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Abstract

Investigation of targeting inhibitors of A aggregation, heme-AR peroxidase-like activity and efficient
detectors of AP aggregation, are of therapeutic value and diagnostics significance for the treatment of
Alzheimer’s disease (AD). Due to the complex pathogenesis of AD, theranostics treatment with multiple
functions are necessary. Herein we constructed the NIR absorption property of gold nanorods (GNRs)
loaded with single chain variable fragment (scFv) 12B4 and thermophilic acylpeptide hydrolase (APH)
ST0779 as a smart theranostic complex (GNRs-APH-scFv, GAS), which possesses both rapid detection of
A aggregates and NIR photothermal treatment that effectively disassembles Af3 aggregates and inhibits
AB-mediated toxicity.

Methods: We screened targeting anti-Af scFv 12B4 and thermophilic acylpeptide hydrolase as
amyloid-degrading enzyme, synthesized GAS gold nanorods complex. The GAS was evalued by A
inhibition and disaggregation assays, AP detection assays, A mediated toxicity assays in vitro. In vivo,
delaying AB-induced paralysis in AD model of Caenorhabditis elegans was also tested by GAS.

Results: In vitro, GAS has a synergistic effect to inhibit and disassociate AP aggregates, in addition to
decrease heme-AB peroxidase-like activity. In cultured cells, treatment with GAS reduces AB-induced
cytotoxicity, while also delaying AB-mediated paralysis in CL4176 C.elegans model of AD. Furthermore,
the photothermal effect of the GAS upon NIR laser irradiation not only helps disassociate the A
aggregates but also boosts APH activity to clear Af3. The GAS, as a targeting detector and inhibitor, allows
real-time detection of Af3 aggregates.

Conclusion: These results firstly highlight the combination of scFv, APH and nanoparticles to be
theranostic AD drugs. Taken together, our strategy provides a new thought into the design of smart
compounds for use as efficiently therapeutic and preventive agents against AD. Moreover, our design
provides broad prospects of biomedical strategy for further theranostics application in those diseases
caused by abnormal protein.

Introduction

Alzheimer's disease (AD) is the most common
neurodegenerative disorder, which affects at least 30
million people currently and is estimated to affect
more than 106 million people by 2050 [1]. The

pathological indicator of AD is the accumulation of
intracellular neurofibrillary tangles (NFI) and
extracellular senile plaques (SP) [2]. The plaques are
primarily composed of amyloid-beta (AP) peptides
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containing 39-43 amino acids, which are generated by
the cleavage of the transmembrane amyloid precursor
protein (APP) named B- and y-secretases [3]. Despite

the full molecular mechanisms of AD
pathogenesis remain unclear, overwhelming evidence
indicates that AP neurotoxicity, which is strongly
linked with the aggregation of AP monomers into
neurotoxic oligomers or fibrils, is a common pathway
and plays a pivotal role in the development of AD [4].
Therefore, theranostic strategies targeting AB-induced
neurotoxicity are an attractive approach to treat AD
[5, 6].

The steady-state levels of Ap are largely
regulated by the rate of protein production and
clearance [7]. In brain tissue samples from AD
patients, AP degradation is notably decreased, thus
altering this equilibrium, leading to excessive A
peptide accumulation. AP aggregation in the
hippocampus results in not only synaptic dysfunction
but also neuronal cell death [8]. To date, there have
been three main therapeutic strategies used to target
Ap-mediated neurotoxicity: reducing A production
[9], inhibiting AP aggregation [10], and increasing Af
clearance rate [11]. Indeed, it has been reported that
some agents would inhibit AP aggregation and
disassemble preformed AP fibrils, resulting in
decreased neurotoxicity. These agents include
amyloid-degrading enzymes (ADEs) [12], monoclonal
antibodies (mAbs) [13, 14], and nanoparticles (NPs)
[15].

Currently, at least 20 different proteins are
considered to be ADEs, including acylpeptide
hydrolase (APH), insulin-degrading enzyme (IDE),
neprilysin and endothelin converting enzyme, all of
which have been reported to regulate secreted AP
levels. For example, human APH, originally reported
to hydrolyze polypeptides consisting of 30-50 amino
acids, was found to degrade A monomers, especially
the toxic soluble oligomers. While human APH would
appear to be an ideal means of regulating AP levels,
this enzyme is not suitable for further drug
development on its own on account of its low
expression and loss of enzyme activity after
purification. Hence, one of the current research
directions is to screen stable and efficient ADEs.

In addition to ADEs, mAbs have also been used
to target AP levels and toxicity. In fact, various mAbs
have been tested in clinical trials, but most have failed
owing to their accompanying side effects [13, 14].
Furthermore, scfv binds AP with a high specificity
and while this inhibits Ap accumulation, it does not
eradicate the AB. This means that aggregation of the
toxic proteins is only temporary blocked but can occur
again, thereby limiting the effectiveness of mAbs in
treating AD.

