidizing water (Figure S5, Supporting
Information).[20] Along with the intrinsic drawbacks of hematite,
such as poor charge carrier mobility,[21] the improper conduction band position for reductive reaction restricts the photo
electrocatalytic reactions of hematite photoanode. Applying the
anodic bias to the photoanode under light illumination forces
the photogenerated electrons to be transferred to the external
circuit, suppressing the recombination of electron–hole pairs
and extending the lifetime of the photogenerated charges. We
observed the effect of the magnitude of bias potential applied
to the hematite photoanode on the aggregation of Aβ monomers using thioflavin T (ThT) assay (Figure 2A). ThT is a widely
used dye for probing Aβ aggregation based on the occurrence
of strong fluorescence emission at 485 nm upon its binding
to cross-β sheet secondary structures of peptides.[22] We found
that ThT fluorescence of Aβ samples gradually declined with
the increasing bias potential under light illumination, while
there were negligible changes in the ThT fluorescence under
dark conditions, irrespective of the applied bias potential. Note
that the adsorption of Aβ aggregates to the hematite photoanode was minimal according to the Bradford assay (Figure S6,
Supporting Information). Under LED light irradiation with
0.8 V bias voltage, the hematite photoanode exhibited the
strongest inhibitory effect on Aβ aggregation, where the degree
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Figure 2. A) A bias potential-dependent inhibition of Aβ aggregation by hematite photoanode under dark and light illumination condition. ThT fluorescence intensity was normalized to the Aβ sample that was incubated with hematite photoanode in the absence of bias potential under dark conditions.
The measurement was performed in triplicate and all reported values represent the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 versus
dark condition by Student’s t-test. B) Analyses of Aβ aggregation inhibition using CD spectroscopy. The hematite photoanode was immersed into a
Aβ solution (20 × 10−6 m) w/o bias or w/ 0.8 V under dark or white LED illumination for 3 h, and then the Aβ solution was further incubated for 45 h
at 30 °C. Representative AFM images of Aβ aggregates assembled with the hematite photoanode under C) no bias/dark or D) 0.8 V anodic bias/light
illumination condition. E) Automated analysis of AFM images. The histogram shows that Aβ aggregate sizes were reduced for the Aβ sample incubated
with hematite photoanode under 0.8 V anodic bias and LED illumination.

of Aβ aggregation decreased to 25% compared to the no bias
condition (0 V vs Ag/AgCl). We studied the kinetics of Aβ fibrillation upon the application of 0.8 V bias and light on the hematite photoanode using ThT assay. As shown in Figure S7 of the
Supporting Information, ThT fluorescence rapidly increased
and reached maximum intensity after 12 h for Aβ samples incubated under dark or light condition (without anodic bias). The
time required to reach the half maximum of ThT fluorescence
(T50) of the Aβ samples were 2.2 and 2.7 h, respectively. Similar
time-dependent profile was observed for the Aβ samples incubated with 0.8 V bias under dark condition. Upon the illumination of light with 0.8 V bias to the hematite photoanode, not only
T50 value of Aβ samples increased to 7.8 h but also maximum
ThT fluorescence significantly decreased, implying a decrease of
elongate rate and total amount of Aβ aggregates. These results
indicate that Aβ fibrillation process was disrupted by hematite
photoanode under light illumination with anodic bias.

Adv. Healthcare Mater. 2017, 6, 1601133

We further examined the photoelectrocatalytic effect of a
hematite photoanode on Aβ aggregation inhibition using circular dichroism (CD) and atomic force microscopy (AFM).
For the tests, we immersed hematite photoanodes into a Aβ
monomer solution (20 × 10−6 m) and incubated for 3 h under
four different conditions: (1) no bias/dark, (2) no bias/LED illumination, (3) 0.8 V anodic bias/dark, and (4) 0.8 V anodic bias/
LED illumination, and then the Aβ solution was further incubated for 45 h at 30 °C. Under condition #1, the CD spectrum
presented a positive peak at 195 nm and a negative peak at
218 nm, while a negative CD peak at around 198–200 nm disappeared after incubation of Aβ samples for 48 h (Figure S8, Supporting Information), which indicates that secondary structure
of Aβ peptides changed from an unordered state to a β-sheetrich state during the incubation. Similar spectra were observed
under conditions #2 and #3 (Figure 2B), showing that the application of either light or anodic bias to the hematite photoanode

