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n7 70 EER DNA “EHEHNEH MR AT DK I E DBt o /{72 Bk (7 —r o 7)) ick
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BRNESL, HIRBREEEREZENR T 5. —F, KEN Fig.L DNA F / KL 745 Bilele 5517 5, %
AR 1E (A-C, T-T72L) O DNA T K7 TIE, 7 gk s lo i e L 7= 45 5 7 40 ﬁ&égﬁ
L‘;/rz“/ﬁﬁf“ DKRE T THRLFDOERITFESH T, &
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Fig.3 |2/ &89, Azo-DNA-GNP DOF B I TFE#fRY7e d=15nm  ATGCGGTGGTCGAGAXT-5’

(X: Az unit)

L RHEIE D R RS TUWVA. Azo-DNA-GNP 1%, (KA1

AR IO, WA ORI ) 4 Tl Fig:3 Azo-DNA-GNP GEAH.

HD 520 nm AT KA R Sy — T RS TR @ g Jistight
B — IS, TWIRITREEELE. —7, 05 (350nm) @“sonm
M L o> NaCl 4647 F I, 580 nm AHTIHiAZ T l l l
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A BREEEH T TR T DNA /K4
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T BT DU —T IR T TR BRI Fig 4 (6) AZo-DNA-GNP 5 B A
(Fig4(b), ARfR). ==L, ”"“571‘715%7%* ZEoT  zfnZk. (b) Az-DNA-GNP 4 ﬁﬂz«ﬁw) uv

AZ0-DNA-GNP ZSBHEIRIEN S BORIE~EER LIz 2757 M G« SAERA %, % TR

EEEWT D, SbIT, /\Eﬁw:ﬁ‘% AZO-DNA-GNP (= CHATER).

450 nm O R[FSEEFREL Azo FIALOD cis-trans AL ZFBE LI2EZA, R4 ITRIRO B EER B~
ZHEL (FigA@), 47), 600 BV H4ICITE 7T AE L E— 1% 580 nm 3T ~7 L— 7 hL7= (Fig4(b),
HiR) . ZOZElE, Az-DNA-GNP DR UEHEIRIE~R-7- 222 BEW T 5. Lot Lo w
{72 Azo-DNA-GNP O3 & — iR B A1, B HEL (DLS) B 1285, DNA /KL F4E A0
A RN E DS HERT D LN TR, Fho, ZOHEA — T AT, 5 A2/ LLERERDIRL
FHHTHILNARETHY, SR S LB M LA R F o AT AL L TH R THHIEN
IRSHT.

[51F3CHR] [1] Ambjornsson, T.; Banik, S. K.; Krichevsky, O.; Metzler, R. Biophysical J. 2007, 92, 2674. [2] (a)
& ILEA - AT EGR, NT T VT s 2014, 32, 95. (b) Kanayama, N.; Takarada, T.; Maeda, M. Chem.
Commun. 2011, 47, 2077. [3] Kanayama, N.; Takarada, T.; Fujita, M.; Maeda, M. Chem. Eur. J. 2013, 9, 10794. [4]
Asanuma H.; Liang X.; Nishioka H.; Matsunaga D.; Liu M.; Komiyama, M. Nat. Protoc. 2007, 2, 203.



K EX S THE SN HDNAEEiE&T /b4 ) I~—0
RLF I EERE AL

BRI b, AAAR Y, EEMECY, AR

PR -« BTN A A ToEiFgess b, sOntsplk - B 2

&JET R OBIBEAERIT, L LIk 0L 7 ke & R & S B 2 MBREZ2 R T720
Bt LIS H O 2> HEOAFF 2 TV A [1], BIBEEAROERER GED 1 >E LT, ngg
$4 (ss) DNAZEmIZHEF L7=4F /kiF (DNA-GNP) % . §§Hl L 72 %ssDNA & —EHEHEK <
HLHERD D2, T OMICESIRDRL - HIFEBEIXEFUDNAD T ALY THh & L OBUE S 4L
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PEDBNHIENC S 72285, AWFFETIE. $7DNAIZDNA-GNPZ 2 R I AL E L 7= 5% B — ko
RIS R 2 FRL U | M FJEEE C RN ST FRAEREEE[3] 2 FIHT U ORL - [HIERRE A4 mT A 12
M9 D Z &2l AT[4],