In recent years, the emerging development of
nanomaterials offers a suitable scaffold for the
combination of various drug treatments. NPs possess
specific physiochemical properties almost completely
different from those of macroscopical matter and have
the capability to penetrate the blood brain barrier
(BBB) because of their small nanometer dimensions
[16]. A variety of NPs, such as rare earth NPs [17],
chitosan NPs [18], magnetic NPs [19], polymeric NPs
[15], have been applied to AD treatment, with varying
success that largely depends on the drugs used in
combination with the scaffolds. In addition to the use
of ADEs, mAbs, and NPs, local heat generation
(hyperthermia) is also an efficient strategy to dissolve
AP deposits. Currently, photothermal treatment of
nanoparticle is widely used as an invasive, non-toxic
cancer therapeutic strategy, in which intracorporal
organs are exposed to high temperatures to promote
the selective elimination of abnormal cells [20, 21].
Furthermore, previous research indicates that
graphene oxide, with high optical absorbance of the
near infrared (NIR) light, can be utilized to
photothermally disassemble A3 deposits [22]. Other
temperature-altering  technologies, such  as
ultrasound, radio-frequency, and inductive
microwave antennae, which were developed to
heighten the temperature of a specific tissue but
require a high frequency, also have an unexpected
hyperthermic effect in the surrounding tissues [23,
24]. In contrast, laser irradiation in the NIR region
penetrates peripheral tissues at an adequate intensity
and high spatial accuracy to induce local
hyperthermia [25]. According to the current
investigation, only carbon-based nanostructures [26]
and gold-based NPs [27] have the high optical
absorption in the NIR region for photothermal
therapy.

It is important to note that the clinical
application of these agents, ADEs, mAbs, NPs, and
hyperthermia, is limited by their respective
shortcomings, which include only having a moderate
inhibitory effect or weak disaggregation ability, low
targeting properties, and/or biotoxicity. Furthermore,
inhibiting AP monomer fibrillation or increasing A
fibril dissociation into monomers alone are
inadequate as doing so has been shown to invoke
heme-AP complex formation, which may play a
significant role in the onset of AD [28, 29]. This
complex exhibits peroxidase-like activity, which
catalyzes  the  oxidation of  3,4-dihydroxy-
phenylalanine and serotonin by reactive oxygen
species (ROS). In order to overcome these obstacles
for current AD treatments, it is essential to devise a
multifunctional complex integrating the respective
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benefits of each various reagent for the efficient
theranostic of AD.

Therefore, the synergistic effect of the combine of
ADEs, mAbs and NPs with photothermal treatment
may be an efficient strategy of AD theranostics. In this
study, we prepared a multifunctional complex that
integrates the properties of an ADE (thermophilic
APH ST0779), a single chain variable fragment (scFv
12B4), and a gold nanorod scaffold, designated
GNRs-APH-scFv (GAS). Thermophilic APH ST0779
was cloned from thermophilic archaea Sulfolobus
tokodaii as the ADE and expressed in E. coli BL21.
Thermozyme ST0779 is both highly stable and highly
expressed [30]. This APH also exhibits higher activity
levels under hyperthermia conditions than normal
enzymes. Thermozyme ST0779, like some other
ADEs, may recognize multiple cleavage sites in Ap,
thus reducing its peroxidase-like activity. However,
this action requires further investigation. This ADE
primarily hydrolyzes small peptides, including A(
monomers, at an optimum temperature of 70°C but
still exhibits moderate enzyme activity at low
temperatures. ~ Unfortunately, = despite  these
advantages, the enzymatic clearance of preformed Ap
fibrils by thermophilic APH is low. ST0779 itself also
has a high probability of being degraded by proteases.
Thus, owing to the complex physiological conditions
and  complicated  pathological =~ mechanisms
underlying AP neurotoxicity, it is unlikely that this
ADE can be used as an efficient treatment by itself.

We, therefore, also included scFv 12B4, which is
constructed from mAbs, in the GAS complex. Small
molecular antibodies, such as scFv, are one of the most
promising immunotherapies [31-33]. Indeed, most
mADbs recognize and bind all forms of A, and scFv in
particular is prone to binding to AP oligomers and
fibrils. Previous studies indicate that AP monomers
may be of physiological significance to nerve cells in
healthy individuals, so an antibody that exclusively
recognizes AP oligomers and AP fibrils rather than
the monomers is an ideal agent for AD treatment.
Furthermore, it has also been shown that application
of an anti-AP antibody in the periphery can alter
and/or regulate the dynamic balance of AP between
the cerebrum and sanguis, which plays an indirect
role in transporting AP out of brain and lightening the
cerebrum load of AB. However, while this indirect
effect is beneficial, the most efficient mode of
treatment is to across the blood brain barrier (BBB)
and directly inhibit or moderate AP aggregation and
cytotoxicity. This is one advantage of scFv, which can
penetrate the BBB due to its low molecule weight. scFv
also decreases the probability of triggering a
complement cascade reaction or inflammation
because it lacks an Fc domain. The risk of microglial

overactivation induced by the phagocytosis of the
AB-scFv complex is also reduced. Moreover,
compared to high molecular weight mAbs, the small
size of scFv makes it easier for this mAb to approach
and bind the A residues that contribute to their
abnormal accumulation. However, scFv 12B4
treatment still has insurmountable shortcomings,
such as a short half-life and possible protease
degradation, that prevent it from being effective when
used alone, hence its combination with thermophilic
APH ST0779 in our complex.