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

(3 of 8) 1601133

Communication

www.advhealthmat.de

www.advancedsciencenews.com

did not influence the self-assembly of Aβ monomers into
fibrils. In contrast, the intensity of negative peak at 218 nm
was significantly reduced under the condition #4 (Figure S9,
Supporting Information), indicating that β-sheet content of
Aβ aggregates decreased with both applications of anodic bias
and light to the hematite photoanode. This result is consistent
with our estimation of secondary structure contents according
to the β-structure selection (BeStSel) algorithm[23] (Figure S10,
Supporting Information). AFM results further supported the
CD data. The images in Figure 2C and Figure S11B,C of the
Supporting Information show a high density of extensively
long, branched, and entangled fibrils when Aβ peptides were
incubated with a hematite photoanode under conditions #1,
#2, and #3. Only a limited number of short fibrils and small
globular aggregates became pronounced after incubation under
condition #4 (Figure 2D). A histogram generated by automated
image analysis[24] shows a clear shift to smaller aggregate sizes
for the Aβ peptides incubated under condition #4 (Figure 2E).
In contrast, there were no significant changes in the sizes of
Aβ aggregates formed after incubation under conditions #1,
#2, and #3 (Figure S11D,E, Supporting Information). Taken
together, ThT, CD, and AFM data indicate that the assembly of
Aβ monomers into amyloid fibrils was hindered by the hematite photoanode under anodic bias and light illumination.
We attribute the photoelectrocatalytic inhibition of Aβ aggregation to radicals generated from the hematite photoanode
under light illumination and applied voltage, considering that
radical-mediated oxidation of peptides can modify their secondary structures.[25] During the photoelectrocatalytic process,
a hematite photoanode may generate two kinds of radicals:
superoxide ions (O2·−) and hydroxyl radicals (OH·). When the
hematite photoanode is irradiated by the light of shorter wavelengths than the bandgap, electron–hole pairs are generated
and the photogenerated charge carriers take part in redox reactions leading to the formation of radicals; the electrons react
with molecular oxygen to produce O2·− and the holes oxidize

water to generate OH·.[26] To investigate the generation of reactive radicals by the hematite photoanode under anodic bias
and light, we performed nitroblue tetrazolium (NBT) and terephthalic acid (TA) assays for detecting O2·− and OH· species,
respectively. Yellow-colored NBT is reduced by O2·− to form
blue NBT formazan and decrease its absorbance at 259 nm,
while TA selectively reacts with OH·, yielding intense fluorescence at 430 nm. According to the assays (Figure S12A,B, Supporting Information), negligible amounts of O2·− and OH· were
observed by either applying anodic bias (0.8 V) or LED light on
the hematite photoanode. In contrast, a significant amount
of O2·− and OH· was generated under the application of both
anodic bias and light. Upon LED illumination with anodic bias,
the photogenerated electrons were taken away to the counter
electrode (i.e., Pt electrode) and reacted with O2, generating
O2·−, while the photogenerated holes were left at the surface
of the hematite photoanode to reacting with water, producing
OH· radicals. To determine dominant radical species inhibiting
Aβ self-assembly, we applied radical scavengers such as benzoquinone (BQ, O2·− scavenger) and tert-butyl alcohol (TBA, OH·
scavenger). According to the ThT assay results in Figure 3A and
Figure S13 of the Supporting Information, the addition of TBA
led to a substantial decrease of Aβ aggregation inhibition efficacy under anodic bias and light illumination, while BQ negligibly affected Aβ aggregation. Note that photogenerated holes
exhibited no significant influence on Aβ aggregation according
to our analysis using Na2SO3 as a hole scavenger (Figure S14,
Supporting Information). These results suggest that OH· is the
primary species responsible for photoelectrocatalytic inhibition
of Aβ self-assembly. To analyze the effect of OH· on the conformational change of Aβ peptides, we conducted the analysis
of secondary structures of Aβ aggregates formed in the presence of TBA, a OH· scavenger (Figure S15A, Supporting Information). For the analysis of the secondary structure, we used
the BeStSel algorithm, a reliable method for quantitatively
predicting secondary structures of amyloid aggregates.[23] Our