FERIDNA (20055 25) (KI5 nmO GNP A % [HFRIZ3DELE L THUBE AR 2 1FR L 7= (Scheme
1, 7., FRDNAICHEES T 720D —AKEH (ss) DNA (7> /7—DNA, 35#%) ZGNP1-oH
72015 T2 EE L7z [5], WRIZ, M2 #H dssDNA (164555) #GNP 1 o5 7= 0 EHEn 1 (OF
#J545 ) [E & L T[3]. ssDNA-GNPE / ~— %157, >3 .05 x TBE/Y v 7 7 — (75 mM NaCl,
pH 8.3) H THHDNA L ssDNA-GNPE / v —%iBRA L, FIRCTLHEE Lz, Ak sd T e —
ATVESKIKE) (3% Hu—2A, 100V, 4557, 4C) THEEERL T, HAYL 9 5ssDNA-GNP
MY~ —%1G7, MEERN TR FOIFEEELFHEI T L7201, ssDNA-GNP | U ~—|Z16
WO (H2DWVITREI A~ v FHH) 2 A 7 U A XS TR 72K 0 O IEZ 1 DNA
Z T HEH (ds) & L. 10 mM MgCl,% il x TR CTL1040 I E Uiz, A& RPN ok 1 FEEE X
HAEE 2 IV 72eryoEM - (JEM 2100F HC-STEM) BZRTHE OB A b & ICHH LT,

For DNA template Non-crosslinking shrinkage induced by 10 mM MgCl,
(1 strand of 35 nt DNA] GNP bindin q sites (16 n f)
\/ZI 5‘*3 (16 nt)
/ ént T-spacer(51-nt) Full-match
1. 200-nt DNA temflate
,\ 2. Agarose gel isolation
u i f-u

Terminal

For non-cresslinking shrinkage ssDNA GNP trimer mismatch

(5 strands of 16-nt DNA)
GNP: 5 nm diameter dsDNA-GNP trimer

Scheme 1. Preparation of dSDNA-GNP trimers and their structural changes.
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V=D NI Rbrolz, ZHUIxtL
T, BHEEZ AT 5 ssDNA-GNP (&A1) Ti.
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WIZ., ssDNA-GNP |k U ~— @ BigEhi 1 THLE
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& L7222 o 70 & BRE RS S C cryoEM #8142
EAT 7R o 7=, MRS 2 N 2 THERL L 72 dsSDNA-GNP
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(Figure 2a) . KX A~ v F #3261 + 82 nm
(Figure 2b) L7020 | K I A~ v F % b OffEK
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Figure 1. Agarose gel electrophoresis of the
sSDNA-GNP  trimer  constructed from  the
ssDNA-GNP monomers having the truncated 16-nt
anchor DNA and the 200-nt template DNA.
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Figure 2. Interparticle distance distributions of the
sSDNA-GNP trimer constructed using 200-nt
template DNA. (a) With the complementary DNA in
the presence of 10 mM MgCl,. (b) With the
single-base-substituted DNA in the presence of 10
mM MgCl,.
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ZHWTY b7 v b PAS0 Ea AR L7Z[7], 28l LTOTAF v X7 LAY R=0 v
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— WIS OEIA )N 40%LL T DA 1T, 0.5 M NaCl H77 T THUE AR BEENE U T, 5 TIRIRD B
MIRINDHFRIZE L LT (K2) . ZHUCK LT, —HAEEHOEIE N 60%LL i/ & ki1

Fraying

Aggregation Dispersion



ISEORIE 2 R DI R 2 R L, ZhuE, —
R R SR O RSN 60%LL ECTHIUE S e

BGE R CHIITE 52 EARLTING, oW MTIGIAGGOTICX=2' X =noneorT
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Spontaneous Shrinkage of DNA-Functionalized Gold Nanoparticle Oligomers
with Surface Plasmon Resonance Shifts
Guoging Wang, Yoshitsugu Akiyama, Tohru Takarada, and Mizuo Maeda