To further aid the effectiveness of this traditional
drug combination of thermophilic APH ST0779 and
scFv 12B4, we also utilized gold nanorods (GNRs), one
type of gold nanoparticle (AuNP), as a loading
scaffold to construct our multifunctional protein-NP
complex. Compared to other NPs, AuNPs are
considered to be an excellent candidate for biomedical

applications  because  of their outstanding
biocompatibility, long term stability, optical
properties, and ease of functionalization and

bioconjugation [34]. For example, both APH and scFv
can be easily conjugated to the GNRs by incorporating
any externally exposed cysteine residue in the
proteins via conventional Au-S chemistry [35].
Moreover, immobilization to GNRs also enhances
protein stability. AuNPs, especially GNRs, when used
as a scaffold loaded with thermophilic APH ST0779
and scFv 12B4, also have a high optical absorbance in
the NIR region with a tunable excitation spectrum. In
fact, GNRs have been shown to absorb NIR photo
energy more effectively than spherical AuNPs.
Compared to traditional remedies, such as
chemotherapies and radiotherapies, this type of
photothermal therapy treatment has also been shown
to have decreased side effects and elevated selectivity
since only organs and tissues under light irradiation
are treated, while the surroundings kept in the dark
will not be influenced. Furthermore, the rapid
conversion of optical energy by the GNRs generates
hyperthermia that not only disaggregates Ap fibrils
but also provide a heat source to activate the
thermozyme. Thus, thermozyme-mediated peptide
degradation in vivo can be controlled with NIR
irradiation. As previously reported, this internal
heating mode of GNRs is more efficient and increases
enzyme activity compared to diffusion-limited water
bath heating. Moreover, scFv conjugation to the GNRs
also avoids non-specific heating, reducing injury to
normal tissues.

Apart from these beneficial properties, GNRs
also have distinct surface plasmon resonance (SPR)
characteristics. They have two surface plasmon
absorbance bands determined by their geometric size
and shape, one that is associated with the longitudinal
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wave in the NIR region and another that is associated
with the transverse wave around 520 nm. The
wavelength shifts noted for GNRs make them
extremely appropriate for biosensing applications
involving changes in dielectric characteristics in the
proximity of the particles, including those mediated
by solvents, adsorbates, and the interparticle
distances within the GNRs [36, 37]. During A
aggregate binding, the binding-induced assembly of
the GAS leads to coupling of the GNR plasmon bands.
This means that the GAS complex acts as not only as a
multifunctional anti-Ap agent but also a sensitive
bioprobe that can be used to detect AP aggregates.

In summary, GAS possesses the simultaneous
functions of detector and inhibitor. GAS acts as a
simple detector without NIR, monitoring AP
aggregation by naked eyes. Once detected the
aggregates and upon NIR irradiation then, the
targeted GAS blocks Ap-mediated toxicity as an
inhibitor, degrading AP, inhibiting AP aggregation,
disassembling Ap fibrils and reducing Ap-mediated
peroxidase activity. In other words, once AP
fibrillization is detected via the bioprobe function of
GAS, NIR light was utilized to activate the entire
system, leading to a synergistic removal of excessive
Ap. To the best of our knowledge, this is the first
report to prepare and test a smart complex using
concomitant scFv, thermophilic ADE, and GNRs for
the treatment of AD. Moreover, we believe that the
therapeutic model of this drug combination has the
potential application of theranostics in more diseases,
which has more than one symptoms caused by
abnormal protein, such as Parkinson’s disease and
Huntington’s disease.

Methods
AP preparation

AP1-40 fragments were purchased from
GenicBio Limited (lot no. P171125-GB20602). The
peptides were first dissolved in

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at  a
concentration of 1 mg/ml. The solution was shaken
for 2 h at 4°C in a sealed vial for further dissolution. It
was then stored at -20°C as a stock solution. Before
use, the solvent HFIP was removed by evaporation
under a gentle stream of nitrogen, and the peptide
was dissolved in 20 mM Tris buffer, pH 7.4. Ap1-40
oligomers and fibrils at 80 pM were prepared from the
freshly dissolved monomers for 3 and 8 days at 37°C,
respectively, in 20 mM Tris, pH 7.4 buffer as
previously described.

GNRs synthesis

For GNRs formation, 7.5 mL of 0.20 M CTAB
solution was added to 1.0 mL of 0.5 mM HAuCl4.

Then, 0.6 mL of ice-cold 0.01 M NaBH4 was dropped
in to the stirred solution, resulting in the formation of
a brownish-yellow solution. After continuous stirring
of this seed solution for 2 min, it was stored at 25°C.
The growth solution was prepared by mixing 237.5
mL of 0.1 M CTAB, 1.5 mL of 0.01 mM AgNO3, and 10
mL of 001 M HAuCl4 in a 500 mL flask.
Approximately 1.6 mL of ascorbic acid (0.1 M) was
then added dropwise to the mixture slowly until it
became colorless, after which additional ascorbic acid
was added (a quarter of the total number of droplets
to that point). Finally, 2 mL of the seed solution was
added to the growth solution at 27-30°C. The color of
the solution changed within 10-20 min gradually.
During the full process, the temperature of the growth
medium was kept constant at 27-30°C.

GAS complexes synthesis

The synthesized GNRs (10 mL aliquots) were
centrifuged at 12500 rpm for 20 min to remove excess
CTAB surfactant. The precipitate was dispersed in 8
mL of Milli-Q water after discarding the supernatant.
Then, 0.2 M K>CO; solution was added while stirring
to adjust the pH to 9. Following this step, 2.5 mL of 2
mg/ml thermozyme ST0779 and 200 pL of 100 pM
scFv 12B4 were mixed with the GNRs solution under
vigorous stirring at room temperature. Protein
conjugation was allowed to proceed for 12 h. To
remove excess protein, this procedure was then
followed by centrifugation at 8000 rpm for 10 min.