Figure 3. A) Comparison of the inhibitory effect of hematite photoanode on Aβ aggregation with and without radical scavengers under anodic bias
of 0.8 V and light illumination. ThT fluorescence was measured at 485 nm (λex = 460 nm). The error bars represent the mean values ± SD from three
independent experiments. Statistical analysis was carried out by means of Student’s t-test, **p < 0.01, ***p < 0.001 versus control. B) DNPH assay
result confirming Aβ oxidation. The absorbance peak at 370 nm, which indicates increased carbonyl groups in Aβ, was observed only when the Aβ
solution was incubated with hematite photoanode in the presence of an applied bias of 0.8 V under LED illumination (red line).
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photoelectrocatalytic oxidation reactions.[30] We investigated
whether the Co-Pi layer on a hematite photoanode affects photo
electrocatalytic inhibition of Aβ aggregation. We synthesized a
Co-Pi-modified hematite photoanode (Co-Pi@hematite) using
the photoassisted electrodeposition method[18,31] and confirmed
the formation of the Co-Pi ad-layer using XPS analysis (Figure S20,
Supporting Information). Figure S21 (Supporting Information) shows current–voltage responses of bare hematite and
Co-Pi@hematite photoanodes under LED illumination. Co-Pi@
hematite exhibited a cathodic shift (>200 mV) of the photocurrent’s onset potential and an increase of the photocurrent
in the potential range above 0 V (vs Ag/AgCl). The increased
photocurrent implies that the deposited Co-Pi layer on hematite photo
anode enhanced the photoelectrocatalytic oxidation
process by improving the interfacial hole transfer and reducing
electron–hole recombination.[31,32] According to the TA assay,
the Co-Pi@hematite photoanode generated much more OH·
than the bare hematite in the potential range above 0.2 V (vs
Ag/AgCl) (Figure 4A). The enhanced photoelectrocatalytic oxidation reaction on the hematite surface resulted in stronger
inhibition of Aβ aggregation by hole-derived OH· according to
the result of the ThT assay (Figure 4B).
To investigate whether a visible light-active hematite photo
anode can reduce Aβ-induced cytotoxicity, we performed a
3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide
(MTT) reduction assay using pheochromocytoma (PC12) cells.
The inhibition of MTT reduction activity is a reliable and
reproducible indicator of Aβ-mediated cell death.[6a,33] PC12
cells have been widely used for assessing Aβ aggregationmediated cytotoxicity because of their sensitivity to the toxic
effects of Aβ aggregates according to the literature.[6d,33a,34]
For assessing the toxicity of photoanodes, we conducted two
types of cytotoxicity tests: (1) direct assay by putting the electrodes in contact with the cultured cells and (2) indirect assay
by exposing the electrodes to the growth medium under light
illumination with anodic bias. We observed that both bare and
Co-Pi@hematite photoanodes exhibited negligible effect on cell

