(14 ) E#% Vol.81, No.5 (2011)

e L MEEICHE T 2MELRE, K6
WRY. 9FLE OZ#EREN, [HEOMHE -
FREIEPT 0] EEZTVWE LI, Wk
LERE Do TESML, BURMEEIE O
TWABILITRENT. T, ZHEEH, LI,
RIIWRTIAAYIPESATVS.

@ FEIEE

ER - EBICBT 2 EEE H B0 ER
R, M3, M4cF2hZPhuRry. ohig, #
HZ L IZZ@MROBMEERZEOFHEL H
L72bDThs. #EF - EHLDIL, ZTHELH
FORBIIBWTHBEISMELTWS L
2, DENZIEIROIRICO Lo T b,
Z T, EEE, [ =2EZ#Ea
HEE| L LTEHRLTWS., ZBEXREARD
&, WMY45F, EFICL A 0BNHERED
KEW,

BRICBU2MBATORERE, K5I1IR
. I, BREZLICEEELBEOTY S
(100 Hifi ) #RL72bDTHhs. £RHIC
B TIERRON EATRE N,

&9

EiRRE

2] =3
#EB SaA | 2 ZIEIE | TibE
eyl 2.11 3.02 0.99 +43%
SFHREYS 1.90 2.72 0.83 +44%
Rilemy 1.96 2.84 0.87 +44%
RE2ZEHS 1.82 2.79 0.97 +53%
SEAEE 1.78 2.70 0.92 +52%
B 1.93 2.84 0.91 +47%
HEhhtE 1.85 2.72 0.87 +47%
EHHHE 1.82 2.71 0.88 +49%
HlTE 1.60 2.61 1.0 +63%
EE#EE 2.04 2.63 0.59 +29%
FeBR—Z 1.97 2.68 0.70 +36%
$2alb—iay 2.08 2.72 0.64 +30%
ERBSTIRER 1.66 2.47 0.81 +49%
ERETISHS 1.80 2.66 0.86 +48%
AESEKTY 1.89 2.72 0.84 +45%

H 3 EREECFHmORERR BHR)

e pilakay el

@y
[ wzmw  --zme |

. BREEE .
STEDE 1.86 3.07 1.20 +65%
filink ke 1.80 2.98 1.18 +65%
£myp 1.71 2.95 1.25 +73%
f2EE 1.91 3.09 1.18 +62%
EEEHTH 1.82 3.02 1.20 +66%
X 4 BEfRERCTHEORAERR B8)
£
0

[ ==mn  -—~zme |

£E FEI R

=
Sl | S ZFiEE | FeE
EX/ED 46.4 771 30.8 +66%
STHREDE 36.0 77.3 412 +114%
s Ey 51.1 78.6 27.8 +54%
AHZHE 48.6 84.1 35.6 +73%
N ARE 34.7 65.8 30.9 +89%
Eff2HE 35.3 71.8 3634 +103%
S 32.7 77.3 447 +137%
EEHHE 50.6 74.2 23.6 +47%
I 32. 81.7 4971  +155%
ER#EtY 24.0 61.9 374  +157%
T—BRA—2R 25.0 61.4 36.4 +146%
L3alb—Yay 29.4 71.8 42d +141%
EfRBBRTEEE 25.4 70.1 447 +176%
EREA GRS 33.2 77.0 434 +132%
HEehk 36.1 73.9 37.4 +104%
5 AIRFAERER
B THERE

FEAOEHIRRICE T 2HEERE, K6
IR, FBEEICR 2%, BICEBITRY
SRHE LT, BElEERZRITLEIRE
v, ¥, BEANLEREREMNEL LT, &8
IR ZEEDAAY FIESRTVE, 2D
FAEICI ST, AV F2500ZHLBLI2—

- 364 —



E#% Vol.81, No.5 (2011)

f7EREy
HRE|EEE
MR |
ﬁ%i%i%?Q
EBEPRE
SFHENE
HMiatmEERE |
2T |
Eas |
peny T
Ei& 2 e
£HIY 4.8%
27 pal 4.8%
fifaT = 4.8%
B 4.8%
g 22l —ay 4.8%
e 4.8%
0% 10% 20% 30% 40% 50%

EELE EHREE, N=21)

H 6 BEEARRICETIHEERR
&8 EHERAKRICEISIRBEEDIAVL

(%I =3>1=34)
- EEREOEFIREE A - O BRI RN o7
- EEDPPOEMOERFE BRI RIS SR B LA S EMREE, $5ICERRICEET S

EAGEgTER

.« To—PERERHEASE, CT R¥Fvi® MR OBIRMREERLY 5 L TR [T, BRAT 5

HBRIH T SRREDELIEE Y 5 R O HBER.

- BEERHORNT —LISELTOAA, BBOIMML EHOWELERYTH LT, 579k

BHEOME BRAOESCBRESENNTET ST E TR ok

+ IHREODEZSNLEHILT, EFSH~ORELIALL.
© HEEBETIEOFEOFENVERL. BICAYEIEEIC L OPREFOBN TS, EfH

BOBROHRIEET SRFOHAYEBLI-.

< HNTO/NFATH/OO—TBET BT —F T TN —T CHIRICBU S S HEER.
- ERREHVRATLAORR BEERELTRY, 12—V —0ORFREEERTSIFHITLE

t=

(X DAEDER)
- dE EROERBIEIGEENEL TSMULI-OT, EEMNISEBORICIHfC 3.
- BERELTIE, FHThL. TIRS BKAUEWS, RBRESNT TS5 LOEHEMNSEIRNMEERRFL

TLVELN

EDOTHEALTHER SN, THEIZIORPEH

(15)

EERT, —EOTHESFIIDIDOLRNF->TW

BRESHEL PR o7z,

@ FHIDFE L5

U EOFREIZX o C, LEERETE - AR
BB BEEHER, BIY, ZEREEDE
LBEHSRI o, T, AVF2TL0D%

B EFHELPIT R ol SHEOMBN 7B
R, SOLRAUTXLTELFEIRENVI &P
53, HEANDDOHHEE VAT ANDHRE
PRI 272, ;Y biF, REDEEMIZEBW
T, FEZ2 30 E LEEICL A8

— 365 —



(16 ) E#¥ Vol.81, No.5 (2011)

ZEORBRED, DY F 2T ARBEMTILIAE
& LTREE AN

2) AUF 15 LOBHEREOER

O SREATHERD T 1+ — RI\w o
ULEOEMATHLNIZAMAEZ 74— KN
v 2 LT, %2 REDEEMOBRESB %
ol EEEEOWTIE, 81 Hoh &k
L, E28icBnTd, EB - EF2HHEL
TEZDORIR L % 2HEYEREBRRZOERELE
HMIZBZ ). #RFBIZOWTIE, BEE%
BE 2T, EERECHREZONET 2 TEL
®%. ¥72, ESTEEM OEIRF%E" k- T
EROBEANHE LN o7z, EREH - ER
BeETHSICRT 2B BT 5. BRFEIC
DWTIE, KFEOZHEZVHETLEH Ty
I AOBED E#ET 5. T2, BELLO
SMEPLEZ HEOLEMICHLZ 0, H
PR DML T 5.

@HEBERE

HEHEIZ, RDOLBYREL.

- EEHEOERIIBNT, % FRICH
720 T BHESABHTEIC LT, £ -

B  EIZEOEBEEEZzB I 2w, BHEL
ZHEEZARTELAMZAIY .

- IR S B AL, BROEBEIGITBWT,
Ehf - EEREEE L WNERN— - LT
R TEOFMBAR - FRICH5.
BRI TR, AW - BE BT
FOEZHFOLYy R A%, TEEKOE
xR THEZ, %R BROBENRED
HEEL 5.

2P ZEEEPEL, EB - EFLEL, BER
WCEMT SN e Far oS 2 BT
@B & 7 &

P EIE, ROBREEERETLZIEEL
7.

¥ i

HfE 420, £H 18 (5H) MR

&3 L BALKZTEEAN iEh)

ER . BES0HEE

- HiRER

HA 4100, H1HBE rRYT A

R 2k EH)
&8 AR Y ¥ — (REH)

&9 552 H REDEEM OFIEERK

R%

MES4

av#

ER

HEpgEyE

&

STHEREYF

HptEy

NSRBI

HRERES

A

S

EgE

ETS0O8HE

ST

Eal—iavETR

R

EfuEH:
ERmBTE

BERuAH Sk

— N | == NN w5

ERpRR TSR

TR REAIYVR

DFEYERER

SREYIFEER

HIEFERER

[= 20 I L A~ I > T

fasFsE

3. SUARUTL

(REHDETET—)

L1

41

20

— 366 —



ER . FE50REE

‘£ H

HAE 420, £B 18 (5H) B

K FHIKFEREHAN (&)

EH : £H18%

OF>N=k- §54
EEDHIY)OR ERERE, RIIWCRT. AV
Fagal, HEHREGEMIa~, £HAF20
WLV EBRL, F1EOY Y EVILIZ, #
‘3awHpLRAZTI L ERZ BT
BEDTOILEL L HUBEHE, BXU, &
BIH U TEHTE 5BFBH THIKT 5.