ThT fluorescence measurements

The AP aggregation kinetics were monitored
with ThT dye, the fluorescence of which is dependent
on the formation of amyloid fibrils. At various points
during incubation (1, 2, 3, 4, 5, 6, and 7 days),
aggregated AP1-40/GAS samples were irradiated
with an NIR laser for 5 min before being diluted to a
final concentration of 2 pM (AP1-40 concentration)
with aggregation buffer at pH 7.3 containing 10 ptM
ThT for fluorescence measurements. The fluorescence
signal (excitation at 444 nm) was recorded between
460 and 650 nm using 10 nm slits for both the emission
and excitation measurements.

Transmission electron microscopy (TEM)

ApP1-40 monomers, oligomers, and fibrils (50
mM) in the presence or absence of GAS (50 pg/mL)
were irradiated for 5 min per day followed by
incubation at 37°Cfor 2 days. The samples were
dropped onto carbon-coated copper grids and
incubated for 30 min. The samples were then
adsorbed excess buffer with filter paper from the
grids, after which the substrates were washed with
deionized water three times. The samples were
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observed on a transmission electron microscope
(JEOL JEM-1011) operating at a voltage of 200 kV.

ApB-mediated peroxidase activity
measurements

An inhibition assay was performed as previously
described. 3,3’,5,5'-tetramethylbenzidine (TMB) was
used as the substrate to measure peroxidase activity.
Briefly, 10 mg of TMB was dissolved in 10 mL of
AcOH/NaOAc buffer (1 M, pH 4.5) and 0.5 mL of
glacial AcOH. This was followed by the dilution to
25mL with water, and then 100 pL, 30 vol H,O, was
added. After mixing the solution, addition of 10 pL of
0.05 mM sample was prepared for measurement.
Kinetic traces were obtained by monitoring the
increase of the 652 nm absorbance band over time.

ApB toxicity inhibition assay

As for MTT assay, SH-SY5Y cells were plated at a
density of 50000 cells per well on 96-well plates and
cultured overnight. After addition of the prepared AP
and different dilution sample into the cell culture
medium, the plates exposed to 808 nm NIR laser
irradiation at a power density of 2 W cm for 5 min.
After 24 h of incubation at 37 °C, each well was
treated with MTT (5 mg/mL in 20 p L) and incubated
for another 4 h at 37 °C. After the Centrifugation to
remove the supernatants carefully, DMSO (150 p L)
was added to each well of the plates. Cell viability
was obtained by measuring the absorbance values of
each well at 490 nm using an ELISA reader (Bio-Rad,
USA).

C. elegans maintenance and treatment

In the study, the transgenic strain Caenorhabditis
elegans CL4176 [smg-1(cc546ts);dvIs27(pAF29+pRF4)]
was used as an AD model. Transfected CL4176
nematodes constitutively produce Af1-42 in the
muscles of their body walls. E.coli OP50 was fed as a
food source to the worms and the worms were
propagated at 16°C on solid nematode growth
medium (NGM). To obtain age-synchronized worms,
hermaphroditic CL4176 worms were transferred to
fresh NGM plates reaching maturity (3 days old).
After another 4 to 6 h incubation, the mature CL4176
worms were removed to leave the eggs. Isolated
hatchlings were then cultured on new NGM plates at
16°C.

C. elegans paralysis assay

After age synchronization, worms were
incubated at 16°C on fresh NGM plates (35 mm x 10
mm, 60 worms per plates). In the experimental group,
the worms were fed GAS (40 pM per plate), while
those in the control group were fed normally. Upon
reaching the L3 larval stage, NIR laser irradiation was

performed for 1 min, and then the worms were placed
in a 16°C incubator. Paralysis was measured at the L4
stage at 25°C, which normally induces AP1-42
expression. The nematodes who only moved their
heads or did not move at all when gently touched
with a platinum loop were considered paralyzed. A
total of four independent trials were performed.

Results and Discussion

GAS composition

Scheme 1 shows the construction of our
multifunctional complex that incorporates GNRs
loaded with thermophilic APH ST0779 and scFv 12B4
(GNRs-APH-scFv, GAS). In theory, upon laser
exposure (808 nm), the GNRs will generate local heat
to activate the thermozyme and dissociate the AP
fibrils. As thermozyme ST0779 effectively hydrolyzes
AP monomers and scFv 12B4 selectively binds to Ap
oligomers and fibrils and inhibits AP aggregation,
treatment with this complex will affect AP toxicity
regardless of the morphology of the fragments,
ideally leading to a complimentary and synergistic
effect during AD treatment.