Figure 4. A) Fluorescence intensity (λex = 315 nm, λem = 430 nm) changes of a TA solution (0.3 × 10−3 m) incubated with bare or Co-Pi modified
hematite photoanode for 1 h under LED illumination and different anodic bias. B) Inhibition of Aβ aggregation by bare hematite and Co-Pi@hematite
photoanodes according to the magnitude of bias potential under light illumination. ThT fluorescence intensity was normalized to the Aβ sample that
was incubated with a bare hematite photoanode in the absence of bias potential under LED illumination. All reported values represent the mean ± SD
(n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 versus bare hematite by Student’s t-test, n.s. not significant.
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result shows that suppression of Aβ oxidation by TBA led to
an increased β-sheet content in Aβ aggregates. Furthermore,
according to our additional experiment (Figure S15B, Supporting Information), less oxidized Aβ sample by TBA showed
much higher ThT fluorescence than that of Aβ sample not
treated by the hydroxyl radical scavenger. These results indicate that the degree of oxidation of Aβ by OH· influences not
only the change of secondary structures of Aβ peptides, but
also the degree of Aβ aggregation. To confirm oxidative modification of Aβ by OH·, we performed a 2,4-dinitrophenylhydrazine (DNPH) assay, which is the most general indicator of
peptide oxidation (Figure S16, Supporting Information).[27] Aβ
oxidation can be effectively detected by DNPH assay according
to our test for Aβ peptides oxidized by a well-known chemical
oxidant, H2O2[28] (Figure S17, Supporting Information). Using
the DNPH assay, we investigated Aβ oxidation by photoelectrocatalytic process of hematite photoanode. According to our
result (Figure 3B and Figure S18, Supporting Information), the
carbonyl contents in Aβ increased significantly under illumination of LED with anodic bias, indicating photoelectrocatalytic
oxidation of Aβ. We further examined the degree of Aβ oxidation in the absence and presence of OH· scavenger, TBA. As
shown in Figure S19 of the Supporting Information, the addition of TBA led to a substantial decrease of degree of Aβ oxidation. These results clearly show that OH· primarily oxidized
Aβ and blocked its self-assembly. According to the literature,[29]
OH· reacts preferentially with the side chains of aromatic, heterocyclic, or sulfur-containing amino acids. Future studies are
needed to unveil a detailed mechanism in relation to the interaction between OH· and amino acid residues of Aβ.
To enhance the efficacy of photoelectrocatalytic inhibition
of Aβ self-assembly, we modified the hematite-based photoanode by introducing a cobalt phosphate (Co-Pi) co-catalyst.
Cobalt ions (Co2+) deposited on a hematite photoanode can
capture photogenerated holes, suppressing charge recombination and inducing the formation of high-valence cobalt ions
(e.g., Co3+, Co4+) with strong oxidation ability to accelerate
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Figure 5. A) Cytotoxicity of cells cultured with bare and Co-Pi@hematite. B) Cell viability assays of Aβ aggregates after incubation with the hematite
photoanode under the w/o bias (dark/light) and w/ bias of 0.8 V (dark/light) conditions. All the error bars from the MTT assays represent SD of at
least three different experiments. Statistical analysis was carried out by means of one-way ANOVA, ***p < 0.001 versus control. n.s. not significant.