4. % R

COHENBEBOLDDOAY) ¥25 413,
ARG E BT RFEREE L IIR LY, EB
RDT-ODEMa— A LBMIT TS, EE
RipEhosML-ZEE0R KB L-£F
M7ar 52X BBHRIE, KAVF2700
¥ 12oThHb. % ARG EORBETH
P2 T B LI & M7 A, EBD
LEEMENS Z L, RRMIIH LB
R EETHIODOANV LD LE
ZAbhA., 20L& ~HEIrN-HEE Y
AT LANDEE, B by, EILEESETFICHE
LTid, BERTREIRWEYZPLEZLH
HoOZEEBEW KD LN TS,

AR TR ENIz & 512, REDEEM O%i#
ZOWREXIFEEICEH . 72, ESTEEMIZ
BUTHRAKROEEFTELEESBLALTK
20, BESEZRRELTVILELS S L
I, SBROBRE/PEZINELIATH
b, I, EEEBILIZEREISD, BE
DREERRTEIA LR, TROLDER
PRETLHE, ELZOBFREI VX 2540
FBEIIKREL, EEROFERBLAA) 2
I LAEREB L UEERSORMI, SHEE4,
BELLZoTLBbDEEZLNS.

S, INOLOFEIENIEELELTHELTX
7=, #BEH ) ¥ 25 AREDEEM & Hfih Y *
25 A ESTEEM %, R CHEE 3704
SNFEEEFI—RE LTEHTHI L, kD
A7y e LTINS, T2, DEIZHAN

Ei%% Vol.81, No.5 (2011) (17)

T&7: [HEANZNRE LI2ELEDAMER
Bl L) ELZLZEMIIMAT, TBRTZ0D
EEAMZHEBE] ~RBETHTREEET
5. AMBROMMAZ PRI, ETHICH
THEFZAMERBA L LT, BEEEEOH
72 - HEWRH, KFEEUOEMELE, %Kik
BIELY MADERER 2 L&, BETEAM Y b
7 — 7 #HBET AN T (HUB) & LToOHRE
AREREINS., INETOHYHAAIIBWT,
REDEEM %#% ¥ # h.l»& L7z, [REDEEM %
EmE] LV LBHBSRESATWVS. Zh
FTIR, YYRYTAOBRBIZEUIEHICH
FEINTWAEY, SHOBEILRISEEHI) &
BHEICEZLNS.

DEDXH, HBadbsh)xasrihi
ELT, ABEFOVRMET AR, 72, B
ER L KEIHENCEREREEOH A 2
AT s, BEE Y AT AORMiiE &
0, SHOBROFMEL %50 TE RV
LEZLNS.

5./

B LTIX, bHPEOEREBEREEZ L) 4
SNEREEEENRE L7, ELEAN) X2
7 2 REDEEM OBA% - %H - FMHi# & LT,
FOEBEEFHBIZOVWTRLE. FLT, Wi
MREI74A—FNy 7 LTCHBERLE2H
REDEEM &, BHE VAT LAONREEIZD
Wk, ‘

ZDEFMEICBVTHLPII R 57201,
EBW - KB FZERINOFTEOEITH
5. )by, KAVF 2T ATEENRE L
7z, EEBREEZEOHASABMEOEHE ICH
LT, EERTIEN VAR - BEROK
BREBERRICT AHESFEFIIRE V., EE
WCF BT EERN - KBRNFEFIX, Tursg
AT AEELRERERY, 48, 3F
LT REIESHENO=— AR5 DTIE R
WwWptEzZ o5,

OWTiE, 20X BZAMEBERTTS I L0
LEW INL-BHE - IEEICL - T, bE
DEHFBBEEDRBEIEE IR TN bDE
HfEshs, Swme LT, BEREEBEELHEY

— 367 —



(18 ) E#% Vol.81, No.5 (2011)

AN EFENRE LEETREICBIT 5
BEHEVAT A, SBROBEBSEECETL
ZORBIZE o THEIMED D AEEATH
HLEZOLNS.

B, FR22EERE, ARTRALESE
2 ¥iREDEEM Tz, Kk, ZHEEOZITAR
BB hbhTwb, BLEBRLOHFIZ, ¥
= 7H A b (http//www.redeem.jp/) TT7T
7R ENT,

I
EIFFEOMREICH 2, EFEL YBHEEY
TEEREB I UHEmOXAT, 7, THE
CLLTEERTERZHVW ERFIC, L&
VRFOBEERLIY. T2, ABHEORST
WZHy, XHREEOZBEZTHE T L.
CCWELHALBE L LT E Y.

X #

1) BEREEMEHR.
http://www8.cao.go.jp/cstp/index.html
(BH8 2010).

2) XEMFEETU—NVCOETUY T A, “Fiit
FAHFROREERICELSF ) BTHERA.
http://www.nanobme.org/ (& 2007).

3) RALRFEKRZBLE TEM5ER
http://www.bme.tohoku.acjp/ (8 2008).

4) IO BERITE - TR L 2EROHER -
INFEE S ETICER L C. BARBRESARE. 2006,
Vol. 109, No. 1,047, p. 85.

5) WO, IWEEH N A2V =) v I
B BROMSE #EE). 2010, Vol 62, No. 1,
p. 169-174.

6) BRBEEENA T AMBER Y AT ARBEE
"BRLEDOHEEHAMOFR.
http://www.redeem.jp/hl4bio/ (ZHE 2003).

7) AR FEMIREREE - HESFA

8)

9)

10)

11)

12)

13)

14)

15)

— 368 —

MER “BRIEZMERR D720 OHFHE
VAT A",
http://www.redeem.jp/ (Zf8 2004).
EEEFEELEERETEAMTRESE.
“KREREREEEETEAMBTRO7-ONDE
BRREE VAT A
http://www.redeem-esteem.jp/ (Z:F8 2006).
INEPEAE, IAREEH, BILETFITH. RILKRZEIC
B1F 5 [ERIFEEMERR D720 OBHE
VAT 5] OEEK THEHEE. 2008, Vol. 56, No.
6, p. 125-132.
INEP R4S, IAREE, BILEFIZA. [RIERE
B EERTEAMEBER D720 DEBRHETE
VAT A ORF L EHE. TEEE. 2009,
Vol. 57, No. 2, p. 1321
Noriaki Matsuki,; Motohiro Takeda; Masahiro
Yamano. et al. Effects of unique biomedical
education programs for engineers. REDEEM
and ESTEEM projects. Advan Physiol Educ.
2009, 33, p. 91-97.
Noriaki Matsuki; Motohiro Takeda; Masahiro
Yamano. et al Designing a clinical education
program for engineers. The ESTEEM Project.
Journal of Interprofessional Care. 2010, Vol. 24,
No. 6, p. 738-741.
Kirkpatrick,D.L. “Techniques for Evaluating
Training Programs” in Evaluating Training
Programs. Alexandria. VA. American Society
for Training and Development. 1975, p. 1 -17.
G - B B SEERE BRI BRRE KE
WEENBRHFEL v & — . AR
DAT 9 FER RPN E — IR R W E BT 5
A - BFgE—. 2005.
HALKE, 7 AV AV 7 MERREH. FR14
FEMEEERBEEENA A AMERY R
T ARBEEE [ERLZOREMAMOFTRK]
& 2004.



J Mol Model (2011) 17:2773-2780
DOI 10.1007/500894-010-0946-7

Adsorption mechanism of single guanine and thymine
on single-walled carbon nanotubes

Muthusivarajan Rajarajeswari - Kombiah Iyakutti -
Yoshiyuki Kawazoe

Received: 2 November 2010 / Accepted: 27 December 2010 /Published online: 29 January 2011

© Springer-Verlag 2011

Abstract Bio-nano hybrids introduce magnificent applica-
tions of nanomaterials to various fields. The choice of
carbon nanotube as well as sequence selection of the
nucleic acid bases play a crucial role in shaping DNA—
carbon nanotube hybrids. To come up with a clear vision
for the choice of carbon nanotube and nucleic acid bases
to create bio-nano hybrids, we studied the adsorption
mechanism of the nucleic acid bases guanine and
thymine on four different types of nanotubes based on
density functional theory. Nucleic acid bases exhibit
differential binding strengths according to their structural
geometry, inter-molecular distances, the carbon nanotube
diameter, and charge transfer. The m—m interaction
mechanism between the adsorbent and adsorbate is
discussed in terms of charge density profile and electronic
band structure analysis.

