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Abstract: We have successfully developed a process for the production of calcium
carbonate powder and calcium carbonate plates form waste green mussel shells from sea
food industries. The process is simple and straight forward including a thermal treatment
process for destroying protein and organic binders within the shell structures and chemical
treatment using hydrogen peroxide to dissolve the decompose organic materials. The
obtained calcium carbonate is shiny with pearlescent property. The results from structural
characterization and molecular characterization suggested that the flakes are 100% aragonite
calcium carbonate with psudo-hexagonal structures having a lateral size of 3-7 micrometer
and thickness of 200-500 nanometer. Upon an interaction with white light, the flake could
relectively reflect certain region of the incident light. This unique interaction is directly
associated with the thickness of the aragonite flake. When viewing the flake under an optical
microscope, the flakes show vivid colors. We supplied calcium carbonate powder and
calcium carbonate flake to other sub-projects under the research plan Innovation on Value
Creation of Wasted Green-Mussel-Shells from Seafood Industries by Transforming to
Pearlescent Materials and Related Products in order to make product prototypes
including (1) calcium carbonate encapsulation, (2) solid support for biodiesel production, (3)
Chula clay (4) Pearlescent flake for the production of pearlescent colors, (5) a filler of
security marker, (6) an additive for transparent polymer, and (7) aragonite sand. Outputs
from this sub-projects included (1) a publication in a peer-reviewed international journal, (2)
4 presentation in international meetings (3) 2 international innovation awards (4) 1 national
innovation awards, (5) draft of a paten (6) 2 young scientists working in the projects (1 master

and 1 Ph.D. graduates).

Keywords: Green Mussel Shell, Calcium Carbonate, Crystal Aragonite, Pearlescent

Materials, Solid Encapsulation, Controlled Release Material
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- Color Expression of Pearlescent Pigment from Green Mussel Shells,
Small Sciences Symposium, 10th-12nd December 2012, SINGAPORE

- Color expression associate of pearlescent plates from green mussel
shell, The 30th Annual Conference of the Microscopy Society of
Thailand (MST 31), 23rd-25th January 2013, Burapha University,
Chanthaburi, THAILAND

- Bio-inspiration from Asian green mussel shells: Security Markers Based
on Dye-loaded Stacked Aragonite Microcrystals, Pure and Applied
Chemistry International Conference 2014 (PACCON2014), 8th-10th
January 2013, Centara Hotel and Convention Centre, Khon Kaen,
THAILAND

- Security Markers based on Dye-loaded Stacked Aragonite Microcrystals,
The 31st Annual Conference of the Microscopy Society of Thailand
(MST 31), 29th-31st January 2014, Suranaree University of Technology,
Nakhonratchasima, THAILAND
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Species Common name Country Thousands of tonnes
1993 2003
Mytilidace Sca mussel China 509.6 6832
Mytilus edulis Blue mussel Spain 91.5 2488
Netherlands 66.0 56.2
France 550 55
Germany 247 28.6
Ireland 13.7 39.3
UK 4.2 19.2
M.galloprovincialls | Mediterrancan mussel Italy 40.0 99.0
Greece 16.7 315

L _France 15.0 13.0 |
M.smaragdinus Green mussel Thailand 244 89.0
Philippines 25.1 13.5
| P2rna viridis, Green mussel Malaysia 1.2 7.7
Perna canaliculus New Zealand mussel New Zealand 470 78.0
M.chilensis Chilean musscl Chile 29 56.5
M.coruscus Korcan mussel Korca Republic 55.1 15.8
M.planatulus Australian mussel Australia 0.6 29
Pzrna perna South American rock Brazil 0.0 17.2

mussel

World total 1048.2 1589.5
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1wl uRn153duaunsaisus (Sensor Research Unit)
PP UAT AUEINGIANENT PAIBINTAUUNTINE G
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1.6 Had39v09lATINITHAZAIY

o/

f

Nadn L%Q“llﬁ)ﬁiﬂi\‘i\i’]u

e &’U
MNAVIN

1 ns5u38n1sudsguidden
mosuuaagindadisann
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LAYISEAULIR
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w.f. 2557 (7" Sci & Tech Initiative and Sustainability
Awards)
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uni 2
NuIeTMNeIT09

2.1 VUl auYAFIU UATNTBULUIANMNANYDILATINIGIRY

amﬁgmmaqmimamLLsJuUszmsJagﬂmmUﬁaﬂwaaLLmq@jmﬁaﬁﬂ Funnnsdunadoyalde
fiufnvesdenvesiifiussmennuarldyndadudogislunguues Natural Pearlescent Materials
femaila Optical Microscopy, Atomic Force Microscopy, ka¢ Scanning Electron Microscopy
swistoyaiiugudauaiéoimaiin Raman Microspectroscopy n1slddeyaifieaiuiudennesiil
Usgmeynuagliynivanisutueyaiddnifinmsnemuiedasaiauanszuiunisaiauien
vosfifluszneynuiuda aranansaysneesnuuunsnassaail saluianiseonuuuiriediie
dmsunisnanusulseneynanienviesag inegeliuseansnm