viability (Figure 5A). In addition, no toxic, leachable (or diffusible) components were generated from both electrodes under
light illumination with anodic bias according to our analysis
using the indirect assay (Figure S22, Supporting Information).
These results confirm both bare and Co-Pi@hematite photoanodes are biocompatible. We further examined the toxicity
of Aβ aggregates before and after photoelectrocatalytic treatment using bare hematite and Co-Pi@hematite photoanodes.
The Aβ aggregates assembled under dark conditions (without
anodic bias) showed a significant decrease in MTT activity
down to 69%, indicating Aβ aggregates being highly toxic to
PC12 cells (Figure 5B). The cells showed similarly low viability
with Aβ aggregates formed under anodic bias (0.8 V) and dark
conditions. In contrast, Aβ monomers incubated under light
illumination (w/ 0.8 V) with a bare hematite and a Co-Pi@
hematite photoanode exhibited much reduced toxicity with
cell viability of ≈93% and 95%, respectively, which indicates
that photoelectrocatalytic inhibition of Aβ aggregation attenuated Aβ-induced toxicity. Taken together, our results show that
bare and Co-Pi@hematite photoanodes are biocompatible and
effective in reducing Aβ-induced toxicity. Further tests using
primary neurons and in vivo studies such as the application of
the photoelectrode-based platform to cortical (or hippocampal)
brain regions of AD animal models are needed to assess clinical
applicability of photoelectrocatalytic inhibition of Aβ aggregation and toxicity for photoelectrode based, localized AD therapy.
The photoelectrocatalytic approach is also effective for disaggregating mature Aβ plaques according to our preliminary tests.
We plan to investigate the possibility of Aβ plaque disaggregation using photoelectrode platforms in our future studies.
In summary, we validated that the self-assembly of Aβ
peptides can be suppressed effectively using hematite-based
photoanodes through the photoelectrocatalytic mechanism.
According to our analyses using ThT fluorescence, CD, and
AFM, hematite photoanodes exhibited a strong inhibitory effect
on Aβ aggregation under visible light illumination and anodic
bias. We attribute the result to the generation of active inhibitory species from the hematite photoanode under light illumination and applied bias. By investigating the degree of photoelectrocatalytic inhibition on Aβ aggregation in the presence
1601133 (6 of 8)
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of different scavengers (BQ, Na2SO3, and TBA), we found that
the hole-derived OH· is a major active species responsible for
the photoelectrocatalytic inhibition of Aβ self-assembly. Co-Pi
deposited on the hematite photoanode enhanced the separation of photogenerated hole–electron pairs, which resulted in
a stronger inhibitory effect on Aβ aggregation. We also verified
that both bare and Co-Pi@hematite photoanodes are biocompatible suppressors of Aβ-induced cytotoxicity under LED illumination and anodic bias. This work hints at the potential of
utilizing the visible light-active photoelectrode for Aβ aggregation inhibition.