Keywords Carbon nanotube - Nucleic acid base -

7—Tt stacking interaction - Density functional theory
Introduction

The study of the noncovalent interactions of biological

molecules with single-walled carbon nanotubes (SWCNT)
has emerged as a separate field in nanotechnology.
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Functionalization of CNT with biomolecules leads to many
potential applications in medicinal biology as well as in
solid state nano electronics. Carbon nanotubes are being
explored as one of the most promising transfection vectors
for drug and gene delivery, due to their large surface area,
stability, flexibility and biocompatibility. Hybrids of
SWCNT-ribonucleic acid (RNA) polymer formed through
nonspecific binding are translocated into MCF7 breast
cancer cells with radioscope labeling [1]. SWNTs have
the ability to penetrate mammalian cells as intracellular
protein transporters with noncovalently bound protein cargo
[2]. An electronic biosensor for detecting antibodies
associated with human autoimmune diseases has been
developed through the nonspecific binding of proteins on
carbon nanotubes [3]. Carbon nanotubes decorated with
peptide is used in a field effect transistor (FET)-based
chemical sensor to detect specific targets using peptide
recognition elements [4].

Deoxyribonucleic acid (DNA) overstated its role not
only in biology, but also in nanotechnology. Integration
of carbon nanotubes with the genetic material DNA
opens up several possible applications of CNT in the
field of bio-nanotechnology. Over a decade of research
has now contributed to our understanding of the
interactions in DNA~CNT hybrids. Nonspecific interac-
tion of CNTs with DNA helps the dispersion and
separation of CNTs in aqueous and non-aqueous solu-
tion, while leaving the unique physical and electronic
properties of CNTs unchanged. The helical wrapping of
poly(T) on a carbon nanotube (10, 0) converts CNT into
a water soluble object and helps to sort the carbon
nanotubes with respect to their electronic properties [5].
Self-assembly of the sequence d(GT), around individual
nanotubes enables nanotube separation using ion ex-
change liquid chromatography [6, 7]. In the study of a
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molecular dynamics simulation of a self-assembly of
random sequence ssDNA on CNT, achiral loops and
disordered kinked structures are observed due to the
flexibility of ssDNA [8]. Also, the helical wrapping of
poly (GT) on CNT [6, 7] is claimed to be structurally
unstable, and the oligonucleotide does not prefer to be
adsorbed onto CNTs as a dimer. “Ultrasoft” DNA
sequencing have been performed by detecting the varia-
tion in the current through a CNT when different DNA
base pairs are in contact with the CNT [9]; the individual
nucleosides adsorbed on the CNT are also identified with
the applied external gate voltage [10]. These results
shows that the adsorption mechanism of nucleic acid
bases on CNT varies with respect to each nucleic acid
base. Depending on the length and the sequence of
nucleic acid bases in the DNA, a large molecular library
is available from which to produce a number of DNA-
CNT hybrids, leading to a wider range of magnificent
applications. In its simplest form, individual nucleic acid
bases can interact with CNTs singly or in multiples
(poly). Interactions of isolated nucleic acid bases with
CNTs have been studied using density functional theory
(DFT) with different functionals [11, 12], and with
Raman spectroscopic technique [13]. Das et al. [14]
investigated the binding of nucleobases with CNT by
means of Hartree-Fock (HF) theory and isothermal
calorimetry experiments. Atomistic molecular dynamics
(MD) simulations were performed to study the binding of
nucleotide monophosphates with (6, 0) SWCNTs in aqueous
solution [15]. From previous reports, it is clear that generally
binding of DNA to CNT depends generally on the
nucleotide sequence and the nanotube diameter [16].

In earlier reports, binding energies of all five nucleic acid
bases with a carbon nanotube is calculated using different
density functional codes [11-17]. Interaction strength varies
in the order G>A>T>C>U [11, 13, 14]. Self-stacking
interactions of nucleobases compete with the cross-stacking
interaction strength of nucleobases with CNT [18]. Thus,
the interaction strength of nucleobases with CNT should be
able to overcome the self-stacking interactions. Using ion
exchange chromatography technique, Zheng et al. [5-7]
proved the ability of poly (T) and poly (GT) to disperse
CNTs in aqueous solution. Of the four nucleobases, from
the relative binding energies of self-stacking nucleobases
and cross-stacking on CNT, Wang [18] proved that thymine
can disperse CNT in aqueous solution better than adenine
and cytosine. Consequently, the nucleic acid bases thymine
and guanine have gained importance in the dispersion of
CNTs. Like the differential adsorption strength of nucleic
acid bases, different chiralities of CNT also play a
significant role in the binding strength of CNT-nucleic
acid base hybrids. Earlier reports concentrated on finding
the variation in binding energies of different nucleic acid

@ Springer

bases with a CNT. Some reports presented electronic band
structure analysis and iso surface charge density plots [11,
17], and examined the interaction between them. However,
we choose to investigate the role of the curvature and
chirality of the CNT in the formation of DNA—-CNT hybrid.
In our study, to expand our knowledge of the interaction
between the nucleic acid bases thymine and guanine and
CNTs of different chiralities, with the help of standard
density functional code, we present the role of geometry,
adsorption mechanism, charge transfer, electronic band
structure analysis and charge density analysis.

Computational details

Calculations were carried out using DFT with a plane wave
basis set as implemented in the Vienna ab-initio simulation
package (VASP) [19, 20]. The projected augmented-wave
method (PAW) is used to describe the interaction between
ions and electrons [21]. The PAW method has two
advantages over ultrasoft pseudo potentials (USPP). It
provides all-electron wave functions for valence electrons
and shows a better convergence behavior than USPP [21].
DFT is used to describe the ground state properties of
many-body systems. Exchange correlation energy can be
evaluated with the help of local density approximation
(LDA) [22] or with generalized gradient approximation
(GGA) [23]. Non-covalent interaction between the two
systems is the result of van der Waals, hydrogen bonding,
ion-pairing, cation—7t and 7e—7t interactions. It is well known
that neither LDA nor GGA can describe weakly bound
systems perfectly. A considerable effect of exchange
correlation energy functionals in the binding energy was
noted with DFT techniques. Generally, LDA overestimates
the interaction energy of weakly bound systems and GGA
underestimates it. Here, our aim was to study non-covalent
interactions between DNA—CNT hybrids, thus we had to be
very precise in choosing an exchange correlation functional
with which to determine accurate interaction energies and
structural properties. DFT-LDA calculations underestimate
dispersion energy at large distances but can reproduce the
empirical potential for graphitic structures successfully
[24]. Studies on self-stacking of benzene and cross stacking
of benzene on graphene sheet within GGA have shown
almost no binding energy [25]. However, the interlayer
distance for adenine adsorption on graphene sheet reported
using the DFT-LDA technique is very close to the
experimental result [26]. Most recently, Lim and Park [27]
have investigated the noncovalent adsorption of aromatic
molecules on CNT with the help of LDA, GGA and hybrid
functionals. It was found that DFT-LDA and MO06 hybrid
functionals produce almost equal binding energy, and that
GGA fails to predict the noncovalent interaction. With this
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previous literature support, we decided to follow the LDA
approach to investigate the exchange correlation energy of
our weakly bound systems.

For k-points sampling of the brillouin zone, a 1x1x4
Monkhorst-Pack grid [28] is used with a spacing of 0.025
A~'. For the electronic band structure calculations, 41
irreducible k-points are considered along the z-axis direc-
tion. Cutoff energy for the plane wave basis set of the
valence electron was fixed as 500 eV throughout the
calculations. Residual minimization / direct inversion in
the iterative subspace method (RMM-DIIS) is used for
wave function optimization. Geometry optimization was
carried out until the magnitude of the forces acting on all
atoms was smaller than 0.0005 eV/A. The CNTs zigzag (5,
0), (10, 0), armchair (5, 5) and chiral (5, 2) were used in
this study. The number of unit cells of CNT is limited by
the height of the nucleic acid bases. In all four cases,
approximately 20 A distance is kept between adjacent tubes
to avoid interactions between them. Thymine and guanine
are nucleic acid bases found in the genetic material DNA.
Thymine is a pyrimidine nucleobase, having one hexagon
ring with two nitrogen atoms. Guanine is a derivative of
purine consisting of a fused pyrimidine-imidazole system
with conjugated double bonds. Initially, the hexagon of the
nucleic acid base is kept head-to-head with the hexagon of
the carbon nanotube. The plane of the nucleic acid base is
parallel with the nanotube z-axis direction. Atoms are
allowed to relax freely in all directions, to determine the
possible adsorption positions of nucleic acid bases on the
CNT surface.