ynuaziUdonnesiifiussmeynifu Pearlescent Materials wfiamilsdagnainalasviosmin
Mussel 30 Mollusks nszuIunIsIARRUAITIYN (Nacre)  Wienszuaunsaiiaudonvesii
Uszmﬂgmﬂumzmumi Biomineralization %aﬁmmﬁwau%mm mﬁa%ﬁa%’umamﬂ (Nacreous
Layer) UuaﬁmqfwL‘%Mﬁuimﬂmwé'ﬁmi Bio-Macromolecules 880113910 Mantle Epithelial Cell
yasvesifiadraduninuy (Template) dmsunisasrendnues Calcium Carbonate wilkuUdWMSU
mﬁa%fw%y’ugﬂsuawaEJﬁmuUizﬂaumamﬁﬁﬁﬁagLﬁu Conchiolin Protein (duUsgnaunan), B —
Chitin, kag Acidic Soluble Macromolecules [1 - 5] Mﬁd%ﬂﬂﬁuwaﬂﬂzL‘%Mﬂ%ﬂqmﬁﬂ%ﬂ Calcium
Carbonate lngn1514 Calcium lon wag Carbonate lon ﬁﬁagjmmiimwa n1saLaes Calcium lon
uaz Carbonate lon melunsinuuiinesadistuindeundituazsiniunsiugesinduwivuuiie
@319 Nacreaous Layer Iu%ulﬁmﬁuuazmumﬂ Mineral Bridge \iea¥1a Nacreous Layer Iu%u
dly (4] Seyguaavinevendn Calcium Carbonate fla1stuazgnarunulasdudsenouiiiu
Soluble Macromolecules Tasisiuuufiairsdulunounsn [1 - 5] Sqysuves Calcium Carbonate
aavhelasunfasiidiulszneundnagludyuves Aragonite lngen9adl Calcite Wudiuusenavey
4 (< 5%) nszuaunsadisasinduseluides 9 auldduves Nacreous Layers @eflaanuvuiuas
ffunmaneny duszneundniivhimindildannuuiwswasenuiuinivenudennesusenie il
UsgnenAenan Calcium Carbonate ﬁagﬂuﬁmg‘dmaﬂ Aragonite Form Wi Aragonite Tutu@en
Maﬁlﬁﬁﬂizmayﬂﬁgﬂﬁ"mLfJULL‘U‘U Polygonal Plate lagl Aragonite Polygonal Plate wanilazAos 9
inZewofudoudutu q naredu Aragonite Superstructure TuBenvesfifiuszniesnuaglasn
Fuweq Aragonite  Superstructure LLGiaz%uazﬁﬂ’J’m%magﬂmi’N 200-600 nm  Aragonite
Superstructure flasead1sndefuSegfivhudeuu Lﬁa@mﬂmﬂﬁmmw Wi Sidnwamileudy
ﬁu‘lmﬁammﬂiuismu

Raman Spectra vedlUdonvesiiiusznmeynuaglvynviiama 4 uandiiudsdiulss #Nou
iy Calcium Carbonate lusUves Aragonite  Form  ¢139%iau Raman  Shift ‘1/1
Wavenumber 1084-1085 cm  wans Symmetric Stretching 9839 Carbonate lon, 704 - 705 e’
e@n In-Plane Bending 989 Carbonate lon, kag Wavenumber ‘17{9‘1;’1?1’;'”1 500 Cmf1 (142, 152, 190,
206, 214, 244, uaz 272 cm’) uanansduveslassudnlnesau (Lattice Modes) vasuan Aragonite
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dutszneuiiuguresudenvesiiiiuszneundnudiaviaduaissiman Macromolecules [1
~ 5] FeUszneulusaeans B - Chitin, TUsAufiazaneniild (Water-Soluble, Aspartic Acid-Rich
Protein), waz TusAufildateanestinde Conchiolin (lduusznaundnidunsaezilu Glycine Aany
fu Silk Fibroin Tulusiuvedin) Tudiuvesanssaman Macromolecules Himihilagvansatis
fofu daudmsvimeiduusiuuuvedasednlunisaiiedu  Nacreous Layer, vuthidunia
s3uTALiIenUsTa LN Aragonite Whdhedu shnihfldushlosiuanslifissvasdindouey
fuuenanvenudenvesiiiusenmeyn nwmdsiuiaves Macromolecules wianiiuufinvedlasn (1
gﬂﬁéﬁmmsa{ﬂﬁlﬂﬁu) dlodnen1née Atomic Force Microscopy Macromolecules Wanianyu
Dueynansenan Jvwneglugig 20-70 nm

gﬂﬁ 2 Scanning Electron Microscopy (SEM) Images ¥adidanvagUseneyniuudnuing (A way
B); WHUNNLARINN5IA (Growth) (C) Yeawdn Calcium Carbonate floefludygy Aragonite (dil)
wluuuvesnsaisiidruuszneuiiidu B - Chitin (@) gnusznusie Conchiolin Protein Fiber (8
wn9) Tnewdulersaesuinavauiiludnuazuuusaain; Optical Microscopy (OM) Images w8q
Waenvesyn (D uag E), lsdﬁ,gmfﬁﬂ (F wag H), uay lﬂiuﬂﬁnﬁmﬁmmq 9(G, I, J, wag K) 905U E
(Dark Field Images) vesUdenviosunaziiudisdadulsingnisaiifonin ndescence Faifin
Mndnsizemeasiulassaeiiiuseovveaddenvosun
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Ar;igqnite Grain

v

v

g‘i.lﬁ 3 Optical Microscopy (OM) Images ¥a4lasn Tahiti wanaliidiu Polygonal Aragonite Grain

Falumiiegosvas Aragonite Superstructure

A B
Raman
Shift @ —— White Pearl Shell @ —— white Pearl Shell
(€m)
. () — White Freshwater Pearl
Symmetric

1084 . ]

1085 Stretching of ) — Orange Freshwater Pearl () —— White Freshwater Pearl
= Carbonate lon =
i Bending of " P ) — Orange Freshwater Pearl

Green Tahiti Pearl
g 705 Carbonate lon o reen Tanll Tea g
o . -]
= Below ) ) — White South Sea Pearl =
< 500 Lattice Mode < © — Vioket Tahiti Pearl
2 (+] Black South Sea Pearl 2
-] [}
= =
2 UM 2
= = [} Green Tahiti Pearl
s LA w 5
E M. | N 8 |
M 1 J L ) — White South Sea Pearl
|
M 1 L [+ Black South Sea Pearl
s | L L | L | L | L
500 1000 1500 2000 100 200 300 400 500