Experimental Section
Chemicals and Reagents: Human Aβ42 peptide was purchased from
rPeptide (Bogart, GA, USA) at purity levels of >97% as lyophilized
powder. For cell culture, RPMI 1640 media, horse serum (HS), fetal
bovine serum (FBS), and antibiotics were attained from Welgene lnc.
(Korea). All of the other chemicals were purchased from Sigma Aldrich
(St. Louis, MO, USA) and used without further purification.
Fabrication of Hematite Photoanodes: The fabrication of the hematite
photoanodes was performed via solution-based processing and high
temperature annealing according to the literature.[16] First, the substrates
(F-doped tin oxide coated glasses, surface resistivity ≈7 Ω sq−1) were
cleaned with acetone and isopropyl alcohol, respectively, and then
rinsed with deionized water in order to remove the contaminants. For
the deposition of hematite film on the substrates, the precursor solution
was prepared by dissolving 0.15 m FeCl3·6H2O and 1 m NaNO3 in
deionized water. The substrates were immersed in the solution, and then
heated at 100 °C for 6 h in an oven. After that, the substrates coated with
yellow thin film were annealed at 550 °C for 1 h followed by additional
annealing at 800 °C for 20 min. After heat treatment, the resulting
electrodes showed an orange–red color.
Deposition of Co-Pi co-Catalyst: For the deposition of Co-Pi on the
surface of the hematite thin film, a photoassisted electrodeposition
method was adopted.[16,23] The bare hematite photoanode was irradiated
by a 450 W Xe lamp with a 420 nm cut-off filter, and a solution of 0.5 ×
10−3 m cobalt nitrate in 0.1 m potassium phosphate buffer (pH 7) was
used as an electrolyte. After applying 0.1 V (vs Ag/AgCl) for 10s, the
modified hematite photoanode was washed with distilled water.
Characterization of Hematite Photoanodes: The crystal morphologies
of the hematite were examined with scanning electron microscopy
using a S-4800 microscope (Hitachi High-technologies Co., Japan)
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Inc., USA) with a 10 µL of the Aβ42 solution (20 × 10−6 m) incubated with
hematite photoanode for 3 h at 30 °C under different illumination and
bias conditions. After incubation of the mixture at room temperature for
at least 5 min, The absorbance change at 595 nm was measured.
DNPH Assay: For measurement of protein oxidation, the DNPH
assay was performed according to the literature.[20] After performing
the photoelectrocatalytic reaction for 3 h, the Aβ42 aggregates were
precipitated with a trichloroacetic acid (TCA, 20% final concentration)
solution for 30 min in an ice bath and then collected by centrifuge
(10 min at 15 000 rpm). The solution of 2 m HCl containing 10 × 10−3 m
DNPH (2 m HCl-only for control) was then added to the protein pellet
and incubated for 1 h under room temperature with vortexing every
15 min. The samples were reprecipitated with 20% TCA solution and
washed three times using a 1 mL ethanol-ehtylacetate (1:1, v/v) solution.
The samples were resuspended in a 6 m guanidine hydrochloride solution
(20 × 10−3 m potassium phosphate, pH 2.3 adjusted with KOH) at 37 °C
for 15 min. Carbonyl contents were obtained from the absorbance at
370 nm using V/650 spectrophotometer (Jasco lnc., Japan).
Statistical Analysis: In case of CD and DNPH assay data, Power
analysis to identify appropriate number of samples using G*power
software was performed.[35] For the analysis, a priori power analyses was
conducted using one-way analysis of variance (ANOVA).
Cell Culture: The PC12 cell line (KTCT, Korea), a cell line derived from
rat pheochromocytoma, was routinely grown in RPMI 1640 medium
10% HS, 5% FBS, and 1% antibiotics. The cells were maintained at
37 °C in a humidified atmosphere containing 5% CO2 and subcultured
at least twice a week.
Cell Cytotoxicity Assay: For assessing the cytotoxicity of photoanode
itself (i.e., direct assay), PC12 cells were seeded into 12-well microplate
(SPL Life Sciences Co., Ltd., Korea) for 24 h at a density of 20 ×
104 cells/well. The previously sterilized (70% EtOH and UV) bare
hematite and Co-Pi@hematite electrodes (1 × 0.5 cm) were placed in
the center of each well and incubated for another 12 h. For indirect
assay, the PC12 cells were seeded at a concentration of 2 × 104 cells/
well into a 96-well microplate for 24 h. In parallel, the previously
sterilized photoanodes were immersed in the cell growth medium
(3 cm2 of surface per milliliter) and anodic bias (from 0 to 8 V vs Ag/
AgCl) were applied under LED irradiation for 3 h. The treated cell growth
medium was incubated with the seeded cells for 12 h. To measure the
cytotoxicity of Aβ42 aggregates, 15 × 104 cells/mL were seeded into a
96-well microplate for 24 h. Aβ42 samples were prepared by treating
Aβ42 monomer solution (20 × 10−6 m) with hematite photoanode under
for 3 h and further incubating them for 45 h at 30 °C. Each Aβ42 sample
(1 µL) was added to the well plates and further incubated for 12 h. At