Results and discussion

Geometry and energetics of adsorption of guanine
and thymine on SWCNTs

Prediction of accurate interaction energy of the adsorbate
with the adsorbent involves description of intermolecular

parameters such as the orientation of the adsorbate, and
inter-molecular distances between the adsorbent and
adsorbate. These parameters play a significant role,
especially in the case of non-covalent interactions.
During geometry optimization, the initial orientation of
nucleic acid bases on CNTs was altered to attain the
minimum energy configuration, but the nucleic acid
bases are still parallel to the nanotube surface. The
distance between the CNT and each nucleic acid base is
measured from the center of the hexagonal ring of the
adsorbate to the nanotube surface. Binding energies,
equilibrium distances and charge transfer from the
nucleic acid bases to the CNT are presented in Table 1.
There is no chemical bond formation between the systems
and the binding energies confirm that the process is
physisorption. The oxygen and nitrogen atoms of nucleic
acid bases have lone pairs of electrons and, due to the sp”
hybridization of carbon atoms in the CNT, each carbon
atom possesses one delocalized p electron. These 7
electrons lead to physisorption of the nucleic acid bases
on the CNT.

Intermolecular distances between the CNT and the
nucleic acid bases guanine and thymine vary between
246 and 3.26 A. These values are comparable to those
reported in previous studies [13, 17]. Among the four
nanotubes, thymine is adsorbed close to CNT (10, 0) at a
distance of 2.46 A, which is less than the characteristic 7t—
stacking distance. Intermolecular separation of adenine on
graphite surface is reported as 3.1 A within LDA, and AFM
studies give the same value [26]. As reported by Stepanian
et al. [13], the difference between intermolecular distances
estimated using second-order Moller-Plesset perturbation
theory (MP2) and DFT is about 0.02 A. Thus, the
calculated intermolecular separation of a non-covalently
bound system using DFT-LDA is comparable with the
results obtained from experiments and MP2 methods.
Adsorption of nucleic acid bases on CNT resembles AB
stacking between graphene layers. The orientation of
nucleic acid bases on the surface of the CNT differs with

Table 1 Binding energies, charge transfer, equilibrium distances for the adsorption of guanine and thymine on carbon nanotubes (CNTs), and

diameter of CNTs
System Binding energy (£, eV) Charge transfer from nucleic acid base (g, e) Distance (d, A) Diameter (d,, A)
CNT (5, 0)+Guanine 0.41 0.094 3.07 3.96
CNT (5, 2)+Guanine 0.36 0.009 3.05 4.95
CNT (5, 5)+Guanine 0.38 0.001 2.98 6.87
CNT (10, 0)+Guanine 0.39 0.008 3.06 7.94
CNT (5, 0)+Thymine 0.20 0.026 3.26 3.96
CNT (5, 2)+Thymine 0.26 0.005 2.95 4.95
CNT (5, 5)+Thymine 0.30 0.009 2.97 6.87
CNT (10, 0)+Thymine 0.20 0.014 2.46 7.94
@_ Springer
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CNT chirality so as to attain the minimal energy configu-
ration.

The binding energy of guanine with a narrow
nanotube (5, 0) is 0.41 eV, and the tube becomes
compressed in the direction of the adsorbate. The
radius of the tube is reduced to 1.87A in the strained
direction (Fig. la,e). In studies of interaction between
nanotubes and biomolecules, to reduce the computational
expense, fragmented CNTs have been used [13, 18].
Fragmenting material such as high-curvature CNT may
not give reliable results. Wang [18] examined the
adsorption of DNA nucleic acid bases with fragments
derived from CNTs (5, 5) and (10, 0). The CNT fragments
were frozen with saturated H atoms, thus limiting the
interaction of the CNT with the nucleic acid base. This
will surely affect the binding energy of the nucleic acid
base, whereas we have taken the fully relaxed CNT and
allowed all the atoms to move freely in all three
directions. Wang [18] reported more than one stable
configuration of nucleic acid base on CNT, with a binding
energy for guanine varying from 0.32 to 0.44 eV for CNT
(5, 5) and from 0.22 to 0.34 eV for CNT (10, 0) without
basis set superposition error (BSSE) correction. In
another study using MP2 level theory, binding energies
of guanine with CNT (5, 5) in the order of 0.36 to 0.88 eV
were reported [13]. The curvature-free surface of gra-
phene facilitates the adsorption of planar molecules
compared to narrow nanotubes [29]. Except in the case
of CNT (5, 0), the binding energy of guanine increases
with increasing CNT diameter (Table 1).

Optimized structures of CNT+thymine complexes
are presented in Fig. 2. The parallel orientation of
thymine helps the interaction between the 7 orbitals of
CNT and thymine. In the adsorption of thymine on CNT
(5, 0), the upper half of thymine gets very close to the
CNT (Fig. 2e). The lone pair of electrons present in the
nitrogen and oxygen atoms caused a tilt in the parallel
orientation of thymine on the CNT surface but still the
thymine remains planar without pyramidalization. Due to
7t electron cloud interactions between the CNT and

thymine, the CNT becomes distorted in the direction of
the adsorbate, like in the CNT (5, 0)+G complex. Here
the radius of the (5, 0) tube shrinks to 1.92A. In the other
three cases , the adsorbate does not lead to any change in
the CNT structure. Wang [18] analyzed the ability of
thymine to disperse SWCNTs by investigating the
adsorption of nucleic acid bases on CNT in the gas and
aqueous phases. The reported binding energies in the gas
phase using MPWBIK functional are in the range of 0.11
to 0.29 eV for the different orientations of thymine on
CNT (5, 5), and these values agree well with our results
(Table 1).

CNT (10, 0) is a wide tube, with a lesser curvature
effect compared to the other nanotubes considered in
this study. The binding energy of thymine with CNT
(10, 0) is 0.20 eV. In a study of the interaction of
thymine/thymine radicals with CNT (10, 0) [17], binding
energies in the order of 0.22 to 0.31 eV are reported,
which is comparable with our results. However, the
binding energy of thymine with CNT (10, 0) is expected
to be higher than the other narrow nanotubes. In the
optimized structure of CNT (10, 0)+T (Fig. 2d), thymine
is positioned at a distance of 2.46A. This is the shortest
intermolecular distance of all the nanotubes tested here.
Two CO and NH groups of thymine are tilted towards the
CNT. The intermolecular distance between the adsorbent
and adsorbate plays a key role in the m-stacking
interaction. The 77 repulsive interaction between the
adsorbent and adsorbate causes the system to have a certain
distance of separation called the characteristic distance of
m-stacking, so as to minimize the exchange repulsive
interaction between them. Electronegative oxygen and nitro-
gen atoms present in thymine are thus dragged towards the
CNT; this increases the repulsive interaction between the
thymine and the CNT and results a considerable reduction in
the binding energy.

Generally, 77 interaction energy is the result of
electrostatic, induction, charge transfer, dispersion and
repulsive energies between the adsorbent and adsorbate
[30]. DFT fails to describe the dispersion interaction of

Fig. 1a—e Optimized configurations of guanine adsorbed on carbon nanotubes (CNTs). a CNT (5, 0)+G; b CNT (5, 2)+G; ¢ CNT (5, 5)+G; d

CNT (10, 0)+G; e CNT (5, 0)+G
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Fig. 2a—e Optimized configurations of thymine adsorbed on CNTs. a CNT (5, 0)+T; b CNT (5, 2)+T; ¢ CNT (5, 5)+T; d CNT (10, 0)+T; e
CNT (5, 0)+T

noncovalent systems at very large distances. Calculating
the interaction energy perturbatively using symmetry-
adapted perturbation theory (SAPT) [31] can describe
such intermolecular interactions, including dispersion
energy. SAPT interaction energy is expressed as the
sum of electrostatic, exchange, induction, exchange-
induction, dispersion and exchange-dispersion compo-
nents. It is a very successful technique for molecules of
ten atoms or fewer but is not suitable for large systems. In
our case, the intermolecular separation between CNT and
nucleic acid base varies between 2.46 and 3.26 A. With
this intermolecular separation, DFT-LDA can determine
the interaction energy of the noncovalent system
successfully [24]. Here, the binding energy results from
electrostatic, induction, charge transfer and repulsive
interactions.