Raman Shift {cm -1) Raman Shift {cm -1)

JU# 4 Raman Spectra Wag Peak Assignment vasdanuasniusznieyniagluyn
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157991 1 Amino Acid Composition 284 Soluble Organic Matrix TutUdaneae 3 wiln

Nautilus repertus Strombus gigas Plicatula plicata
Fraction | Il 1l \% | I Il v | I I \%
ASP + ASN 13.60 18.46 32.34 26.72 13.82 29.40 19.75 19.57 11.87 21.37 42.01 37.50
THR 15.97 9.97 1.68 2.26 5.55 4.04 9.26 772 9.17 3.71 1.00 2.18
SER 9.02 11.73 4.12 5.93 11.26 7.39 6.69 7.28 14.65 20.14 14.90 9.76
GLU + GLN 17.04 11.20 3.59 7.08 11.93 8.50 15.13 12.03 12.82 12.03 11.22 10.11
PRO 6.58 5.45 1.37 1.66 5.69 3.33 6.12 6.48 6.43 2.61 Trace 2.67
GLY 7.67 16.39 30.53 29.24 16.42 8.71 9.51 10.38 9.42 21.17 14.68 17.77
ALA 7.55 6.72 3.10 4.37 8.87 5.81 7.97 7.41 8.47 6.19 1.46 2.81
CYS Trace Trace Trace 3.82 1.66 4.80 2.14 2.86 1.83 Trace 2.95 Trace
VAL 4.14 3.47 1.28 1.58 4.05 3.51 5.56 4.83 5.26 261 1.46 1.90
MET 0.62 0.60 0.40 0.41 1.70 1.27 1.41 1.91 1.35 0.55 0.30 0.63
ILE 3.29 273 1.42 1.01 2.35 1.87 1.60 2.30 3.07 1.44 0.57 0.47
LEU 391 3.70 1.64 1.99 4.86 4.38 4.11 4.92 4.53 1.79 0.84 1.90
TYR 2.27 217 5.67 6.12 1.79 2.98 217 2.10 212 1.79 4.38 4.99
PHE 2.39 2.95 2.53 1.42 2.39 322 2.48 2.56 2.96 2.27 1.11 1.40
HIS - 2.02 372 291 0.91 0.77 0.66 0.78 1.02 0.69 0.38 0.91
LYS 3.34 2.50 3.85 1.58 3.03 a.67 2.35 3.12 2.78 1.65 1.08 1.47
ARG 2.62 3.55 2.75 1.90 3.66 5.36 3.08 4.27 2.26 Trace 1.68 2.53
ASP+GLU
ASP+ ASN+GLU+GLN 85 80 90
(Mole %)

A3 2 Apparent Amino Acid Content w89 Conchiolin Protein 910 Nacreous Layer U84

Haliotis rufescens

Amino Acid Residue Count Mole% Residue Total Weight
Aspartic Acid 1 0.27 115.1
Glutamic Acid 2 0.54 258.2

Serine 1 0.27 87.1
Glycine 108 29 6166.8
Histidine 17 4.6 2332.4
Alanine 4 1.1 284.4
Tyrosine 17 4.6 2774.4

Valine 89 24.0 8819.4
Cysteine 4 1.1 412

Methionine 1 0.27 131.2

Leucine 31 8.3 3509.2
Phenylalanine 3 0.81 441.6

Lysine 78 21.0 9999.9
Arginine 16 4.3 2496.0
Proline 0

Isoleucine 0

Threonine 0

Tryptophan ND 0

Total 372 100.16 37800
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Schematic Representation of Composite Section of

’ Mineral

[T
=§ Acidic Macromolecule

[ ] Conchiolin Protein

Il 5 chitin

JUM 5 urunInuanin1siniedlaseaiamanilves Macromolecules Yadiudonvegnilusznieun
wazliyn waz Atomic Force Microscopy Images vadlaigniida (A - D) uay nosynunau (E - H)

Toyatedunanddiiiugl wWaenvesUseneynvseidennesuuaigiidiulseneundnde
Organic Matrix Wwag Calcium Carbonate lmg Organic Matrix fidtdrudsznaundnidulusiudui
sihidunnifideuysyaiu Calcium Carbonate fiogludtyzuves Aragonite Tidundoufuduty
fatu mandaindndszniognainudenuesuuas gisdauufigiuresnisesniuumanaassasluis
miaaﬂLﬂ‘%'awg‘jmaiﬁm%’umimamﬁqﬁ
1. MWnszurunsmaailiiiedesaals Oreanic Matrix wiol Aragonite Crystals naneenaINiy Ly
Feuserululassadilvg vide vilinanesdu Polygonal Aragonite Crystals adu Building
Blocks 984 Aragonite Superstructures Tuiuii

2. Wnsyuaunmsmemeniteranelasiasna Aragonite Superstructures saniiazdas

3. YSuidsunszuiunismiaadl waz/v3e nsrUIUNIITNIINEAIN IilendnindaUsznieynidl
Tassadanaiifednis 1wy saunal@euaiueiun ndaUsenenn uay uaaLdes ASUBlUALUY
urudoutnduty

4. U3uAgunszuiumsnanenm ieAauenvunandnuseneyn

5. 1¥nszuaumsmandl uaz/ie nszuaumTeneam Wevilndeussneyndisdnldiinig
TN

2.2 AISNUNIUTIUNTIN/E158UnA (Information) MNe9a9
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mndeyafiuguinfulasaiuaresduszneutesUdenviesiifanumsssmeyniagldun

vildianumersalunisuussunasdanszifagdouuuy etsdssendlugnainnssud
wanvane Tunsalvealfonviesutas] uaaleuansvaiunnvesuuadgegludyussslnludises
Foutududug  Insudazturedlusfuunsnogszaninanans feadvinsinuuasiivngtuses
wadenasusiunuaziusiu shldsleuaniumeiuinanwiniasfinunsnaen (interference)
uay MTLABUL (diffraction) dsnaliAnysangnisaiusenioaniu (ridescence  phenomena)
HegensfnuaaRiduawenldenves liyn wagtagiiussnieadieyn