the end of the exposure, 10 µL of MTT (5 mg mL−1 in PBS buffer) and
90 µL of culture medium were added to each well. The plates were
incubated at 37 °C and 5% CO2 for 3 h. After removal of the medium,
100 µL of dimethyl sulfoxide was added to each well to dissolve the
resulting formazan. The absorbance at 595 nm was measured using a
Victor 3 microplate reader (PerkinElmer Inc., USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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at an accelerating voltage of 10 kV. The purity and crystal structure
of the hematite electrodes were examined by X-ray diffractometer
(Rigaku Co., Japan) using Cu Kα radiation (λ = 1.5418 Å) with a scan
rate of 4° min−1 in the range of 20°–70° and high-resolution dispersive
Raman spectroscope (Horiba Jobin-Yvon Ltd., France). The elements
analysis of hematite film surface was conducted by X-ray photoelectron
spectroscopy (Thermo VG Scientific Inc., UK). UV–vis absorption
spectra were obtained on a V-650 spectrophotometer (Jasco lnc., Japan).
An F-doped tin oxide coated glass was used as the reference for these
absorption measurements.
Preparation of Monomeric Aβ42 Peptides: Lyophilized Aβ42 peptides
were stored at −20 °C. A 1.0 mg of Aβ42 was dissolved in 480 µL of
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and kept overnight at room
temperature. To get a uniform monomeric Aβ42, the solution was
sonicated in a water bath for 30 min and then aliquoted into 1.5 mL
protein Lobind tubes (Eppendorf Co., Germany). After HFIP solvents
were evaporated in a vacuum desiccator (Fisher Scientific International
Inc., USA) for 2 h, the tubes were stored at −20 °C for further
experiments.
Inhibition of Aβ42 Aggregation: Immediately prior to use, the HFIPtreated Aβ42 aliquot was dissolved in a 30 µL of mixture that consisted
of 144 × 10−6 m CH3CN, 144 × 10−6 m Na2CO3, and 8.5 × 10−3 m NaOH.
After sonicated for 30 min to remove the existing aggregates, the
solution was diluted with a phosphate buffer solution (8.5 × 10−3 m) that
contained 8.5 × 10−3 m NaCl, 14 × 10−3 m Na2CO3, 100 × 10−3 m NaOH,
and acetonitrile (6.0%), leading to the final protein concentration of
20 × 10−6 m. The photoelectrocatalytic reaction were carried out by a
three-electrode system comprised of the fabricated hematite photoanode
as a working electrode, a Ag/AgCl in 3 m NaCl (0.197 V vs normalized
hydrogen electrode) as a reference electrode, and a platinum wire as a
counter electrode. All photoelectrocatalytic experiments were conducted
in a Aβ42 monomer solution (20 × 10−9 m) for 3 h at 30 °C using a
WMPG1000 potentiostat (WonATech Co. Ltd., Korea) under white LED
(Prism, Korea) illumination.
ThT Binding Assay: After the photoelectrocatalytic treatment of
Aβ42 monomer solution (20 × 10−6 m) using hematite photoanode for
3 h and further incubation for 45 h at 30 °C, 20 µL of the Aβ42 solution
was mixed with a solution of 20 × 10−6 m ThT in the buffer solution.
The final volume was 500 µL. The fluorescence was analyzed using a
quartz cuvette with a 10 mm long path. Fluorescence measurements
were carried out with a FP6500 spectrofluorometer (Jasco lnc., Japan).
The fluorescence signal (excitation at 440 nm) was recorded between
460 and 550 nm. The measurement was performed in triplicate and all
reported values represent the mean ± standard deviation (SD) (n = 3).
CD Analysis: The conformational change of Aβ42 was monitored by
a J-810 CD spectropolarimeter (Jasco lnc., Japan). CD spectra were
measured at 20 °C using a cell with a path length of 0.5 cm from 190
to 260 nm. All spectra were collected in triplicate and smoothed by
Savitzky–Golay smoothing. After Aβ42 monomeric solution (20 × 10−6 m)
was incubated with hematite photoanode under different conditions
for 3 h, it was further incubated for 45 h at 30 °C. At the end of the
incubation, the Aβ42 aggregate solutions (100 µL) were used for CD
measurement.
Ex Situ AFM: Atomic-force microscopic measurements were
performed using a Nanoscope V multimode atomic force microscope
(Veeco Instruments, USA). For the measurements, Aβ42 samples were
prepared by treating Aβ42 monomer solution (20 × 10−6 m) for 3 h using
hematite photoanode and further incubating for 45 h at 30 °C. Each
sample (10 µL) was applied to freshly cleaved mica for 10 min. After the
mica was gently rinsed with deionized water, it was dried under ambient
conditions. Each image was acquired in the tapping mode and under
the following conditions: scan rate, 0.5 Hz; “E” scanner; number of
pixels, 512 × 512; scan size 10 µm2. For the AFM image analysis, Image
J software was used. The upper threshold by finding the mean pixel value
of the background of the image and subtracting SDs from the mean
value was set.
Bradford Assay: To measure the amount of total Aβ42 peptides in
solution, A 200 µL of 1 × dye reagent was mixed (Bio-Rad Laboratories,
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