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Chapter 1. Introduction

Global water scarcity and pollution became a serious problem around the world. In order to
address this issue, membranes processes have been widely applied to water treatment. Due to the
increasing requirement for water, it is necessary to continue search for membranes that can function
in the high levels of water flux that are required for separation processes. In order to obtain enhanced
water mobility, the types of composite membranes function as a selective “water channel” to achieve
a high level of water flux. If a biomimetic membrane with an artificially designed channel whose
structure is simple, stable, and safe can be prepared instead of Aquaporin or GA embedded
membranes, an extremely higher water permeability than that of ordinary RO membranes made of
organic polymers can be expected even under lower applied pressure conditions. This high water
flux membrane enables us to save cost of drinking water production innovatively coupled with the
reduction of required membrane area and foot print of a watcr treatment plant. In addition, these
types of &esigned water channel has a possibility to be formed suitably for the forward osmosis (FO)
membrane process in whigh ordinary polymeric membranes are difficult to exhibit enhanced water
flux. Therefore, a biomimetic water chanmel is assumed to have a high pbtgntial as a novel
membrane material. In order to develop a next generation type high water flux membrane, it is
indispensable to understand microscopic phenomena such as a relationship between water transport
mechanisms and channel structures in molecular scale. This is an issue to be addressed for an
efficient channel design, for which a computational scientific method can be useful and reasonably
applied.

In simple word, two different types of artificial water channel, cyclic peptide nanotube and
amphotericin B_ergostero! simulation model, were constructed by using simulation technique. In
cyclic peptide nanotube discussion, four type nanotubes were constructed to study the eﬂ'gct from
hydrophobic modification function group and the structural properties and transport performance
were be analyzed and compared. On the other hand, two type amphotericin B_ergosterol channels
were established to compare the difference between single-layer and double layer channel. Also,
structural characteristic and transport performance were be analyzed and compared too. After
summarize the properties of these two artificial water channel. The simulation models were assigned
to forward osmosis process simulation. In this discussion, fon rejection ability and the resistance of
entrance of nanotube/channel were be considered. In order to find more realistic application of
biomimetic water charmel. Finally, we obtained some reasonable results which showed great
agreement with previous study and experimentally work. Further, the information under atom scale

could be useful data base for novel material design.
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Chapter 2. Preparation of cyclic peptide nanotube structures and molecular simulation of
water adsorption and diffusion

Molecular simulation was used to explore the structural characteristics and transport performances
of cyclic peptide nanotubes (CPNTs). A molecular dynamics (MD) technique was used to construct
four different molecular models of nanotubes: an octamer prototypical cyclic peptide (8CP); and,
three cyclic peptides modified by replacing one or two L-Lysine or L-Leucine groups with an
aromatic amino acid, 3-amino-2-methylbenzoic acid (y-Mba-OH). MD simulation was used to

explain how the hydrophobic modification of functional group affects the structure, channel volume, -

interior affinity, and transportation behavior of water in CPNTs. The Monte Carlo {(MC) method was
adopted to investigate the sorption behaviors in these four types of CPNTs. The internal diameter,
channel morphology, and volume analyses indicated that modified functional groups disrupted the
symmetry of cyclic peptides and changed the structural characteristics of the nanotubes. The
hydrogen bond distribution and interaction energy analyses suggested that the modified y-Mba-OH
functional groups reduced the interior affinity between water molecules and nanotubes, which led to
hydrophobic properties. The adsorption analysis revealed that a greater number of modified
functional groups in CPNTs resulted in a lower affinity for water molecules, which lowered the
adsorption amount in low-pressure regions. The modified y-Mba-OH functional groups lowered the
attractive forces and enlarged the channel volume, which was reflected in the diffusion calculation
that showed improvements in water diffusivity in most cases. The results of the structure and water
transport properties of CPNTs, as shown by the MD technic and MC methods, provided useful
information that would have been difficult to obtain in an actual experiment. The simulation
techniques can assist in the analysis of nanotube structural properties and in the transport behavior of
the molecules in CPNTs.