Kaupp G. kagae (A.f. 2010, @NSUnsansgeLusn @7l US 2010/0047300 A1) [6] 1éndn
pearlescent pigments Aldidudiuusznavreuniosdions lnevhnisindevasifiadsidnnwa
29 (> 1.8) vido Taneilusdlalusedutiunans (semitransparent) agstiosnstuuuinauia (glass
flake) Al duduansm Insasdusenauvesduamsnysznaude : silicon oxide 65-75 wtd% (8814
ﬁaaﬁqwéfmﬁ Si0, = 2-9 wt%) aluminium oxide (Al,O3) 0.0-5 wt% calcium oxide (CaO) 5-12
wt% sodium oxide (Na,O) 8-15 wt% boron oxide (B,O5) titanium oxide (TiO,) 0.0-5 wt% way
zirconium oxide (ZrO,) Farutuminueundauiy

Pelesko John (A.f. 2010, AnSUnsangeining tauil US 2010/00297788 A1) [7] léikdn
wet edible pearlescent film coatings lngasAusznouueInalen (wet powder composition)
Usznaune pearlescent pigments (@15U5LNN micaceous pearlescent pigments LU iumﬁ
WwaauMe TiO, way Fe,0; Wudu) arsvrelimnaildunediwesyidaiuls (film-forming edible
polymer) v wfiawaglaa Indldalnlsdlau uay ndladaosdeom 1Husu wosi 1-30 wio lng
sadUsznevvamedenausaldvinduaiswuiuasafiewdouliindu pearlescent film léiiled
pearlescent pigments gstgliminfidunefiwesuiniula wararlswes (platicizer) WU ovigf
enlalundiwoslss uwazih 70-95 wtoe lneldusnanianunsoldindounandaminnuls Wy o1 vun
9113 sy TneUsanm pearlescent  film lfiadounansnitusgfuiinveanantasiiu «
TnehluUSinaimnzaufeUsinaiifiudminudnsast (weight ain) 0.5-4 wt%

Hollman A. M. uazagg (A.F. 2010, @N3URTansgeLUsN @i US 7,850,775 B2) [8] ¢
Nam multi-colored lustrous pearlescent pigments Fauszneudeduamsy wu lunsssued
3o lunduasizit tnSauin uiy ALO, Wi SO, sglundunsien Wusuy ﬁgﬂLﬂ%au%uLLaﬂéh&
iron oxide (AIUVWIYTELRS 1-350 nm %3810-250 nm) Ailudrunauves Fe () (1-30%) uaz Fe
(1) (70-99%) Tnedunounisuan pearlescent pigments UsznouAIuN153AId metal oxide FudLn
w seglalasialaglflavgiinszna (nobel metal) iudnssuizelusinarsiiduveuvar Tuun
nsdlonaaziinsiadouduansniuit 2 fudusenlasuszinn T, Fe,0, 710, SnO, Cr,0, BIOCl
way ZnO Hudu LLﬁniﬂﬂa’N'izWi’N%uﬁuaﬂ%'UﬁLmiwLLaz%’uLﬂﬁaUﬁ 1 pearlescent pigments ﬁiéfam
sathlUlFlusulivateguuuu 1gu 1a3eadiens wanadn sruwivue wag MuLAdoURfIY
anlnenssy (Wudu

Hollman M. uaganiz (A.A. 2009, AnSUasanigelu3ni awdl US 2009/0208436 Al) [9] 1
WA orange pearlescent pigments  7inaINN1SAEBUTUAATN WU Tunsssuead vide lunn
damszi inSauia wiu ALO; wiu SO, agliunduasizi Wusu feansdiwan iron oxide (Fe,0s)
LazLARUTUBNTUS Y FeOOH duas pearlescent pigments annsauduideuldlaenisidsuin
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294 FUAATIUAYAUMUIVEITY iron  oxide  Taefimnumunvesdu iron  oxide Unfinun
Uszanad 1-350 nm 10-350 nm wag 10-250 nm pearlescent pigments ﬁlﬁmmmﬂisqﬂmﬂlﬂu
\30sdens astAdey (coating) warldidussdusznauluuimiin (Hudu

Schweinfurth R. uagmug (A.f. 2008, @nNSUnTanIgaLusn @il US 2008/0014321 Al)
[10] iﬁmam pearlescent pigments dielddusundndasiosuaze pearlescent pigment gn
wIsuTuannsndeuding titanium  dioxide  (TIO, pigments) wilsEsdastuasuuduansm i
lun1sssurd vise lun1duasnedt uHuwt Wiy ALO WY SO, Wi TiO, [uAY %38 nsiedeuLdin
W1 iron oxide (Fe,05 or Fe;04 pigment) asUudUaLAsy U wHulunn tale kaolin Wi SiO, Wi
TiO, iy Tnseunaveadadildfivuia < 200 pm

Melson S. uazAmuz (A.f. 2008, AnsUnsansgoidng il US 2008/0168924 A1) [11] I
Nam pearlescent pigments ‘vmmiml,m (glass ﬂakes) Juduanm pearlescent p|gments mmam
mumnmsmaaumima 6] Feilasuuduanse fie 1) fuves S0, (U1 5-200 nm) 2) Fundeures
msmummwﬂmqa (n > 1.8) (U1 30-150 nm) 1w TiOLHusu 3) Fuindovvesansiidendviinnim
A7 1B SIO, waz/v3e ALZO3 (M1 <5 nm) 4 swpdeuiteuntesinneusn wazaisusai
pearlescent pigments T13dulUldluanuldvanesuiuy W & wiinfiun waradin weniin 1Wusuy