GAS preparation

GNRs were synthesized by a seed-mediated
surfactant-directed method as previously reported
[38], whose aspect ratio is approximately 3.6. GNR
morphology was characterized by transmission
electron microscopy (TEM; Figure 1A). Our analysis
indicates that the average length of the GNRs was
about 30 nm, with an average width of 8.3 nm. Prior to
constructing the multifunctional GAS complex, we
measured photothermal conversion efficiency of the
GNRs at different concentrations upon 808 nm NIR
laser irradiation at varying power. By adjusting the
laser power and/or GNR concentration, we were able
to obtain the exact desired temperature (Figure 1C
and 1D) within the range of 20-63°C. The thermozyme
ST0779 and scFv 12B4 were obtained and purified as
previous reported [30, 32]. For GAS complex
construction, GNRs were mixed with specific
concentrations of thermozyme ST0779 and scFv 12B4.
During this reaction, the thiol sulfur atoms of cysteine
form polar covalent Au-S bonds that attach the
enzyme to GNR surface via self-assembly. Moreover,
the loading concentrations of APH and scFv were
determined by the degrading or inhibitory effect on
AP in an in vitro experiment (Figure S1). Within the
allowable ranges, beyond which will lead to the
aggregation of GAS, the optimum concentrations of
APH and scFv is 0.46mg/ml and 18uM, respectively.
The complexes were then characterized by TEM
(Figure S2), UV-vis spectroscopy (Figure 1B), and
FTIR spectroscopy (Figure S3). TEM indicates that the
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morphology of GAS did not change much compared
to that of GNRs. In our UV-vis spectroscopy analysis,
the peak representing the GNRs shows a red shift
from 722 nm to 707 nm and a blue shift from 521 nm
to 526 nm, and the appearance of a characteristic peak
at approximately 280 nm indicates peptide
conjugation. Furthermore, in our FTIR spectroscopy
analysis, the weakening of the peak at 2600 cm! that
corresponds to the cysteine thiol groups of the two
proteins confirms that these groups have formed Au-S
bonds during attachment to the GNR surfaces.
Together, these analyses reveal that the major
functional groups in the APH and scFv also appeared
in the GAS complex, indicating successful conjugation
of both agents to the GNR surface. Further, it was also
necessary to evaluate any conjugation-mediated
changes in enzyme activity. A small peptide
containing three alanines was used as a substrate to
detect enzymatic activity from 20-40°C. Intriguingly,
the activity of the thermozymes bound to the GNRs
was increased upon NIR laser irradiation compared to
that of free thermozymes activated by water bath
(Figure S4). By adjusting the laser power, the
enzymatic activity of GAS can be regulated within the
range of 30-60°C (Figure S5). This indicates that the
two different heating methods may alter enzyme
activity differently at the microcosmic level but
similarly at the macrocosmic level [39]. Notably, the

increased temperature leading to increased
thermozyme activity was local and the overall
temperature of the solution was not increased (data
not shown). These findings are was consistent with
previous reports. Moreover, we also evaluated the
stability of thermozyme ST0779 and the scFv 12B4
after conjugation to the GNRs (Figure S6). The
stability of free APH dramatically decreased and was
totally degraded in approximately 60 min. In contrast,
GAS was found to be significantly more stable, with
46.2% intact protein remaining after 60 min.
Moreover, the zeta potentials of the GAS complex and
GNRs were -15.8 + 3.1 mV and -30.9 + 04 mV,
respectively. These data indicate that the complex has
a relatively high colloidal stability and will not easily
adsorb the majority of proteins in vivo due to its
negative charge.

Notably, the surface charge of NPs, especially
negative charge, plays a significant role in the
inhibition of AP fibrils formation [40-42]. When
incubated with the negatively charged GAS, despite
the absence of NIR irradiation, the charge carried by
the material itself would depress the formation of AP
aggregates due to the electric attraction of the
positively charged residues responsible for the fibrils
formation irrespective of the material composition.
This assumption was also proved in the subsequent
experiments.
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AP aggregate biosensing

To monitor AP fibrillogenesis using the GAS
complex as a bioprobe, AP1-40 was seleted for the
peptide model, as its distinct effects on neurons have
been clearly elaborated [43]. Most studies utilizing the
localized surface plasmon resonance (LSPR)
mechanism of GNRs as bioprobes have been based on
the attachment-induced aggregation of the NPs.
Theoretically, the oscillation of the plasmons from
adjoining GNRs become coupled when the distance
between the GNRs is almost equal to or even shorter
than the binding radius, resulting the reduction of the
vibration frequency [44]. This change is manifested as
a shift in the absorbance bands from red region to
longer wavelengths. Therefore, upon binding of scFv
12B4 in the GAS complex to AP, AP aggregation can
be visualized via these shifted bands. Notably, the
addition of AP monomers with the random coil
conformation could not induce GAS aggregation.
However, the presences of AP fibrils could be
recognized and caused the formation of a close
reticulation between the scFv-conjugated GNRs. In the
presence of different concentrations of Ap fibrils, the
transverse plasmon peak of GAS was red-shifted,
while the longitudinal one was blue-shifted (Figure
S7A). Due to the insolubility of A( fibrils and the
targeting ability of scFv, GAS precipitated with AP

together accompanying by fibrils formation, resulting
in a transparent solution. These typical changes in the
absorbance spectra can be attributed to
binding-induced GAS aggregation, the degree of
which appears to be associated with AP fibrils
concentration.

Furthermore, the absorbance characteristics of
GAS in the absence or presence of AP fibrils was also
utilized to monitor the dynamics of AP fibrillogenesis
ex situ and to construct a system combining diagnostic
and therapeutic functions. AP incubated for different
lengths of time was mixed with GAS ahead of spectral
measurement. In Figure 2A, the absorption bands
exhibited gradient changes and these changes were
associated with the incubation time. Furthermore, the
color of the solution became transparent from violet
as the aggregation process progressed, while the GAS
itself was not changed (Figure 2B), indicating that Ap
fibrillogenesis can be visualized with the naked eye in
this multifunctional system. Upon NIR laser
irradiation, the shift of plasmon bands was recovered
to varying degrees for samples incubated up to three
days (Figure S7B and S7C), suggesting that the
multifunctional GAS complex can be used to monitor
AP aggregation in real time and treat it via NIR
irradiation in that same time period.
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Figure 2. AP aggregate biosensing by GAS. (A) AB fibrillogenesis process monitored by the absorbance spectrum of GAS. The final concentration of A and GAS were 5uM and
400ug mL-'. (B) Colorimetric response of GAS in the presence or absence of Af3 in HEPES buffer measured at different incubation time from 0 to 6 days. The final concentration

of AB and GAS were 5uM and 400ug mL-!.