Chapter 3. Water transport and ion rejection investigation for application of cyclic peptide
nanotubes to forward osmosis process: a simulation study
Transport performance of water molecules and the ion-rejection ability of cyclic peptide
nanotubes (CPNTs) were examined on 2 molecular level via a simulation of forward osmosis (FO)
filtration phenomena. A FO filtration model and three types of CPNTs, 8CP, Mba-8CP, and
4Mba-8CP (with different levels of modification by hydrophobic functional groups), were
constructed via molecular dynamics (MD). MD simulation was adopted to explain the diversity
transport mechanism between different types of CPNTS, and to analyze how hydrophobic modified
functional groups affect the FO filtration process. The hydration structures of cat}ons and anions
were validated via radial distribution function (RDF) and hydration analysis. The interaction energy
"of van der Waals (vdW) and coulombic energies at the interface between water molecules and the
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first cyclic peptide cage suggested that hydrophobic modified functional groups reduced the interior
affinity between water molecules and nanotubes, which made it difficult for water molecule‘s to enter
a nanotube. During Fd filtration calculation, the alteration in the number of water molecules in each
region of saltwater, pure water and membrane was traced and recorded. The osmotic pressure was

- considered as the driving force for concentration-driven FO process which was calculated via the

Van't Hoff equation in this work. By combining the above results, water permeabilities of the three
types of CPNTs could be directly calculated and compared. The results of the water permeabilities
agreed well with the interaction energy analysis. Finally, the hydration structure of cations within a
nanotube was used to directly study the ion rejection mechanism of CPNTSs. Three types of CPNTs
showed high selectively between water molecules and ions, The partial charge distribution of a
cyclic peptide cage illustrated how cations are trapped within nanotubes. A microscopic view of this
information was informative in the analysis of nanotube properties and in the application of CPNTs

to the filtration process.

Chapter 4. Preparation of Amphotericin B-Ergosterol structures and molecuh;r simulation of
water adsorption and diffusion R

Molecular simulation was used to explore the structural characteristics and water transport
performance of Amphotericin B-Brgosterol (AmBEr) channels. A molecular dynamics (MD)
technique was used to construct two types of molecular models of AmBEr channels: single-layer
channél (SLC) and double-layer channel (DLC). A MD simulation was used to illustrate the
differences between SLC and DLC AmBEr models with respect to structure, channel diameter,
interior affinity, and transportation behavior of water molecules. A Monte Carlo (MC) method was
adopted to investigate the sorption behavior in these two types of AmBEr channels. The

" intramolecular properties and intermolecular interactions indicated the feasibility of the simple

model construction method adopfed in this study. The internal diameter and channel shape showed
that the use of funnel-type AmBEr channels would lead to high levels of permeability and selectivity.
The special tunnel shape was reflected in the diffusion calculation that resulted in a high
displacement of water molecules in two types of channel models. The water molecule-channel
hydrogen bond distribution and snapshot analyses of the adsorption site revealed an affinity between

. the amphotericin B monomer and water molecules. The novel chemical structure of the amphotericin

B monomer features simultaneous hydrophilic and hydrophobic segments. This particular structural
characteristic was reflected in the unique shape of the water adsorption isotherm curves, which show
a unique three-step increase in equilibrated water pressure. In transport prediction, two AmBEr
models had similar permeability values but different water transport mechanisms. Concisely,

fabrication of the artificial water channel would help to enhance the water permeability in the water
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transport process. The results from the simulation provided valuable information for structural
characterization and in estimating the transport behavior of the molecules in the AmBEr channels.

Chapter 5. Applying Amphotericin B-Ergosterol in Forward Osmosis: a simulation study
Water-molecule transport properties of an Amphotericin B-Ergosterol (AmBEr) channel were
examined on a molecular level via simulation of the forward osmosis (FO) filtration phenomena. FO
filtration and double-layer channel (DLC) AmBEr channel models were constructed via molecular
dynamics (MD). MD simulation was adopted to explain the diversity transport mechanism of a novel
AmBEr channel, and the channel performance was compared with that of actual AmB' channel
membranes and a commercial polyamide membrane. AmBEr water channel not only showed more
than 100-fold greater permeability than polyamide membrane, but also completely rejected Na* and

Cl- ions during the simulation time of 4.5 ns.