Spencer J. L. wazany (A.A. 2003, @nsUnsanigausn vl US 6,663,704 B2) [12] l¢
WAn pearlescent ink fianusaauldagstos 90 % laensadaulunidie TiO, way Fe,0, dmsun
NIWAN interference pearlescent pigments WAy metallic pearlescent pigments  AIUA1AU
AaantAIBanaves pearlescent pigments Aldanunsaauaulilasnisuiuiuasuruinvesves
oumavesiun uarduiUdsussdusznaumand madundn uasanuvuivestestusenlysii
WFeU WU aunalunivuaivgagld pigment ﬁﬁm’mﬁmnqa violunsdinsusudsuany
wnvostuoenlasazld piements AlWERNIAY W d1du TIO, w1 40-60 60-80 80-100 100-130
wag 130-160 nm Awlad R waed Lae 11 wazilden muaIay

Narvarti S. F uaganiy (A.A. 2003, AnSUnsanszenidni vl US 6,616,745 B1) [13] L
black pearlescent pigments fluadlianansariuls (Fuweas 1009%) Srfitunrunuiemeluvaed
flUSunaues pisment 61 black pearlescent pisments gnudalagnisiadauskulunig Fe,0.%38
TiO, ifl copper chromite Neleg Usuuwes copper chromite ﬁi‘ﬁua&ujﬁuﬁﬁ%mmﬁmmﬂﬁ
FON1T Imaﬂﬂaﬂszmmﬁiﬁza@umq 5-35% waaimiin pearlescent pigments wansast black
pearlescent pigments ﬁlé’awmaaﬂﬂiﬂuqammim?{ afin uay wsesdendildnauen (@nviud
Uan) 1usu

Bertaux S. uagAny (A.A. 2003, ANTUNTANIFOLUIN l@avfl US 2003/0147820 A1) [14] WA
pearlescent pigments ﬁﬁmfmwm&mm%aﬂimu%ﬁuagﬁ’u interference phenomenon ¥89113
AANAUE Fawdnlpensiedouduansndszanluni Sio, TIO, ALO, glass wae eraphite R nile
Furdournnimietuiuly uidedlografeenilsduiliduduve w@rsuszneu nitide  waz/mio
oxynitride Favhwthidus selectively light absorbing lagl pearlescent pigments Flanunse
WUl 1y pigments Tud wanafin ulnfunt wi wsfin wwesinsanes uas wiesdoradudu

Liu Y. wazang (A.A. 1999) laanwiauduusynievesdenvies Pinctada marearitifera

Tnemsldiawes nuininmsdenvurewasuiioananlasaduuunsaiwesddonnes 4
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Usgmeyniinannisdouriufuesuasiivais o S1dunsideuy (diffraction orders) mnaidud
%a?{‘ﬂisquﬂ%uQQﬁUﬂawmwuwLLﬁumaaiaaiswjN%’juasiﬂﬂluﬁ LAz INLAITesURanvDY
TnewdenmosfifirnuvunuvuvesissgauasiinBeuazianudulse meynildude

Tan T.L. uazag (A.a. 2004) laAanwianudulsenievesldenies Haliotis glabra \Wden
MaamﬁmﬁﬁﬂaﬂmLﬁuﬂizmaﬁimwiuimmawwﬁﬁnmwj LezABeeutinty andnwilasiasmiondes
qanssaiBidnasounuinudenuessiindusznaudsusiuerslnludvundszanm 05 lalaswns
Bodeuiuiuludu wazannisinurudulszmevedonvessiaisoiawe § waznaann
msfummguinuidadeiivhliasusingmsaifinaifen1sideiuuiag Msunsnaen e LAl
PRumehuinasiifidnvausduukudouiufuvasesslnluiviiliudenmesiinanudulssnie
Tu

mﬂ@mmauﬁ’aLG?NLLmVi‘[mm'mmLﬂﬁaﬂmwmmﬁmwﬁg@Lﬂﬁaﬂmmmm:j Wasnweeyn
waziUAenviesitibe §itedsdmnuAnfiazulsgiivdenviesdananiliinaeiduunadeunsueiun
LUUBHLSOU wazwpalELAITUBALUULNLAEY Wethu lduselevilunans du egdlsfniud
mMsdanziunaldonmsveiuniiolflugnamnssuivatonats lasfegamsdauanesiunaldon
asustuniiastolul

Howard DK, Finan MA. wag Lees M.J. (EnSUnsaunsgawsn @97 4,559.214 paniieiud
17 §uieu 1985) L UaHenIsuIsnNIsnaawAadeuAIsuaLun 91nn15vU N3eueIasazaie
uralBuunaonlsalunsaneduiiadn waglnuvadoulansenlen Avansavanglafounisueiun
asadesranfiumeldinisniy wansnaifldRensnounaaidnaivoun wiminufnienduaaniu
nandnalvewmaunaludn 15 Wil nsoluAaLINAITANTUBLUNDBNANENTATAULAII LALIAY

You KJ. (@vEtnsanigeisin 1avil 5,910,214 eenilotudl 8 figuisu A 1999) Wawme
Waswdanaa@aumsusiun lnensiiuineasusulneenlenadluansazarsunadeulansenlen
ndrnUfnionfugansomenounnaisunivenudvinliuisiigamgiivies wadeumsveiuni
nasldTunnade 0.6 lulaswns refuuaadeuasueiunadiuasasalonauveslgfiounedoyes
a0 uazlanediueivsinsnezasannunsautasn NMelan1sNIUIUAMUTLTUTUYBILABLTYNAITUD
Ay 60% Taetmidn udnuvemwaudselud 1 $lus ndeniutiwandfasudaioun
wuuden (wet-grinded) nandaaiildasdunpadeunsuaiunvsivuinads 0.3 lulasuns wazd
mashiaesnnty