Bioengineering Laboratory, RIKEN

Gold nanoparticles (GNPs) have widely been used as stimuli-responsive colorimetric reporters based
upon their localized surface plasmon resonance.! Polyvalent single-stranded DNA-GNP conjugates
(SSDNA-GNPs) further afford fast and selective recognition, with additional benefits of reliability and
chemical stability in solution. Double-stranded (ds) DNA-GNPs obtained by hybridizing complementary
sSDNA strands to sSDNA-GNPs undergo a dramatic reduction in their colloidal stability against ionic
strength to aggregate in a non-crosslinking manner. In sharp contrast, dSSDNA-GNPs obtained by hybridizing
terminal-mismatch ssDNA strands to the ssSDNA-GNPs can keep dispersed even at high salt concentration.?
To date, the finding of non-crosslinking aggregation has enabled a number of applications in fields ranging
from gene diagnostics® to logic gates.* However, precise control of the spontaneous aggregation of
dsDNA-GNPs has remained to be challenged. In the present study, we prepared dsSDNA-GNP oligomers
with a different particle size using sSDNA-GNPs and an ssDNA template to show that the oligomers
underwent a decrease in interparticle distance with regard to structural shrinkage at increased ionic strength.
This work could lead to controllable structural change of GNP assemblies for developing various
nano-devices, including switch, motor, and sensor.

a ¢ : b) .| — 15 nm DNA-GNP
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Figure 1. a) Schematic illustration of ssDNA-templated formation of SSDNA-GNP dimers and trimers. Representative
TEM images of ssSDNA-GNP (15 nm) dimer and trimer are also shown. b) Hydrodynamic diameter distribution of the
SSDNA—GNP (15 nm) monomer, dimer, and trimer.

In our experiments, GNPs of 5 nm, 10 nm, 15 nm, and 20 nm in diameter were used to construct
dsDNA-GNP oligomers. A 35-nucleotide (nt) ssSDNA was firstly mono-conjugated to the surface of GNPs
(Figure 1a). A number of 16-nt ssSDNAs were then attached to the GNP surface to give a high-density
coverage. After hybridization with an sSDNA template containing three binding sites, trimers (and dimers as
by-products) were produced and purified by agarose gel electrophoresis. Transmission electron microscopy
(TEM) was used to confirm the formation of dimer and trimer structures (Figure 1a). Dynamic light
scattering (DLS) measurements revealed that a hydrodynamic diameter of the sSSDNA-GNP monomer, dimer,
and trimer increased monotonously (Figure 1b).



To demonstrate the non-crosslinking shrinkage of discrete dSDNA-GNP assemblies, a ASDNA-GNP (15
nm) dimer with a long ssDNA spacer (184 nt) was newly prepared and used as the model (Figure 2a). The
dimer structure was confirmed with TEM observation. We found that the dimer in solution exhibited a
plasmon resonance band centered at 522 nm. After hybridization with a full-match sequence, the plasmonic
peak was red-shifted to 526 nm in the presence of 350 mM NaCl (Figure 2b, left). In contrast, no plasmonic
peak shift was induced by hybridization with a terminal-mismatch sequence under the same conditions
(Figure 2b, right). This result agreed well with their high colloidal stability.? Since DLS measurements
revealed that no aggregation took place among the different full-match dSDNA-GNP dimers, we concluded
that the observed red shift was due to the spontaneous shrinkage of the discrete dSSDNA—GNP dimer.
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Figure 2. a) Diagram of the spontaneous shrinkage of dsSDNA-GNP dimer that is accompanied with plasmonic shift. Insert
numbers indicate the corresponding plasmonic peak positions. b) Salt-induced (left) and terminal base paring-induced
(right) red shift of the plasmonic peak for the dsDNA—GNP dimer.

In conclusion, ssSDNA-GNP dimers and trimers with different particle sizes ranging from 5 nm to 20 nm
were successfully produced through hybridization between ssDNA-GNPs and ssDNA templates. With a
dimer having a 184-nt ssDNA spacer, we demonstrated the non-crosslinking shrinkage of the discrete
dsDNA-GNP dimer in solution by monitoring a plasmon resonance peak shift. Simulations will be carried
out in the near future to compare with the present experimental results.
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Ultrasensitive dark field microscopic detection of amyloid aggregates using
antibody-modified gold nanoparticles
Tong Bu, Tamotsu Zako, Mizuo Maeda

Bioengineering Laboratory, RIKEN

Protein aggregation, and amyloid formation in particular, has recently attracted considerable interest,
because the associated processes are likely to be the key issues in the pathology of more than 50 types of
diseases, including Alzheimer’s disease (AD). These amyloids are cytotoxic, and their physiological
presence and tissue deposition are associated with neurodegenerative diseases, such as AD and other types of
amyloidosis. The extracellular and intracellular aggregates of Amyloid-f3 peptides (AP), including soluble
oligomers, protofibrils, and mature amyloid fibrils, are considered to be the main cause for AD. Thus, the
detection of these aggregates is of great importance for the early recognition of AD.