Charge transfer and charge density analysis

Bader charge density analysis [32] was performed to
determine the total charge associated with each atom and
to investigate possible charge transformation between the
two entities. Although there is no direct chemical bonding
between the adsorbate and CNT, we can expect a
fractional charge transfer between them due to the @
electrons and lone pair of electrons. In a similar situation,

Stepanian et al. [13] observed a downshift of G-band
frequency in the Raman spectra due to partial charge
transfer to the nanotube from the nucleic acid base. In our
case, a charge of 0.09¢ is transferred to CNT (5, 0) from
guanine (Table 1); this validates the higher binding
energy of guanine with the narrow tube rather than the
wide tubes. The high curvature surface and the increased
electronegativity of CNT (5, 0) drag more electrons
towards it [10]. In the other cases, there is no significant
charge transfer.

In some earlier works, charge transfer between the
CNT and the nucleic acid base was calculated [11, 14,
17, 18] and isosurface plots [11, 17] were examined.
Physisorption of nucleic acid bases with CNT occurs due
to the interaction between the 7t electron clouds. Thus, by
concentrating on the complete charge density profile of
CNT and nucleic acid bases, we will be able to give a
better interpretation about the nature of the interaction
between them. We analyzed [33] the highest occupied
molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) surfaces of CNT and nucleic
acid bases. Here, we present the results of two important
as well as unique cases: adsorption of guanine on CNT
(5, 0) and adsorption of thymine on CNT (10, 0). Figure 3
shows the charge density distribution of the isolated
guanine molecule and CNT (5, 0) guanine hybrid.

Fig. 3a—~d Charge distribution in the CNT (5, 0) guanine hybrid. a Highest occupied molecular orbital (HOMO) of isolated guanine. b Lowest
unoccupied molecular orbital (LUMO) of isolated guanine. ¢ HOMO of CNT (5, 0) guanine hybrid. d LUMO of CNT (5, 0) guanine hybrid
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Charge density is concentrated on the C—C and C-N
bonds of the isolated HOMO guanine (Fig. 3a), and in
LUMO (Fig. 3b) it spreads over all the atoms. Contri-
bution of the delocalized 7t electrons of the CNT in the
interaction is clearly visible in the bottom panel pictures.
Contraction of the CNT diameter near the adsorption
field disturbs the 7 electron distribution over the carbon
atoms (Fig. 3c). Thus there is depletion in the charge
density of HOMO, whereas in LUMO charge is distrib-
uted homogeneously throughout the CNT (Fig. 3d).
HOMO charge density concentrated on the guanine
triggers physisorption with CNT. Charge accumulated
on the oxygen and C—N bonds of guanine induces charge
transfer to CNT. HOMO and LUMO of isolated thymine
and the CNT (10, 0) thymine hybrid are presented in
Fig. 4. In the HOMO of the isolated molecule (Fig. 4a),
the charge density is evenly distributed over the carbon,
nitrogen and oxygen atoms. Accurate geometry optimi-
zation plays a crucial role in the study of non-covalent
interactions. During the adsorption of thymine on CNT
(10, 0), thymine tilts towards the CNT along the side
with two oxygen atoms. In the HOMO (Fig. 4c) of CNT
(10, 0)+Thymine, a large collection of 7 electron
density is gathered on the CNT near the thymine. Also,
some small amount of charge accumulates on the base.
Thus, the interaction between the 7t electron clouds is
repulsive, and reduces the binding strength between the
two entities.

Fig. 4a—d Influence of the
intermolecular separation in

the charge accumulation and
depletion in CNT (10,0)
thymine hybrid. a HOMO of
isolated thymine. b LUMO

of isolated thymine. ¢ HOMO
of CNT (10, 0) thymine hybrid.
d LUMO of CNT (10, 0)
thymine hybrid

@ Springer

Electronic band structure and density of state analysis

Generally, the electronic property of a CNT is not
modified by physisorption of the adsorbate [11, 17].
Figure 5 shows the electronic band structure and density
of states plots for the CNT (5, 0) and CNT (5, 0) guanine
hybrid and CNT (5, 0) thymine hybrid, respectively.
Intrinsic CNT exhibits metallic characteristics; the adsorp-
tion of neither guanine nor thymine changes the electronic
properties of CNT (5, 0). However, the adsorption of the
nucleic acid bases introduced additional bands below
—0.5 eV in the intrinsic CNT band structure. In the DOS
plot, no changes were observed at the Fermi level,
confirming that the adsorption of nucleic acid bases on
CNT is a simple superposition of individual systems
without hybridization of orbitals. This holds true for all
the other cases too.

Interaction of guanine thymine pair with CNT (5, 0)

In addition to the study of the adsorption of isolated bases
on CNT, adsorption of a single guanine-thymine (GT)
wobble base pair on CNT (5, 0) was investigated. A GT
wobble base pair is formed with two hydrogen bonds
between the O-H-N atoms of the bases [8]. Zheng et al.
[6, 7] proposed CNT sorting mediated through a poly GT
oligonucleotide formed by a non-Watson-Crick hydrogen
bond network. A study of adsorption of a GT dimer on
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Fig. 5 Comparison between the band structure and density of states
of CNT (5, 0), CNT (5, 0) guanine hybrid and CNT (5, 0) thymine
hybrid

(11, 0) SWCNT revealed that, due to the stress induced
within the ssDNA sugar residues and glycosidic bonds
during optimization, the structural geometry was altered
and became unstable [8]. In our study, the sugar phosphate
backbone of DNA is not taken into account. Initially, the
GT base pair is placed parallel to the CNT in the z-axis
direction. The optimization process rearranged the initial
parallel orientation of the base pair. The oxygen- and
nitrogen-enriched middle portion of the nucleic acid base
pair is moved away from the CNT (Fig. 6). Binding
energy of the m— stacked system is expected to increase
in proportional with the 7t electron surface [30]. The
calculated binding energy of the GT base pair with CNT
(5, 0) is 0.36 eV. In comparison with the binding energy of
isolated guanine (0.41 e¢V) and thymine (0.20 eV) with
CNT (5, 0), the binding strength of the guanine thymine
base pair on CNT (5, 0) is relatively weak. Charge density
analysis has shown a charge transfer of 0.1e to the CNT
from the base pair. The electronic charge density plots of
HOMO and LUMO are presented in Fig. 6. In the HOMO
(Fig. 6a), charge is distributed over the CNT and oxygen,
nitrogen atoms of the nucleic acid bases. Charge of the

Fig. 6a,b Intermolecular inter-
action of CNT (5, 0) guanine
thymine hybrid. a HOMO of
CNT (5, 0) guanine thymine
hybrid. b LUMO of CNT (5, 0)
guanine thymine hybrid

LUMO (Fig. 6b) is distributed evenly on CNT, which
establishes the metallic nature of the tube.

Conclusions

We have studied the interaction mechanism of the nucleic
acid bases guanine and thymine with four different CNTs.
Apart from the curvature effect of CNT, orientation of the
nucleic acid bases and intermolecular distance between
CNT and nucleic acid base play a predominant role in
deciding the binding strength, which in turn influences
charge transfer. Most importantly, the m—m stacking
interaction is affected by the intermolecular distance
between the CNT and the nucleic acid base. The binding
strength of the nucleic acid base is reduced due to the
exchange-repulsive interaction of the 7—m charge cloud
when the intermolecular distance between the adsorbent
and adsorbate is less than the characteristic 7t stacking
separation. However, the resultant 7—7t stacking interaction
is attractive. When comparing the results obtained for
guanine and thymine, the interaction energy of guanine is
higher than that of thymine for all the CNTs tested. The role
of van der Waals interactions in determining the magnitude
of the 7t—t interaction energy is directly proportional to the
area of the 7t overlap [30]. In addition to the pyrimidine
ring of thymine, guanine has a fused imidazole ring and
more electronegative nitrogen atoms, increasing the area of
7t surface of the adsorbate, which enhances the interaction.
The binding energy of the adsorbate increases as the
diameter of the CNT increases. However, this is not true
in the case of guanine adsorption on CNT (5, 0) and
thymine adsorption on CNT (10, 0). The high curvature of
the narrow CNT (5, 0) drags more electrons towards it, and
the contraction of the CNT facilitates the interaction of 7
electron clouds. This explains the higher binding energy of
guanine with the narrow tube rather than the wide tubes. In
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the case of CNT (10, 0), the short intermolecular separation
between thymine and CNT (10, 0) leads to the reduced
binding energy of thymine because of the increased 71—t
repulsive interaction. Our results confirm that DFT-LDA
can forecast the intermolecular separations and binding
energies of non-covalent systems. Modeling a bio-nano
hybrid like a non-covalently adsorbed nucleic acid base on
CNT can lead to the utilization of CNT as a sensor or as a
transporter for drugs and genes.
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ABSTRACT