Yu J, Lei M, Cheng B, u@z Zhao X. (n./.2004) &uasizvikmaidounisuoiunlagld
ansazanelufeunnsuaun wavansazansuaadennaslsdiinnududy 0.5 Tuars Buinnisuay
asazaneluifisuasusluaiuaIsazanenedwes Wy nodezasanuadn nedlefiaulnaea way wed
Ihflaueaneses auaszasLral@uunaslsnasivluatsansazarvtenunelinisniunaungs
pasniunan 1 1 ueadsuaivaiuniidiansineilasahamdniunndsfuluegsumadon
giavadlndwes wu hdundnvewaaledileldnedozasdnueda uazerldlassadranvumulasg
(dendrite) isldwedlaiauoanesed

Bang J. wazAnue (A.A.2011) leWmunisnisduaseiuaai@auasuaiunlaenisiugizen
syrinsansazanslaadeulansenlenniiuidutu 0.1-0.5 luarsiuiwasueulaneanlyn lnadnsn
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1 & s 3 | a 1 = aaa a X < a [y caly va
ﬂ'ﬁWUW@Qﬂ?%ﬂ?'ﬁUE]ubLﬂ@E]ﬂi%ﬂﬁ]gﬂ 0.4-1.0 anINBUN UQﬂ'iEJ']LﬂWUULi'J LLﬁ%Namﬂm%Vﬂ@ﬂJﬂ’ﬂN

aAlnLaue
an ) 1 a Y] & = & ) P ' I )
Bnsmldlanunsaasduaseiuaadsuamivendysussilntudld agelsiniunisdun

a

swunalsuiuaundtyzorsiinlud anmnsavilddheiimafiaseniogadreluil

Chen SF.  uagAmg (A.A. 2006) duAsizruaadeunsuaiundysvassiinlunlagld
waaldenozdinn vujisendugdeluinarsiiduarsasansvesonueauaziiludngdiu 1.1
aelinslimnufeuiigaumail 90 ssmwaiea ndsnuiisenauysaidrmansusidoeniuear
1ﬁLLﬁ0€1’aamiauﬁqmmﬁ 90 esmwallua 24 F3lua 91nNTIAsIEdEewAda Xray powder
diffraction  WuiNARAueifiduATzsildFounaienasuBlundysUsrslnlud egnslsfnny
wanueilunaldenn SuslunstysU uNaNagfeidntien

Yan Z. wazan (a.A. 2007) lédauaseitaaifounsusiundysuozsilnlud Taglilusiud
anmldannidennes Pinctada fucata Tnelusiufianaldainidennesiiiininusyana 40 kDa
F9gni3enI1 N0 Insdaangvianunsavilalagiduingansueulneenledadluaisuriuaseves
ueaiBeunsuaiuniiilusiiu NG0 azavanoeg lnsnAnvasunalouaivouailintulmiaznszane
#egluarsazars anuanisnaassnuindefinudualusiu NAO azdailiuuuaadon
asvaiusiiAntulmlluansazansegludyslersinludunniu uasuraiBounveiuniiin u
minzoglusysuersinlusiiomndonududuvedusiu Nao Tuasazarefamduduiiy
30 pg/mL

msdunziieliliuaadouniveiundysuozslnludifuismsidanududeu dold
ansindififiudunzuagdioamanuiiugige uenaniuorsinludiidanseldsdamatos
i emaniazdeusyzuilusyzudug Wi Ssdsifimnumngiiogianldusylov

Adglulagtunuiniinsiwdenvesunldusslevdlunane 9 suendiegiauy

Seco-Reigosa N. wagAny (.. 2013) Iiirdonannissnudenvesusasguildiiionisgadu
Tangniinuea Arsenic, Chromium  uag Mercury wUin3i0191nMsiEUdonesaniningadu
Arsenic, Chromium iag Mercury Taunnnn 94%, 96% Laz30% ANUAIAU

Lertwattanaruk P., Makul N. wag Siripattarapravat C. (A.f. 2012) laudenviesvaen
MOBILANL] VIDBUNNTY UaENDBLATI TunLdWaNUTiudantuiinisAng setting time nadou
W59nA (compressive strength) NagaUN1TUARY (drying shrinkage) WagAINAINITAIUAITUIAIY
You (Thermal conductivity) wuindumndnsiudenves unegannsadanainisudsi Ingldusanm
ihifosasnndiuudund fanuudessinunns mvafasiduudiduieadesas uagld
anuansolumsthmudeuiii mnnansidsasuinisliivdenvesunanansalinaunudiuud
louneeu

Modnuarnalasaieilansuresudonves Jaunnsannuaaldeuaiiueiuniialy
AngdITedslaiauiuinnssunisulssuidenvesutaigiinaroidusiunaaieunisuoiun
Frysuezalnlud Fefidnvaniiulsenowninvdeiliduauera@ouasvaiunminivuindn
1 uildauiinlaauvesnnadounsvoiunlunisussgndfinainvane 1wu 16y Security
markers M duansiuilunedues MHdudindauszmeyn Midumssisuduiurhaugna iev
wesUspdy T dunmedmiudssdn insameny Hudy
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A & 0.1wt% 100+ —=— CaCO, from mussel shell
1007 0.5 wt % —e— CaCO, from mother-of-pearl
[0 A ' —4— CaCO, from abalone shell
8 80+ 1wt% | 8 80F \ —v— Conventional CaCO,
2 \
£ S
= swt% | = F
E 60 me | E 60
2 :
10 wt % F
S 40} v S 40
= / o
X L
X 20t & 20
= : ‘ : : o © ‘ |0 ‘ ‘
100 + 0.1 wt % 0 5 10 15 20
05wt % % calcium carbonate