Degradation, inhibition, and disaggregation
testing

To verify the inhibitory effect of GAS on the
aggregation of A monomers, a common in vitro
thioflavin T (ThT) fluorescence assay has been
conducted [17]. The content of P-sheet aggregation
structure of AP depends on the degree of AP
fibrilization which increases with incubation time.
ThT is an extrinsic fluorescent dye, which binds to the
[-sheet structure of AP aggregates. Upon binding, the
fluorescence intensity increased corresponding with
the raised binding level. Accordingly, the synergistic
effect of the GAS complex on A fibrillogenesis was
quantitatively = evaluated by measuring ThT
fluorescence intensity at 480 nm as well as excitation
at 444 nm. Despite the significant absorption of GNRs
at this emission wavelength may affect ThT
fluorescence, the concentration chose to ensure in vivo
application is very low, which would not change
fluorescence intensity (Figure S8). When fresh AP was
incubated alone at 37°C, the ThT fluorescence formed
a sigmoidal curve as a reflection of incubation time in
accordance ~ with  the  nucleation-dependent
polymerization model. When AP was incubated with
40 pg/mL GAS and NIR laser irradiated for 5 min per
day, the ThT fluorescence increased extremely slowly
and the total was reduced by approximately 72%
compared to that of AP incubated without GAS
(Figure 3A-a). This indicates that Ap fibrils formation
was suppressed by GAS treatment. Moreover, we also
tested the effects of APH and scFv alone as well as
combinations of APH and scFv, GNRs-APH, and
GNRs-scFv on A fibril formation and aggregation to
confirm the synergistic effects of the complex. When
used alone, the APH completely lost its inhibitory
effects after day 4, likely owing to protein
denaturation or inactivation. However, conjugation to
GNRs offered the necessary heat and stability to

preserve APH enzyme activity, and the fluorescence
intensity was reduced by 14%. Similarly, the
GNR-modified scFv had increased stability and
avoided the denaturation observed for the scFv alone.
While the GNR-bound agents were more effective
than the unbound agents, the decline in ThT
fluorescence observed in the presence of the GAS
complex exceeded the total of these individual
fluorescence reductions observed for the respective
components, indicating an effective synergistic effect
and the significant role of negative charge in Ap
aggregation inhibition.

Subsequently, we also evaluated the inhibitory
and disassembling effect of GAS on AP oligomers,
which is the most toxic form of AP. AP monomers
were preincubated alone for 3 days at 37°C in order to
obtain AP oligomers, which would be continuously
aggregating to form Ap fibrils over the next few days.
In the presence of GAS under the same conditions for
an additional 7 days, the fluorescent intensity was
reduced by 74% compared to that of AP oligomers
incubated alone (Figure 3A-b). As for APH, scFv and
the various combination mixtures, the fluorescence
intensity trended to decline slightly in the first 4 days
and then ascended. The ability of APH to degrade AP
oligomers is likely much weaker than its ability to
degrade A3 monomers, and the stability of both APH
and the scFv worsens over time. The degrading
capabilities and inhibitory effects of APH and scFv
decreased as the fibrilization process continued. In
other words, in the last few days of the experiment,
the rate of AP fibril formation from the oligomers was
higher than the clearance rate mediated by APH and
the inhibitory effects of scFv. However, after
conjugation with GNRs, the ThT fluorescence of the
GNR-APH- and GNR-scFv-treated samples decreased
by 39% and 27%, respectively. Thus, comparing to the
solo agents and even the GNRs-bound agents, our
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multifunctional GAS complex had the same
synergistic effect in the inhibition of AP oligomer
accumulation as it did for A} monomers. Moreover,
due to the negative charge, the inhibitory and
disassembling effects of GAS on A oligomers were
even better than those on A} monomers with respect
to the charged protein residues that are responsible
for B-sheet.

Furthermore, to evaluate the synergistic effect of
GAS in disaggregating preformed Ap fibrils, the AP
monomers were preincubated for 7 days at 37°C, and
then GAS was added and NIR irradiated. After
incubation for another 7 days, the amount of A fibrils
was measured. Our results show that GAS effectively
dissociates AP fibrils, as evident by the 56% reduction
in fluorescent intensity (Figure 3A-c). In the control
experiment, APH had almost no effect, while scFv had
a weak effect on dissociating pre-formed AP fibrils.
However, when conjugated to GNRs, the ThT
fluorescence  of  the  GNRs-enzyme-  and
GNRs-scFo-treated samples decreased by
approximately 24% and 27%, respectively. This

A

indicates that the GAS-mediated hyperthermia
contributed to the disassembly of AP fibrils the most,
and treatment with the complex once again decreased
fluorescence intensity in a synergistic manner.
Notably, the negative charge of GAS can efficiently
inhibit the depolymerization products of AP fibrils,
such as oligomers and short peptides, to form
aggregates a second time. Meanwhile, scFv and
photothermal effect could both assist in the
disassociation of oligomers and short fibers, which is
conducive to a thorough removal of Ap by APH
catalysis. In summary, GAS exhibits synergistic effects
on the inhibition of AP monomer and oligomer
aggregation as well as during the dissociation of
pre-formed Ap fibrils.