Previously we developed a rapid and simple method for detecting AP aggregates using AP
antibody-conjugated gold nanoparticles (AuNPs) (Fig. 1a) [1]. AuNPs have attracted great attention due to
their advantageous properties, including stability, activity, and surface chemistry. For example, the
aggregation of AuNPs accompanied by a surface plasmon shift can be recognized by a pronounced colour
change (from red to purple or to transparent), enabling their potential applications as sensors for DNA, heavy
metal ions and protein. For the detection of AB, AP antibody was conjugated onto the surface of AuNPs. The
formation of AuNP precipitates by AP aggregates could be confirmed by the naked eye within 1 h with LOD
of about 5 uM.

We also previously demonstrated that 100 fM of DNA could be detected by analyzing DNA-induced
AuNP aggregates at the single particle level using dark field microscopy (DFM), which can detect scattered
light from individual single metal nanostructures [2]. The sensitivity was much better than that obtained with
conventional methods such as colour change, UV-VIS spectroscopy and DLS. In this work, in aim to achieve
higher sensitivity of AP aggregates detection, DFM was also employed to detect the AP aggregates-induced
AuNPs assembly.

For the detection of AP, AP antibody was conjugated onto the surface of AuNPs (Ab-AuNP). Different
concentration (from 0 to 5 pM) of AP monomer and fibrils were incubated with Ab-AuNP for 1 h. 6 pL of
the incubated samples were deposited onto glass slides and covered with cover glass. Ab-AuNPs were
identified as bright orange-colored spots in DFM images and the scattered light intensity of each spot was
quantified. The ratio of aggregates at each AP aggregates concentration was estimated to calculate the LOD.
The LOD was evaluated by the 3o criterion method, where o denotes the standard deviation of
zero-concentration background data (n=6).

DFM images of Ab-AuNP with addition of 5 uM AP monomer and fibril were shown in Figure 1b.
AuNP sample incubated with A fibrils showed much brighter spots, while AuNP sample with the monomer
does not show significant difference with AuNP only sample. The Size of AuNP aggregates was estimated
by the intensity of each spots in DFM images. Figure lc shows intensity histograms of dispersed and

aggregated AuNPs induced by addition of various amount of A fibrils. Larger aggregates were observed



when an increased amount of A fibrils was added. As shown in Figure 1d, the ratio of aggregates increased
at higher concentrations of the AP fibrils, and LOD was determined to be as low as 40 pM, which was much
better than the previous sensitivity with naked eye observation (5 uM).

In conclusion, we demonstrated that DFM could be utilized to detect the AP aggregates at the
single-particle level. The detection sensitivity reached as low as pM level [3]. This study further proved the

potential application of DFM in the analytical methods based on AuNP aggregations.
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Fig.1 (a), Amyloid aggregates detection system using antibody-conjugated gold nanoparticles
(AuNPs). In the presence of AB aggregates such as fibrils, AuNPs could produce precipitates via the
interactions between AB aggregates and AB antibody on the surface of AuNPs, while no change in
the color of AuNPs solution was observed in the presence of AB monomers (b), DFM images of
AuNPs incubated with AB monomer (left), AB fibrils (middle). DFM image of AuNPs only sample
was shown as a control (right). The scale bar=20 pm. (c), Intensity histogram of AuNPs aggregates
observed by DFM caused by adding different concentration of AB fibrils. (d), Ratio of aggregated

AuNPs at various AB fibrils concentrations.
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Adsorption and separation of amyloid beta aggregates using nanomagnets
coated with charged polymer brushes
Tamotsu Zako', Bu Tongl, Martin Zeltner?, Wendelin Stark®, Mizuo Maeda'

Bioengineering Laboratory, RIKEN', Institute for Chemical and Bioengineering, ETH Zurich®

Amyloid beta (AP) protein is a 39- to 43-amino acid polypeptide that is the primary constituent of senile
plaques and cerebrovascular deposits in Alzheimer’s disease (AD). This amphiphilic peptide spontaneously
forms fibrillar aggregates in aqueous solutions at or below the physiological pH. These AP fibrils are
cytotoxic, and their physiological presence and tissue deposition are associated with AD. Recent studies also
indicated that soluble oligomeric AP aggregates are more toxic and cause AD.