Chapter 6. Conclusions

The structural characteristics and transport behaviors of two types of candidates of water channel,
cyclic peptide nanotube and amphotericin b channel, were thoroughly analyzed via MD and MC.
The nanotube/channel morphology, internal diameter, and simulated tunnel volume results revealed
the structural properties of molecular model. Hydrogen bond and interaction energy analysis
indicated that the affinity between nanotube/channel and water molecular. Afterwards, the water
molecular transport performance within nanotube/channel could be studied from diffusion and
sorption behavior, and the water permeability would be calculated by solution-diffusion model.
Further, these two types of artificial water channel were applied on forward osmosis simulation
model. The performance of water permeability and jon rejection ability was introduced.

From the results, the nano-scale tunnel provide enough space for water molecule transport and the
affinity analysis suggested that the hydrophobic tunnel could assist water molecule diffusion. In
transport performance, two types of simulation model showed the comparable water permeability
property. The prediction value is much higher than commercial reverse osmosis membrane. In the
other hand, the permeability performance from forward osmosis simulation model was much lower
than the results from solution-diffusion model, because of the resistance of entrance. However, the
result suggested the high ion rejection ability during the calculation period. From the above
description, we could sce the potential of cyclic peptide nanotube and amphotericin b to instead
aquaporin, and also the feasibility of Torward osmosis application.

In summary, in order to find the suitable material for artificial water channel, molecular simulation
technique was adopted to investigate the properties of candidate materials under atom scale in this
work. Computational simulation and analysis at the microscopic level can be a helpful and reliable
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tool for the design of novel materials for biomimetic membranes. The details of the mechanism of
ion rejection by such a biomimetic channel can also be applied on a molecular scale and should be .
helpful in revealing other ion rejection mechanisms. In simple word, molecular simulation shows
great promise as a method that could assist in the design of novel material.
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HRE A QDR L IRERRICHE S HRMRATRE LAREOFBYR LW 5 BB ERRT 3 DI, 4=
FNF—POMERES 1 ABKLBICLELSRAERTHWS, UL, S&ETHETEESRFEILL
231D, BRBEEA%EZETIBIERRAMIEOMERZENS, BMEAEROERE, BEm
BLUKAEST > F ORHIEROERS L CIGEE= X hOEKICEE L, EAkaX FRELITHIRS
NI L CRLBREEOMRICERTE 300 LBbh3, 20X 5 REEKERZFTHME LT, kK
DEBENBLIIRA S, EEBOBICEBERRRKT v FNEBAL LI ARRER O LS A4 DAL
EBREEINTVS, 72 7RI VRIS IV PV A LWV o b BARDS T EERFTIMENRKRTF v
AL LTALR TN, TAENBENBMCEETHokY, BERETIREORAEDHD, B
BAKF ¥ RN E BHRICEREH L, FORERMEICEIT 2 BEE2RHYTH 2 L8, FHUKAEBEDOMSE
EBVTRDON TS, Ei, BERMRHNAEERZ LT, EROYWEE (RO) RHARBICHE
59, LVEkax FOERSFESNIERE (FO) B ut A~ORAICHE LKt RVEK T+ X
NOBEHC b ORERB L Bbhb, T0LE, FFLRADI 7 vl AhbKEBENL Fv JHE
DEFEALNLT I ERRARTHY, FOLHICRE, HAHENFEERVLZENEHTH D,

PEDOHRNS, AMETCIHSTFVIal—avERNE L, EROLEARKT ¥ IV E
XR725, B (stacking) L BREF] (surrounding) BD 2 20F A7 DT ¥ FNDHFHEEE
BReFLie, TOMELEEERHONITH L L LI, KFORSGE, it SLIRFOBRSnER
IZB DAEBMEIC OV TEMEITY Z LT, “hbDKF v RIAVDOREHES & AF ¥ RNVEE LTOIS
AT YW TR ETTo 12,

B 1EHERTHY, BUC L BKAE S0 ROBPE, EFEOKF v XNVOBELE ThE VoKL
BEOTFED & AR Lz, £, FF v Ialb—ya v ORELAFRICBVWCHALEY 2
L—a VEREELHESER DGOSR OV TRAZ T/, & bICKRITOWREM LIFEHES
FLdi.