To confirm the above results and further study
the morphological changes of the AP peptides upon
NIR laser irradiation, TEM was used. As shown in
Figure 3B-a, 3B-c, and 3B-e, the classical AP peptide
morphology was observed in prepared samples of Af3
monomers, oligomers, and fibrils [45]. While the AP
monomers cannot be observed clearly due to the
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Figure 3. Degradation, inhibition and disaggregation effects of GAS against AB. (A) Fibrillation kinetics of AB as monitored by the development of thioflavin T binding in the
absence of GAS (m) or in the presence of APH (e), scFv (A), combination of APH and scfv (¥), GNRs-APH (), GNRs-scFv () or GAS (») for monomers (a), oligomers (b)
and fibrils (c). (B) Inhibition and disaggregation of A aggregates by GAS as monitored by TEM. A monomers in the absence of GAS (a) or in the presence of GAS (b), AB
oligomers in the absence of GAS (c) or in the presence of GAS (d) and AB fibrils in the absence of GAS (e) or in the presence of GAS (f) after incubation for 7 days upon NIR

laser irradiation for 5 minutes per day.
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resolution ratio of the TEM, the oligomers appear to
be spherical with a height of 1 nm to 6 nm. Further,
the AP fibrils form helical fibers with a height of 10
nm and maximum lengths greater than 1 pm. All of
these AP intermediate morphologies are consistent
with previous reports. In contrast, when AP
monomers were incubated with GAS upon NIR laser
irradiation, nothing but the multifunctional
complexes could be observed (Figure 3B-b). After
incubating for another 2 days, the observed results
remained the same (Figure S9), indicating that GAS
likely has a prophylactic effect. Despite removal of
GAS from the incubated solution, AP oligomers or
fibrils would not form again for 7 days, indicating the
high clearance of GAS (Figure S10). In the samples of
AP oligomers incubated with GAS, most of the
spherical AP peptides were gone (Figure 3B-d).
Similarly, after NIR laser irradiation, small and
amorphous species were observed in the GAS-treated
samples of AP fibrils. Moreover, some of the
multifunctional complexes, observed as black beads,
were found close to the ends of various fibrils (Figure
3B-f). Thus, our TEM results intuitively support our
earlier results and indicate that the complexes can
effectively degrade AP peptides, inhibit AP assembly,
and disaggregate AP fibrils.

To better understand the multifunctional effects
of GAS on the three forms of AP peptides, the levels of
A degradation, inhibition, and dissociation were also
investigated by western blotting (Figure S11). AP
peptides from the stock solution adopted a
monomeric form  without incubation. After
incubation, we observed multiple bands, indicating
the formation of oligomers and fibrils. In contrast,
after incubating with GAS for 7 days, the AP
monomers were strongly degraded and the formation
of AP aggregates was significantly inhibited, as
evident from the weak monomer and aggregate
bands. In the presence of GAS, the bands for the
oligomers and fibrils were also weaker,
demonstrating that GAS degraded, disassembled, and
inhibited the A oligomers and fibrils. Moreover, both
AP oligomers and fibrils would produce a certain
amount of monomers under the depolymerization
action of GAS, cyclic dichroism (CD) has been
performed to analyze this action (Figure S12). The
monomers has a negative peak near 200nm,
demonstrating the random coil structure. However,
after incubation with GAS upon NIR laser irradiation,
the wave form of A} monomers became disordered,
indicating the destruction of the sencondary structure.
This disorder further demonstrate the incubation
products would not form fibrils again regardless of
whether GAS was removed or not. These results
further support the analyses of our ThT and TEM

experiments and highlight the multifunctional and
synergistic effects of GAS on various AP peptides.

ApB-induced toxicity detection in vitro and in
cell culture

Previous studies have demonstrated that heme
binds to soluble A peptides, resulting in the
formation of heme-Ap complexes and heme
deficiency [28]. As heme is required for normal
biological functions, this can cause detrimental effects.
Furthermore, the heme-Ap complexes also exhibits
the activity of peroxidases, which catalytically oxidize
neurotransmitters like serotonin, 4-hydroxyphenyl-
pyruvic acid, and 3,4-dihydroxyphenylalanine by
H>O». In native human AP peptides, both His13 and
His14 can coordinate with the heme. Indeed, mutating
or disrupting these residues prohibits heme binding,
leading to loss of peroxidase activity [46]. Our
HPLC-MS data indicate that thermophilic APH
ST0779 can degrade AP into small pieces via cleavage
at various sites, including His13 and Hisl4 (Figure
S13). It is, therefore, possible that human APH may
also function to reduce the ROS produced by the
heme-AP complex. Similar to previous studies, our
data show that the heme-Ap complexes display
remarkably improved peroxidase activity compared
to free heme. However, when GAS was added to the
reaction system and NIR irradiation was
administered, the peroxidase activity decreased by
approximately 48% (Figure 4A and Figure S14). In
control experiments using APH alone or GNR-APH,
the heme-AP peroxidase activity decreased by
approximately 22% and 36%, respectively.
Interestingly, when scFv as well as the mixture of scFv
and thermozyme were added to the solution, the
peroxidase activity was also reduced by 21% and 33%.
In summary, these results suggest that GAS acts as an
efficient inhibitor of heme-AfB complex peroxidase
activity and could be utilized as a multifunctional
agent to treat AD.