Sleep is essential for living beings, and sleep loss has been shown to affect hippocampal structure and function in
rats by inhibiting cell proliferation and neurogenesis in this region of the brain. We aimed to analyze the corre-
lation between sleep duration and the hippocampal volume using brain magnetic resonance images of 290
healthy children aged 5-18 years. We examined the volume of gray matter, white matter, and the cerebrospinal
fluid (CSF) space in the brain using a fully automated and established neuroimaging technique, voxel-based mor-
phometry, which enabled global analysis of brain structure without bias towards any specific brain region while
permitting the identification of potential differences or abnormalities in brain structures. We found that the re-
gional gray matter volume of the bilateral hippocampal body was significantly positively correlated with sleep
duration during weekdays after adjusting for age, sex, and intracranial volume. Our results indicated that sleep
duration affects the hippocampal regional gray matter volume of healthy children. These findings advance our

Voxel-based morphometry

understanding of the importance of sleep habits in the daily lives of healthy children.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Although the function of sleep remains debatable, sleep has been as-
sociated with the function and structure of the hippocampus. For exam-
ple, one major theory about the function of sleep proposes that memory
consolidation occurs predominantly during sleep, when the hippocam-
pus sends information from memory to the neocortex for permanent
storage (Axmacher et al, 2009). Additionally, sleep deprivation was
shown to reduce the proliferation of cells and to suppress neurogenesis
in the hippocampus of rats (Guzman-Marin et al., 2003, 2005). Even
human patients with primary insomnia showed significant reductions
in hippocampal volume (Riemann et al., 2007). Although the correla-
tion between sleep and the hippocampus has been elucidated in studies
on animals and on human patients and although the influence of chron-
ic sleep loss on the cognition of healthy children has been examined
(Jan et al,, 2010), the correlation between sleep and the hippocampal
volume of healthy children has not yet been clarified. Understanding
the correlation between sleep and the hippocampus of children is espe-
cially important to identify the sleeping habits associated with the de-
velopment of a healthy brain and sound cognition. Therefore, we

* Corresponding author at: Division of Developmental Cognitive Neuroscience, Insti-
tute of Development, Aging & Cancer, Tohoku University, 4-1 Seiryocho, Aobaku, 980-
8575 Sendai, Japan. Fax: 481 22 717 8457.

E-mail address: ytaki@idac.tohoku.ac.jp (Y. Taki).

1053-8119/$ ~ see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2011.11.072

aimed to analyze the correlation between sleep duration and the hippo-
campal gray matter volume using brain magnetic resonance images of
290 healthy children aged 5-18 years by applying voxel-based mor-
phometry (VBM). This approach enabled global analysis of brain struc-
ture and without bias towards any specific brain region while
permitting the identification of potential differences or abnormalities
in brain structures (Ashburner and Friston, 2000). We hypothesized
that there would be a significant positive correlation between sleep du-
ration and the hippocampal gray matter volume in healthy children.

Materials and methods
Participants

All subjects were healthy Japanese children and the detail of the re-
cruitment is written elsewhere (Taki et al., 2010). Briefly, we collected
brain MR images from 290 subjects (145 boys, 145 girls; age range,
5.6-18.4 years) who did not have any history of malignant tumors,
head traumas with a loss of consciousness lasting over 5 min, develop-
mental disorders, epilepsy, psychiatric diseases, or claustrophobia. We
announced that only right-handed children can participate in this
study in an advertisement used in the subject recruitment, and also con-
firmed that all subjects were right-handedness using the self-writing
questionnaire “Edinburgh Handedness Inventory” (Oldfield, 1971). We
measured full-scale intelligence quotients (IQ) by having trained
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Fig. 1. Histograms showing duration of sleep on weekdays (A) and duration of sleep on weekends minus that on weekdays (B) for all subjects.

examiners administer the Japanese version of the Wechsler Adult Intelli-
gence Scale-Third Edition (WAIS-III) (Fujita, et al., 2006) to subjects aged
16 years or older or the Wechsler Intelligence Scale for Children-Third
Edition (WISC-IIl) to subjects younger than 16 years of age (Azuma,
et al,, 1998). The duration of sleep during weekdays and that during
weekends was collected using self-answering questionnaire, and the du-
ration of sleep during weekdays and the duration of sleep during week-
days subtracted from that during weekends for all subjects are shown in
Fig. 1. We did not collect subjective sleep scales, such as sleepiness, from
questionnaires or visual analog scales. Instead, we regarded duration of
sleep during weekdays subtracted from that during weekends as the
subjective scale of sleep. The characteristics of the subjects are shown
in Table 1. As per the Declaration of Helsinki (1991), written informed
consent was obtained from each subject and his/her parent prior to MR
image scanning after a full explanation of the purpose and procedures
of the study was provided. Approval for these experiments was obtained
from the Institutional Review Board of Tohoku University.

Image acquisition

All images were collected using a 3-T Philips Intera Achieva scanner.
Three-dimensional, high-resolution, T1-weighted structural images
were collected using a magnetization-prepared rapid gradient-echo
(MPRAGE) sequence. The parameters were as follows: 240x 240 ma-
trix, TR=6.5 ms, TE=3 ms, TI=711 ms, FOV= 24 cm, 162 slices, 1.0-
mm slice thickness, and scan duration of 8 min and 3 s.

Image analysis
Voxel-based morphometry (VBM) with Diffeomorphic Anatomical
Registration using Exponentiated Lie Algebra (DARTEL) (Ashburner,

2007) was conducted. DARTEL has been shown to produce a more

Table 1
Characteristics of subjects.

accurate registration than the standard VBM procedure (Klein et al.,
2009) and enables increased sensitivity to findings such as the corre-
lation between gray matter volume and several measures such as age.
After image acquisition by MR, all T1-weighted MR images were an-
alyzed using Statistical Parametric Mapping 8 (SPM8) (Wellcome De-
partment of Cognitive Neurology, London, UK) in Matlab (Math
Works, Natick, MA, USA). First, the “New Segmentation” algorithm
from SPM8 was applied to every T1-weighted MR image to extract
tissue maps corresponding to gray matter, white matter, and cerebro-
spinal fluid (CSF). This algorithm, which is an improvement on the
unified segmentation algorithm (Ashburner and Friston, 2005), uses
a Bayesian framework to iteratively perform the probabilistic tissue
classification and spatial non-linear deformation in terms of Montreal
Neurological Institute (MNI) space. Although we were interested only
in the probabilistic tissue segmentation at this point, this new Bayes-
ian segmentation and warping algorithm, which included an im-
proved set of tissue priors (Ashburner and Friston, 2009) for
regularization, increased the robustness and accuracy of the segmen-
tation over that of previous standard VBM algorithms. This step
allowed us to obtain probability maps of the three aforementioned
tissues for each subject and to have them all rigidly registered by ig-
noring the non-rigid part of the warping to a temporary common
space (which happened to be as close to the MNI space as can be
reached by a rigid transformation) because the subsequent DARTEL
step focused on estimating the “pure non-linear” component of the
transformation and used rigidly registered tissues as input. Next,
these 290 segmented tissue maps were used to create a customized,
more population-specific template using the DARTEL template-
creation tool (Ashburner, 2007). DARTEL estimates the best set of
smooth deformations working from every subject's tissues to their
common average, applies the deformations to create a new average,
and then reiterates the process until convergence is achieved. The

Boys (n=144)

Age [years], (mean 4 SD, range)

Full-scale IQ, (mean + SD, range)
Socioeconomic status®, (mean, range)

Sleep duration [min] (mean £ SD, range)
Sleep subtraction® [min] (mean = SD, range)

4.04,1-7

11.0+2.87,5.6-17.1
104.3+£13.24, 77-137

519.0 £+ 69.4, 300-660
23.6 +61.8, —90-240

Girls (n=146) P
11.64+£3.35,5.8-184 0.100*
1009+ 11.13, 71-128 0.019°
3.85,1-7 0.252¢
510.0 £ 75.1, 300-660 0.289°
52.3463.6, —205270 <0.001*

? Student's t-test.
b Welch's t-test.
¢ Mann-Whitney U-test.

4 Socioeconomic status was classified as follows: annual income below 2 million yen, 1; 2-4 million yen, 2; 4-6 million yen, 3; between 6 and 8 million yen, 4, 8-10 million yen, 5;

10-12 million yen, 6; more that 12 million yen, 7.