52 TR, AOBBHNCH LTERERBRATF FBRRAZ 97432 LTI VHROF ¥ FZA4%
HRT BTHRATF K+ F2—7 (cyclic peptide nanotube, CPNT) DOFHEIZHE Uiz, 5 TBLFEE
L D BFGEDRRD 4 0D CPNT #KF ¥ RAVDEFNVE LTHERLE, 1205RTF Fit 8
SOT I BRENBERENDN, TO—WOT I/ #HF (L-Lysine F72ik L-Leucine) % 1-2%
& 4 DHKNL EEERY T Th D 3-amino-2-methylbenzoic acid (¢"Mba-OMIZAHT S Z & TF ¥ X
NRREO—IRBETF LN TEARIL SN F v RO L KOREHE - SEBHEIC RIETHRAKEORE
W OWTHET Uiz, AT & CPNT & DFEEMIIKEEAOHRORT LRFSER L VML, KO
RIS F OB Z TP HEHE L7z, v Mba-OH EOBAIZL Y, Fx R OWiR, REBIT
BRIE Ui, TOBKER, AYTFLORRESOHREHY, BHd S5yMba-OHERFVIZLE,
F FANOBARMEREE Y, KEFEIET Uiz, 0O—FT, Fr I VAOBKERHETT Ltk
K FOUEEOH ESEN &, RN, BRFLREFVRESOTTFREhEEKIEL, 157K
B R EA L Mba-8CP IZRB VTR B E < 2ok, y"Mba-OH H£DEAR L3 F ¥ IR, B¥F
e, BIOEEEOEVSESIHICERTS Z LItk Y, AOFEBERENTHZEBHLNL R,

B ETI, HFUNFERIZLBZERE (FO) YIalb—YayFHEEERL, MECERLLS S

1T 7= SHHi L7= CPNT €5 E LTI, yMba-OH & A LTV 22\ 8CP, 1o L7z Mba-8CP,
BLU 4SBT AMba-8CP % B e, FO Y2 2 b—Yavitkid, kPO NatB XU ClA 4D
KIMGERE LS BREND T LA A VA OAS THREOHENTATICL VAR LL, FO ¥ Iav
— a3 VIRBWTH, Sk & #ikORIE CPNT 2#A7 FO & 2 2 L—y a VeV OFFIEOKRS F O
REREENCHET A LIC LY, FOBLEENGEREELHE Lz, 8CP BLUHKEL 1 474k
Y 1 o7 FEA L= Mba-8CP iV T, EH D RO K& BT 100 {42 B 1000 HIZ b s K S FEAE
RERTHLARREN, FlRALBREE LTOTERSTREEZ, —F, BkEE 4 oBALL
4AMba-CP TFAUTHE, BIETRENEE D ICF v RN TORDIEHIEITE D= 72dd, F ¥ RNVH~DK
DEAREEZ DIz &, BROIEAEZIZEAETE R 2T, ZITH, KF ¥ INVORBKEDNAT
VABRBETHDZ D EMRFRBRENE, i, WIThO CPNT EFMZENTH, 10 ns OHERRINTOE
OFBIIBH GNT, TOLIRF Y IUNBWEREERHE T Z EBTREN, Thid, BRRTF
FOFOEMY BN TF ¥ FVAATOT =4 ORF « AL & F ¥ XNVNTOL T4 DFR LK
P EELTWAZ LICBEALTWA Z AL N ERol,