By virtue of their unique physical and structural properties, nanoparticles (NPs) are increasingly
suggested for the adsorption and extraction of complex compounds in biomedicine, though there is limited
understanding of the relationship between the physicochemical properties of nanomaterial and its interaction
with target biological molecules. Magnetic NPs have attracted much attention for application as rapid
separation agents to purify or remove target compounds [1]. However, not much attention has been paid to
the application of NPs for the removal of toxic proteins such as AP aggregates, including oligomers and
fibrils.

In this study, strongly magnetic NPs were functionalized with poly [3-(methacryloyl amino) propyl]
trimethylammonium chloride (polyMAPTAC) and employed for adsorption and separation of AP aggregates.
C/Co@polyMAPTAC particles are ferromagnetic carbon-coated cobalt NPs functionalized with a highly
charged polymer that is prepared via surface-initiated atom-transfer radical polymerization [2]. Since these
particles show unprecedented stability in buffer solutions because of the positively charged polymer
immobilized on the surface, we anticipated that they could capture negatively charged AP aggregates.

The adsorption and separation of the AP fibrils by C/Co@polyMAPTAC was examined by detecting
the amount of AP sample in the supernatant by dot blot assay using anti-Af (Fig. la) after magnetic
separation of the particles. The AP sample solutions (monomers or fibrils) were incubated with 50 pg/mL
particles. After collecting the NPs using the magnet, the supernatant was applied to the nitrocellulose
membranes for dot blot assay. As shown in Fig. 1b, no fibrils were left in the supernatant, indicating that the
particles could successfully adsorb and separate AP fibrils. Interestingly, the amount of A monomers did
not decrease after they were mixed with the particles, suggesting selective binding of C/Co@polyMAPTAC
to the fibrils.

Recent studies revealed that AP oligomers are considered to cause AD, and hence it is important to
remove AP oligomers. Characterization of AP oligomer adsorption was carried out by native-PAGE/Western
blot method because the prepared soluble oligomer was actually a mixture of monomers, oligomers and a
small amount of fibrils. As shown in Fig. 2a, soluble oligomers were clearly removed by incubation with
C/Co@polyMAPTAC, while the monomer was left in the supernatant. It is notable that fibrils, which were
observed at the well of the gel, were also removed, supporting the previous result (Fig. 1). These results
indicate that oligomer and fibril could be selectively extracted by the particles. TEM observation also

supported the association of particles with the AB oligomers (Fig. 2b).



In this study, strongly magnetic carbon-coated cobalt NPs that were functionalized with positively
charged polymers were employed to capture AP aggregates. We anticipated that the charge interaction
between the particles and the negatively charged AP aggregates is important. To confirm this idea, fibril
adsorption in the presence of salt was examined. Various amounts of NaCl (200, 500 and 750 mM) were
added to the reaction buffer, and the amount of unbound A fibrils in the supernatant was estimated (Fig. 3).
As shown in the figure, the binding of C/Co@polyMAPTAC to the AP fibrils decreased in the presence of
higher concentrations of salt, confirming that electrostatic interaction is important for adsorption.

In conclusion, we demonstrated the use of strongly magnetic few-layer graphene-coated cobalt NPs
functionalized with a charged polymer, polyMAPTAC, for the adsorption and extraction of toxic AP
aggregates, including fibrils and oligomers. Interestingly, the AP monomer was not captured by
C/Co@polyMAPTAC, suggesting that binding of the particles to the A molecules is toxic species-selective.
We also showed that the particles reduce the cytotoxicity of the AP aggregate solutions. This study should be
useful the further exploring the application of NP adsorption in mediating A toxicity.
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Fig.1 (a) Adsorption and separation of AB aggregates

Fig.2 (a) Native PAGE/Western blot analysis of
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