80 Tows| D
60 )C:(‘ a4) "‘(:t.e)\i‘,‘g (3.8) f&‘
d '; i
5wt % -
of_ Q Call _
L| B _0‘\ 10 wt.% ?&83 in polynle\r\
20 ¢ 10wt % AGM Abalone
}\_,_/f—/—-—/ shells MOP shells cc
O L i L I
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Wavelength (nm)
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gﬂﬁ 4.6 UszAnSnmnsdesrinuaenaslunediuosfnauLaa suasUBIUALUULAY (A)  uas
wraLdunsuatuaalY (B) fiuSinaumadouansusiundaus 0.1-20% Ingtiwin, nsw3eudieu
% transmittance TosnedluesiifluaadaurfusiunuURiLINUR s oY iaf1Y waywAaLdey
Asusluniily (O), MmansuansrulussaemedmesifitadsunuusiuanUdenresyia
f19 9 wazuaaouATUBIUATILU (AGM shells Aie LWAenvoslaasg] MOP B mother-of-pearl
Abalone shell AoiUdonvesrtge uay CC Ao unadounsusiuayily) (D)

n13a¥19a15UsEnoUNeAesNduAaIsunIsuBLUALULLRUAINISVi blas A SWay
wAABNANSUBLUALULLN LA Uianedw s iamilauiunisldura@euasuatunduasiuuaesuni
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suldianunianguge uarlinuaudflusuauiiosnuaalisunsuaiunnszatemlaly  PAA
PEG uaz methylcellulose Iifuaged neflduursdinandaiudululdaanazinluly
biotechnology ¢ protective-coating industries
2. Oaki Y.lay Ag(A.A. 2008) aa319 Functional organic-inorganic nanocomposites 1A
. . ) a ¢ o Y A Aa A | v
poly(acrylic acid) (PAA) Auwpaiduaiusius Weadalauuimiediosam liinsuaning
wazilnau Rl Taasdmiuiniouiioundesiiuil lnguaaigeuasuaiungniasenaINnI s
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E 2l %Mother of pearl

JUT 4.7 éhasi'mﬁmémgﬂmémmﬂmﬁmammaLezjauméuaLumwuLLsJuﬁ’uaqmmzé’uuﬂul,umﬁuaﬂ
lany

A. Pearlescent pigment
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Reflectivity
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Wavelength (nm)

JUN 4.8 Anuanunsalunisasviounasves Aindausenenimundu (A)  uagdindausenieynid
Phedanayd (B uay O)

! ] v av < g a = a - o A =3 =
agelsnmy  AnzdnIdedudnied Jslianuaulanazihdindadsenisynainuaaidey
13 1 ¢ o & = a = .
AsusluakuuluindluunUssenditonuideiugiugadunisnsisdeudanil (chemical sensor)
La¥N1585197dAT1E (advance functional materials) &adifteg1suideindnsauaiuazey
Tugiifedwioluil
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1. defindaaunisnsinindiemaia Raman spectroscopy 38 surface enhanced Rarnan
spectroscopy  (SERS) (ﬁaazL§emﬁﬂﬁlé’%&ﬁqliué’ﬁudawﬂawwﬂizqﬂﬁ‘wNﬁ'm security
printing) (Maeglutiavinide wazdmnudululage)

2. MWdwmiumandevinTaniileliagiuilaaut® superhydrophobic (F1dseglutnwiite uasd
anudululaa)

3. Mddmsulugunsnisug (sensor) wu nmsmivaeuaisialasiaudesoanles (Hydrogen peroxide
sensor) M3nIvEeuNgLlAd (glucose sensor) Llusiu (dseglugieide)

0. MHuYansesiu (substrate) vosuideiiug il

' - a A - L ! 7 ! v
UM 4.9 msvegeulduaai@aunisuaiunainiuionvesduaisindeuiaifioadeiuiafilideni
ameathuunseaed lifineadounfusuauuusy ($18) uay fuaaiBoua1uouanuULHY
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nanwallviiunseaydnae

2. AndaUszmennainnsnaNLeadsmsUsluaLUUHUTouRUETLI el U uAays
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1. Bayat N., Baghshahi S. uaz Alizadeh P. (A./1. 2008) a519@Useneunlaen1sadauLpuliime
Tnnmdeulaeanlan (titanium dioxide, TiO2) Ingnisidluinadluaisazareluniioumnsenas
15 (titanium tetrachloride, TiCl4) meldantizdlunse (pH < 2) Wanudeufuvenay
fandm anthilmideulaeenlss wedoufineguuinveslud dandndasitlidotndund:
yluds Tnsnuddeidnsdsunlawiuus anududuvedlymidemenszaaolssd gnmgd
yauzAinUfisen nanildlunsiuiisen welilsdusymenndisiuda