BABETE, BoEBIUEIETH-LLDLRIRARBBRERETHF v XNV E LT, KOFBFHIZ
S UTEFC D FRBRICESZ L CF X XNVEERTHT V747 ) B (AmB) —= A TR 72—
(AmBEr) F% XA ORMEICHH L, HFIAFEEICEY 8 20 AmB HFBLVTATRT o —)L0
FRBKICEAT 1L ODF ¥ JNEHRT BEFTN (singlelayer channel, SLC) &, Z® SLCHFA N
BAZEWCHETBZ 2 LT, 16 O AmB AF LA TRFO—AHER L OOF ¥ RVEFRTHETNV

- (double-layer channel, DLC) #{Em L7, ENTNDTTNOF v XNVHIE LARDRAHE « IEBEC R

ETF % FAVOKE LU DLC OF % RNEARZOBAEORBIC OV TR Lz, WTFhoF ¥R
EFNE AmB FFHRICF ¢ RNERRLLED T HRIROF ¥ FNERECHRT DL EBFFVI
2 by a iz L DRENT, FrRNVOEBTRRNTHB D), FrRVOARLHAFFEIZBNTK
STFOWERRLNEN, DLC EFMIBVTE, FEEKHRT ¥ FNOEEHIZT ¥ XERSFR
+CHREERET 5120, KORSHEMES FHRERTYA b LTER Lishote, —F, WFhoET
N F b RV RN BB TH B2, RS TFOBWIEREISS LR, DLC €7 AT
SLRESERROF ¥ RN DIERBHB BRI HEAI L i o lele ), F X FHEHRO L HBBKI & 25 SLC
EFMCHART, DLC EFMIEEL 0 VGRS R Uiz, RO, FrRIoREMRH 2 HRRBIZY
b5, EVIRSMERE S SLC & BV MEIENAZN DLC WTFROF ¥ XZBWTh, TR
FFMC L O TR SN BB ERIRREICHE W LWFRENE, ‘

355 BT, 8 ECAVESTAREICLZIERE (FO) ¥Ial—ya Tk, METCHENRL
#- AmBEr ® DLC EF/VITiA L, BAEE 4 A VBIEHIZOWT FO &2 2 b—Ya VL X Y EHGHE
BfFol, BIBLRABICFO VI a2 b—ya VIEBWTH, K EHADRHIZ AmBEr 2#A7EFO &3
2 L= 3 VELOEEISORAF OB EREHICHET S Z L LD, TOELEEY bBEKEELE
# L, AmBEr F¥ 3T Th, 4.5 ns OFEHEPCOEDERIED bIT, TOF ¥ FIbH
VIR R T B S L RRIBE e, FO ¥ 3 a b— a U CRHE Sk EER, BRSTF FFy
INVDLOLFEETHY, AmBEr F¥ I bEVEKELETAAEESALM L Rof, Eiz, EBH
ITHHE X TV D AmB F ¥ JNVBEOF KM L 12, BTN OF v+ X VEREIE L LT 10%EEETSD
DR LY B L, RUREREROTRNAFO I 2 - s VL DIThhieZ LR ENI

6 T, AEORRED~, ELHETolk, FFETHREF SN CPNT % AmBEr &1 o7k
F ¥ R, —REORKREEOMREZER L, BEOKTF v FAWBROFBRIEL LBLTHREN TN |
LEOMEAELTWAZ ERHERY I aL—va vtk o THLME &h, ThbRF v FVERROE
EHEERRTE ELIC, TORMESMEEXDZLICRIILE,

FHIFEIL, HFYIalb—arEAVTATF ¥ RIARTZITY, BkidEEEMETHER2FOYIa2V
—a VRERHTCHER EATA I L TAFUANVO L Z a2 B AN DRSO RS 2 B OHR
RAKF % INOME L BHEIC OV THFE L bOTH Y, FOBEI X 3KLES 0 AORRBICEWTE
TEChH BEMALKT v ZAOHE, BIUERFHFEIC X AHARMERE - MBIl AERMRE
BREbLOL LTHES 2EMTH D, BHESNIRISUT TSRS GHREEE B LTEY, 2
HE# 0 WU HAO CHEN i3, fid (i) OFL2EIRBRHD LBOHS,

DRERD CPNT EFMCET BF AL LA F VSISV, FOY I 2 b—Ya ik ) EHEHES