¢ Sleep subtraction was calculated by subtracting the duration of sleep during weekdays from that during weekends.
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smoothness and reversibility of the deformation are obtained from
the diffeomorphic properties of DARTEL transformations. The tem-
plate space was matched to the MNI space using an affine-only regis-
tration, which enabled us to match our images’ custom coordinate
space to the more standard MNI space (Bergouignan et al., 2009).
We used a set of standard MNI tissues maps and a multivariate
tissue-affinity-registration algorithm provided by SPM and DARTEL
for that process. At the end of the process, each subject’s gray matter
map was warped using its corresponding smooth, reversible defor-
mation parameters to transform it to the custom template space
and then to the MNI standard space. We also computed the group
means and variances of all these images to visually confirm that the
process had operated correctly by searching for a low variance near
major landmarks. The major advantage of creating a population-
specific template on which to register the tissues is that this approach
limits the amount of stretching of each image during the necessary
step of spatial normalization. As described by Good et al. (2001), the
warped gray matter images were then modulated by calculating the Ja-
cobian determinants derived from the special normalization step and
multiplying each voxel by the relative change in volume to obtain the
gray matter volume. This modulation step was performed to correct
for volume changes in nonlinear normalization. Finally, the warped
modulated gray matter images were smoothed by convolving an 8-
mm full-width at half-maximum isotropic Gaussian kernel. After com-
pleting these image analyses, we obtained smoothed modulated gray
matter images to be used for the statistical analysis.

Statistical analysis

We used SPMS for all statistical analyses. We performed multiple
regression analysis, in which regional gray matter volume was used

A

Regional gray matter volume

)200 300 400 500 600 700
Duration of sleep in weekdays {min)

Lt. hippocampus
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as a dependent variable, and age, sex, duration of sleep, and intracra-
nial volume were used as independent variables to investigate the
correlation between hippocampal regional gray matter volume and
duration of sleep. Intracranial volume was calculated by summing
the gray matter, white matter, and CSF volumes derived from the
aforementioned imaging process. We performed region-of-interest
(ROI) analysis by setting the ROI of the bilateral hippocampus using
the “WFU_PickAtlas” (Lancaster et al., 2000; Maldjian et al., 2003)
and performed small-volume correction within the ROL We set the
significance level at p<0.05 for the family-wise error rate.

Results

We found that the volume of the bilateral hippocampal body was
significantly positively correlated with the duration of sleep during
weekdays after adjusting for age, sex, and intracranial volume and
after performing small-volume correction of the hippocampal ROI
(left: t=3.59, p=0.014, family-wise error, corrected; right: t=3.81,
p=0.007, family-wise error, corrected), as shown in Fig. 2. The
whole-brain analysis showed that the duration of sleep during week-
days was substantially positively correlated with the regional gray
matter volume of the bilateral hippocampal body (left: t=3.59,
p<0.001, uncorrected; right: t=3.81, p<0.001, uncorrected) and
the right dorsolateral prefrontal cortex (t=3.95, p<0.001, uncor-
rected) after adjusting for age, sex, and intracranial volume and
using the liberal threshold (p<0.001, uncorrected; cluster size
>100). Next, we subtracted the duration of sleep during weekdays
from that during weekends. Although we found a significant negative
correlation between the duration of sleep during weekdays and the
difference between the duration of weekend and weekday sleep (par-
tial correlation coefficient [C] = —0.300, p<0.001, adjusting for age

Regional gray matter volume

-2
200 300 400 500 600 700

Duration of sleep in weekdays (min)

Rt. hippocampus

Fig. 2. Correlations between duration of sleep on weekdays and regional gray matter volume in the region-of-interest analysis of the bilateral hippocampus. (A) Gray matter regions
showing significant positive correlations between duration of sleep on weekdays and regional gray matter volume according to axial, coronal, and sagittal views. (B) Correlations
between duration of sleep on weekdays and regional gray matter volume in the left hippocampus. (C) Correlations between duration of sleep on weekdays and regional gray matter

volume in the right hippocampus.
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and sex), no significant correlation between regional gray matter vol-
ume and this difference remained after adjusting for age, sex, and in-
tracranial volume.

Discussion

We demonstrated that the regional gray matter volume of the bi-
lateral hippocampus was significantly positively correlated with the
duration of sleep during weekdays. Although the mechanisms under-
lying this significant positive correlation have not been clarified, the
findings of several studies in rats and humans have supported these
results. The generation of new neurons in dentate gyrus of the hippo-
campus has been confirmed in several mammals, including humans
(Eriksson et al., 1998; Gould et al,, 1999). However, sleep deprivation
reduced the proliferation of cells in the dentate gyrus of the hippo-
campus (Guzman-Marin et al.,, 2003) and also suppressed neurogen-
esis in rats (Guzman-Marin et al., 2005). Even human patients with
primary insomnia showed significantly smaller bilateral hippocampal
volumes than did good sleepers after adjusting for age and sex
(Riemann et al.,, 2007). Moreover, patients with obstructive sleep ap-
noea, a common sleep disorder, showed significant gray matter re-
duction in several regions such as the hippocampus (Canessa et al.,
2011; Macey et al., 2002). In addition to these findings, the role of
sleep may modulate synaptic contacts by downscaling synaptic
strength to a baseline level that is energetically sustainable, which is
beneficial for maintaining plasticity for a new environment and, as a
result, learning and memory (Tononi and Cirelli, 2006). Specifically,
sleep deprivation affects hippocampal activation and decreases mem-
ory performance (Van Der Werf et al., 2009; Yoo et al., 2007). Thus,
sleep may be necessary, at the very least, for neurogenesis and for
synaptic reorganization in the human hippocampus.

We did not find a significant correlation between regional gray
matter volume and the difference between the duration of sleep dur-
ing weekdays and that during weekends. A recent study proposed
that the quality and the duration of sleep should be regarded as two
separate domains - the subjective and objective, respectively - even
though these domains do overlap to some extent (Dewald et al.,
2010). As mentioned above, because the duration of sleep constitutes
an objective aspect of sleep, we also analyzed the correlation between
regional gray matter volume and the subjective (qualitative) aspect of
sleep using the difference between weekday and weekend sleep du-
ration, Our rationale was as follows. Given that school starts at
about 8:30 AM on weekdays in Japan, weekday times of awakening
are determined by school schedules; however, most Japanese chil-
dren do not attend school during weekends. Thus, if the quality of
sleep were low during the week, we would expect children to awaken
later during weekends. For this reason, the subtraction process de-
scribed above was employed to reflect the quality of sleep (a subjec-
tive aspect) during weekdays. The absence of a significant correlation
between regional gray matter volume and the result of this calcula-
tion indicated that hippocampal volume is more crucial for the objec-
tive than for the subjective aspect of sleep. Thus, more sleep may be
more beneficial for the hippocampus irrespective of the subjective as-
pects of sleep. However, we cannot conclude that excessive sleep
would have a positive effect on hippocampal and cognitive function-
ing given that the number of the subjects demonstrating excessive
amounts of sleep was rather small, as shown in Fig. 1. Indeed, the
mean sleep duration of subjects in this study was 8.57 h, which ap-
proximates empirical evidence showing that children and adoles-
cents require, on average, approximately 9h of sleep per night
(Mercer et al., 1998). Additionally, the mean difference between the
duration of sleep during weekends and that during weekdays was
38 min in favor of weekends, which we evaluated as rather small.
Thus, we believe that the duration of sleep obtained by the subjects
in this study was generally appropriate, and we concluded that suffi-
cient, but not excessive, sleep is beneficial for the hippocampus.

We found that the regional gray matter volume of the right dorso-
lateral prefrontal cortex had a substantial positive correlation with
the duration of sleep during weekdays in the whole-brain analysis.
Although we did not find the mechanism of the correlation, it is
thought that maturational pattern of the dorsolateral prefrontal cor-
tex is a plausible mechanism to account for the correlation. Post-
mortem studies of human brains showed that the time course of
synaptogenesis was earlier in the visual cortex and auditory cortex
than in the prefrontal cortex (Huttenlocher, 1979; Huttenlocher and
Dabholkar, 1997; Huttenlocher et al, 1982). In addition, synapse
elimination starts earlier in the visual cortex than in the auditory cor-
tex, and that in the prefrontal cortex starts later than in both of the
former regions (Huttenlocher and Dabholkar, 1997). These results
suggest that brain maturation starts in the occipital lobe, and then
moves to the temporal lobe, followed by the prefrontal cortex. In ad-
dition, recent neuroimaging studies have shown that brain gray mat-
ter maturation progresses with an increase in volume followed by a
decrease in volume (Courchesne et al, 2000; Giedd et al, 1999;
Gogtay et al., 2004; Shaw et al., 2008), which is thought to be related
to synaptogenesis and synaptic elimination (Huttenlocher and
Dabholkar, 1997) and with intracortical myelination (Paus, 2005),
and the prefrontal cortex is known as one of the latest maturing re-
gions (Gogtay et al., 2004). Because the period corresponding to the
highest gray matter volume and brain perfusion of the prefrontal cor-
tex is around adolescence (Gogtay et al., 2004; Taki et al.,, 2011), the
dorsolateral prefrontal cortex may be especially affected by sleep pat-
tern from the childhood to adolescence. Because the dorsolateral pre-
frontal gyrus is involved in higher cognitive functions, such as’
working memory (Baddeley, 2003; Klingberg, 2006) and executive
function (Kramer et al,, 2007; Zimmerman et al., 2006), sufficient
sleep is thought to be important for several cognitive functions.