Since GAS inhibits heme-Ap complex-mediated
cellular stress while also degrading AP monomers,
inhibiting AP accumulation, and disassembling Ap
fibrils upon laser irradiation in wvitro, it may also
decrease Af-mediated cellular toxicity. To evaluate
this cellular function, we performed an MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay to investigate cellular metabolism in
SH-SY5Y cells. Notably, cells treated with A
monomers, oligomers, and fibrils for 24 h had reduced
cell viability (89.7%, 49.9%, and 76.1%, respectively)
compared to untreated controls (Figure 4B). These
data are consistent with the conclusion that AP
oligomers are the most toxic form. In the presence of
gradient concentrations of GAS and laser irradiation,
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the survival of the cells treated with A monomers
was increased to 99% (Figure 4Ba), while that of cells
treated with AP oligomers and fibrils were increased
to 93% and 96% (Figure 4C and 4D). GAS-mediated
cell survival also appears to be concentration
dependent. Notably, cell viability was largely
unaffected following treatment with Ap fibrils along
with GAS in the absence of NIR laser irradiation or
with GAS and NIR laser irradiation alone (no A
treatment) (data not shown). Moreover, the survival
of cells treated with AP monomer was also increased
when treated with APH and scFv. In fact, survival
after these treatments was only slightly less than that
observed for GAS, indicating that the complex as well
as individual agents limit the cellular toxicity of AP
monomers. However, APH solo treatment barely had
an effect on cells treated with AP oligomers or fibrils.
In summary, GAS and NIR irradiation treatment is
not only efficient during in vitro experiments, but also
decreases AP-induced cytotoxicity in cultured cells.

C. elegans paralysis assay

Based on our in vitro and cell culture results, we
next evaluated the in vivo effects of GAS as an anti-Ap
agent using Caenorhabditis elegans as a model
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organism. The transgenic C. elegans strain CL4176 has
been widely used to study and develop AD drugs as
Ap1-42 expression can be induced in the body wall
muscles of larval worms via changes in
environmental temperature (from the permission
temperature of 16°C to the non-permission
temperature of 25°C). This higher temperature
inactivates the smg-1 system, allowing translation of
the stabilized transgene mRNA for human Af and the
subsequent development of rapid and progressive
paralysis. As shown in Figure 5, the untreated control
worms were almost completely paralyzed within 54 h
after the temperature was increased, while treatment
with GAS and NIR laser irradiation postponed
paralysis to approximately 62 h. Notably, worms
incubated with GAS but not administered NIR laser
irradiation did not have any delay in paralysis.
Moreover, the peak period of paralysis was 46~48 h (n
= 14) for the control group and 50~52 hours (n =11) in
the GAS and NIR laser irradiation-treated group. To
further observe these effects, videos were taken of the
CL4176 worms (beginning at 46 h post-temperature
change) in the presence or absence of GAS and NIR
laser irradiation. In the untreated control group, most
of the nematodes were inactive with rigid bodies
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Figure 4. AB-induced toxicity inhibited by GAS in vitro and in cultured cells. (A) Decrease of AB-mediated peroxidase activity by GAS as monitored the increase of the 420nm
absorption intensity after 1200 seconds for different heme-AB complex inhibitors; Effect of different concentrations of APH, scFv and GAS on the cytotoxicity of AR monomers
(B), oligomers (C) and fibrils (D). The concentration of scFv equal to the equivalent of GAS was 75 pyg mL-! (1), 150 pg mL-! (2) and 300 pg mL-! (3), the concentration of APH
equal to the equivalent of GAS was 37.5 pg mL-' (4), 75 ug mL-! (5) and 150 pug mL! (6), and the concentration of GAS was 125 ug mL-! (7), 250 pg mL-' (8) and 500 pg mL-! (9).

The cytotoxic effect on SYHY5 cells was examined by MTT assay.
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Figure 5. The effect of GAS upon NIR laser irradiation on the life span of transgenic strain CL4176. The number of nematodes paralyzed every two hours was fitted by normal
distribution curves to indicate the peak period of paralysis. Kaplan-Meier survival curves of the transgenic strain CL4176 treated without (red) or with 500 pg mL-' GAS upon

(blue) or not upon (green) NIR laser irradiation.

classified as “J” type, only moving their heads or not
moving at all when gently touched (Video 1 and 2).
However, in the experimental GAS/NIR-treated
group, the nematodes were still active and would
rapidly wriggle when gently touched, being classified
as “C” type in the static state (Video 3 and 4). These
data demonstrate that GAS plus NIR irradiation
effectively extends the life span of C. elegans by
reducing AP-mediated toxicity and can be used as
both a treatment and a preventive agent.

Conclusion

The complicated pathogenesis of AD indicates
that it requires comprehensive theranostic therapy
with multifunctional agents. Based on this, we
designed and synthesized the GAS complex as a novel
smart anti-Ap agent, which not only detects AP
aggregates rapidly, but also efficiently disaggregates
AP aggregates and inhibits AP mediated toxicity with
NIR photothermal treatment. Our design integrates
the unique NIR absorbance properties of GNRs with
the efficient and stable A} degrading ability of APH
and the inhibitory as well as A targeting effects of
scFv. The photothermal effect of the GNRs was also
utilized to not only dissociate AP deposits but also to
enhance thermozyme activity. This heating mode
protects the thermozyme from non-specific
degradation by other peptides better than standard
heating via water bath. Immobilization of APH and
the scFv also increases their stability and confers

resistance to protease-mediated hydrolysis. With
regards to treatment, our GAS has smart synergistic
effects and degrades AP monomers, inhibits AP
accumulation, and disaggregates AQ fibrils in
addition to reducing Ap-mediated peroxidase
activity. Importantly, this reduction in Ap-induced
cytotoxicity was observed both in vitro and in cultured
cells. GAS with NIR irradiation also appears to be an
effective preventive AD drug in a C. elegans AD
model. To our knowledge, this is the first study to
integrate these three agents (APH, scFv, and GNRs) in
one system for AD therapy. Taken together, our
results provide new insight into the design of
multifunctional protein-GNR conjugation systems for
AD treatment.
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