The present study had limitations. First, this is a cross-sectional
study. Thus, although we have shown a relationship between sleep
duration and hippocampal gray matter volume, we cannot clarify a
causal relationship between sleep and hippocampal gray matter vol-
ume. Longitudinal studies are needed to clarify this issue. Second, as
for the subjective sleepiness, we evaluated the subjective (qualita-
tive) aspect of sleep using the difference between weekday and
weekend sleep duration; however, we did not collect data on subjec-
tive sleepiness directly, such as asking whether the subjects felt
sleepy during the daytime using questionnaires or visual analog
scale. Therefore, further studies may help to clarify the correlation be-
tween subjective aspects of sleep, such as sleepiness, and brain
structure.

In conclusion, our brain MRI study demonstrated that the duration
of sleep during weekdays was significantly positively correlated with
the regional gray matter volume of the bilateral hippocampus, sug-
gesting that sufficient sleep has a beneficial effect on the hippocam-
pus. These findings advance our understanding of the importance of
sleep habits in the daily lives of children.
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Abstract—Recent advances in micro- and nano-technologies
and high-end computing have enabled the development of
new experimental and modeling approaches to study biome-
chanics at the micro- and nano-scales that were previously
not possible. These new cutting-edge approaches are con-
tributing toward our understanding in emerging areas such
as mechanobiology and mechanochemistry. Another impor-
tant potential contribution lies in translational medicine,
since biomechanical studies at the cellular and molecular
levels have direct relevance in areas such disease diagnosis,
nano-medicine and drug delivery. Thus, the developed
experimental and modeling approaches are critical in eluci-
dating important mechanistic insights in both basic sciences
and clinical treatment. While it is hard to cover all the recent
advances in this mini-review, we focus on several important
approaches. For experimental techniques, we review the
assays involving shear flow, cellular imaging, microbead,
microcontact printing, and micropillars at the micro-scale,
and micropipette aspiration, optical tweezers, parallel flow
chamber, and atomic force microscopy at the nano-scale. In
modeling and simulations, we outline the theoretical model-
ing for actin dynamics in migrating cell and actin-based cell
motility in cellular mechanics, as well as the receptor-ligand
binding in cell adhesion and the application of free, steered,
and flow molecular dynamics simulations in molecular
biomechanics. Relevant scientific issues and applications
are also discussed.

Keywords—Cellular mechanics, Molecular biomechanics,
Experimental techniques, Theoretical modeling, Computa-
tions.
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INTRODUCTION

Cells are constantly subjected to and regulated by
both chemical and physical factors in its microenvi-
ronment. In particular, these physical factors include
mechanical forces as well as topography and elasticity
of the extracellular matrix. As such, studying biome-
chanics at the cellular and molecular levels is impor-
tant to our understanding of how such physical or
mechanical factors regulate cell functions in both
health and disease. With the recent advances in
micro- and nano-technologies as well as high-end
computing, we are observing a burgeoning of new
experimental and computational approaches to study
the biomechanics of biological systems at the micro-
and nano-scales. These new and cutting-edge approaches
are also fostering a stronger integration between
the disciplines of biomechanics and modern biology
(cell and molecular biology, genomics, proteomics
and systems biology), and allows engineers, physicists,
chemists, and biologists to collectively address fun-
damental issues at the cellular and molecular levels. The
knowledge acquired and the cutting-edge technologies
developed are also helpful in translating the discoveries
in this basic biomechanical study into useful applica-
tions in molecular and cell engineering and even in
developing novel approaches to diagnose and treat
diseases. This mini-review summarizes some of the
recent advances in experimental and computational
approaches in the field of cellular and molecular
mechanics and discusses how they can contribute to-
ward addressing important issues in mechanobiology
and mechanochemistry.

Considering the fact that thousands of bioengineers
have put tremendous efforts into these areas in the
past century, it is very challenging to cover all the

1865-5025/11/0900-0327/0 © 2011 Biomedical Engineering Society
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fundamental and important advancements in the mini-
review. Here we focus on four aspects: (1) cellular
biomechanics techniques including shear flow assay,
cellular imaging, and microfabricated technologies for
cell mechanics, (2) modeling and simulation of sub-
cellular mechanics of cell migration and motility, (3)
molecular biomechanics techniques including micro-
pipette aspiration, optical tweezers, parallel flow
chamber, and atomic force microscopy, and (4)
molecular dynamics simulation and mathematical
modeling of individual molecule or molecular complex.
We hope to showcase the latest contributions not only
from around the world, but also from that of the Asian
community.

CELL MECHANICS AND MECHANOBIOLOGY

In general, cell mechanics refers to how the elastic
and adhesive properties of cells are changed and/or
regulated under various physiological and pathological
conditions, while mechanobiology refers to how
mechanical cues (e.g., shear flow, geometrical patterns,
substrate topography and elasticity, etc) elicit various
biological responses and functions.

Experimental Techniques
Shear Flow Assay

Fluid flow is one of the important environmental
components that a cell may be subjected to. Examples
include endothelial and smooth muscle cells in blood
and lymph vessels, osteoblasts and osteoclasts cells in
bone, and epithelial cells in esophagus and intestines.
These cells are continually exposed to flow of blood,
lymph, tissue fluid, and digested food among others, in
which the physical forces exerted do evoke or regulate
cell functions. Fluid flow can be divided into two major
types: laminar and turbulent. Various types of devices
have been developed to apply fluid flow to cultured
cells in vitro, depending on their different objectives.
There have been many reports focusing on vascular
endothelial cells (ECs) exposed to fluid flow or fluid
shear stress (FSS). Hemodynamic FSS acting on vas-
cular ECs evokes a variety of cellular responses,
including proliferation,* expression of adhesive mol-
ecules,”® cytoskeletal structures and morphology,”
and mechanical properties,®* that may be relevant to
both the physiology and pathology of blood vessels.
Many previous studies have attempted to determine
the mechanisms by which ECs sense FSS and adapt to
such mechanical factors. Here we summarize the
devices and image analysis being employed in these
studies.

The major devices for subjecting cultured cells to
laminar flow are the rotating disk type and parallel-
plate flow chamber type.

In the rotating disk devices, there are the parallel-
disk’ and cone-plate® types. Shear stress, 7, to be
applied to cells in the parallel plate type is expressed as
follows, T = urw/h, where p is the viscosity of fluid, r
the distance from the axis of rotation, w the angular
velocity, and 4 the distance between the two parallel
plates. Characteristics of this device are values of shear
stress that are dependent upon the distance from the
rotational axis. In the case of the cone-plate type, since
the distance s between the two surfaces of cone and
plate is a function of r and « (angle between the cone
and the plate) where 4 = r tan a, shear stress is con-
stant regardless of position and can be expressed as,
T = pwjtan o. The rotating devices are usually used to
attain unsteady or turbulent flow by applying high
rotating speed and cone angle.'”

The parallel-plate flow chamber is commonly
used to apply shear stress to cultured cells. Shear stress
exerted on the cell surface can be expressed by the
equation, T = 6Qu/bh?, where Q is flow rate and b and
h are the width and height of the flow channel,
respectively. Various types of flow chamber have been
designed to allow for a wide range of shear stress by
changing the width®*® and height.®® In addition, the
effects of disturbed flow can also be examined in
the parallel-plate flow chamber by adding a step in
the channel.'®*"""! Some experiments were focused on
examining the impact of spatial gradient of shear stress
within the chamber. To obtain the high spatial gradi-
ent, T-shaped flow chamber was developed and utilized
from the viewpoint of genesis and growth of cerebral
aneurysm. %%
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Cellular Imaging

Recently, FSS-induced activation of several candi-
dates of mechanosensitive molecules, such as G pro-
teins®®> and PECAM,*® has been demonstrated.
However, there is no primary evidence as to whether
these molecules are activated directly by mechanical
loading or by intracellular signaling interactions that
were prompted by another mechanosensor. This comes
from the difficulties in precisely describing the intra-
cellular mechanical conditions, i.e., how FSS acting on
the apical surface of ECs is transmitted and generates
an intracellular mechanical field. As such, it is neces-
sary to investigate the degree to which forces are ex-
erted on the intercellular junction, focal adhesion, and
other candidates for mechanotransducers.

In an attempt to solve this problem, Ueki et al.”®
developed a novel experimental technique that enables
the direct observation of the passive deformation of