2. Ren M. wazaniz (A.A. 2011) @ssuszneynannsiedeulanzesnlesvewnan Jaivuazlavea
ogfiflsuvuukuslen (sericite) viFousuludlaonisldindovedlansfuarsdaiu nsasred
UiumammmmmﬂaﬂmaLwnuaaamwﬂsuﬂum gaunnll 80 asAwaidud ngldaniiznin
Mnturos o Fundevedansadulumsuruassdandn muAuANIzYeIveINaLlinsisely
8n 2 Halus nsosuazdrendndneinld twdnsaumaldluieudounionmgil 900 ssmwaldya
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Hunan 1 4alus aeldndndmaifidudusznmenn Tnedussmeyniildasfudung Awdos wazd
fu Wlelavzeenledueanan Jain uarlaveasgiifonadoueguuunumsloinudiiu
3.S. Andes wazAne (@nSUnsanigalusn \aat 5,972,098 soniiloTuil 26 paax A.A. 1999) e
Uaenssuisnisasnsdusznmeyn lnenisiedeuansuszneulavzeanlanvosnan wazlnndey
Huuuudismasvaetuuuusulnidelaoonles lnethusiulmmideslaeenleduuiuass
T udahlulieadouiiguvniivszana 75 ssmieadoa angldaniiznsa uansazans
wosianalsd Tnsmuauaaaiunsn-aseei pH 3 muauasazansliogluaniiziiseludn
30-45 undt Tudunoudndndnsiildasduuiulimideslaeenlediigniadeudomaneenles
mndesmsasiaman sl delasenledindeusnduansaildlasnisifnansazasln
nfouanszaaslsd $nwiannigvesarsuaulvinsiideldn 30 wril agldudulnnidoula
oonlodindoulavgoonlednatstu anguvgindafusiliifuasiigumnlivies nsesuazdg
wanSuaale silius Aouilviiindnsusiluouiigaumgll 850 ssawaiBeauu 30-45 uiiiay
#udnfasidseneundsing q Tuegiuaumun wgdwauduredanzeonlediiindouagun
wiulidenlaeenled
4. Praff G, Dietz J, Schoen S.uay Warthe D. Av3Unsansgoinsni 1avil 7,691,19682 seniilo
fuit 6 wwiey .. 2010) WawenssaAinsadiesdunivseney niieldving denadouln
(lacquers) Aniinfiunt waziiieldiduanslidluemis o1 uasia3asdions Tnennsldlufdunsen
(synthetic fluorophologopite mica) asluarsazaeiunnszaaslsa (tin tetrachloride, SnCl4)
flgaumgiivszann 75 esmueaidoa neldannefidunsa (pH = 2) Mndudnaisazarglnm
Heuansvaaslsd ndsnuiisenduanaziiafiduvedmiieulaoonledindouaguuiizves
lufndunsgyt dawdnduridaet euliuis wiiluen (calcine) figaumgfi 900 ssriwaLdea
5. Melson S., Entenmann M., Jekel M.uag Mathias M. (AnSUnsansaiini vl 8,268,06982
onilatuil 18 Augneu aa. 2012) Wamensnisnsaiedindausenmennanusiuui fdey
seansusznaulavzeenlediiielddmniuig ansindeuin Admiveusuni ned uilnfia Tne
wiuazgniadoudelanroonledouudufeasaedu lasnsuaansuauaos e sy
w3 wazansazatedaneulneanled (silicon oxide, Si02) HauanTavatefiumATEATOLIALY
asazvandlelnsnasin uansazanglnmidomanszaaslsd Tasmuguainiidunsa - ogi
PH 7.5 naeanisvaaed ileUfitenduan neauazd1andniaet wiwihliuds sundndusii
gauull 700 ssmaldeaidunian 45 uiil azlandndueniludindausznieyn agrlsin
avsUnsiifinsouagqunssniinisadrsdusemeynainnsindoulavgeenleduuuvatedu dae
Faneulneanled-lnnuflsulaeenlen-ganeulneenled way Fansulaeenled-lunudeyls
ponled-szalilluulasenled
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Abstract Pearlescent effect is a unique optical phenom-
enon originated by an interference of visible light with
biomaterial having periodic structure such as pearls,
mother-of-pearls, mollusk shells, beetle wings, and but-
terfly wings. The pearlescent effect exhibits series of vivid
colors at a particular spot as an angle of observation is
changed. In this paper, the pearlescent effect in Asian green
mussel (Perna viridis) shell was investigated. The nacreous
layer of the shells is an assembly of stratified bilayers of
alternate aragonite calcium carbonate and organic matrix.
A consecutive chemical/thermal treatment was employed
to remove the organic layer. The enhanced pearlescent
effect, indicated by more vivid and brighter colors, was due
to a greater refractive index difference within the treated
structure as the organic layers were replaced by air gaps of
the same thickness. The modified transfer matrix method
developed for the stratified bilayers system was employed
to verify enhanced pearlescent effect. The results from
theoretical simulation corroborated the visual observation
as a 4-time full-width-at-half-maximum increment of the
reflectance peak, and a broader spectral coverage was
achieved after the replacement of organic layers by air

gaps.
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Introduction

Mollusk shells are one of model natural materials receiving
considerable research attentions in the past two decades
due to their excellent mechanical properties and unique
pearlescent effect [1-7]. The basic structure of the mollusk
shells that provides the pearlescent colors is an alternate
layer of aragonite calcium carbonate and organic matrix
composed of proteins, chitin, peptides, lipid, and polysac-
charides [1, 8-10]. The pearlescent effect expressed by the
shells is the result of the interaction between the incident
white light and the periodic stratified bilayers. Liu et al. [6]
demonstrated that the pearlescent colors of Pinctada
Margaritifera shell were due to the diffraction induced by
the grating-like structure of the shell. Tan et al. [7]
described that the exceptionally vivid pink and blue-green
pearlescent colors in the abalone (Haliotis Glabra) shell
were due to the interaction of light with the uniform stack
of calcium carbonate layers.

Asian green mussel (AGM) shell is one of sea shells
with highly stable structure composed of thin aragonite
calcium carbonate layers bound by thin organic binding
layers [1, 8—10]. They are very hard and are very difficult
to be destroyed. Every year, over 100,000 tons of the shells
become an agricultural waste [11]. Most of the shells are
disposed as landfill [12]. There were several reports on
using the wasted mussel shells as a raw material for high-
value applications [13—18]. For examples, the mussel shells
were utilized as an ingredient for high strength cement and
mortar [13-15]. The calcined mussel shells exhibited
promising applications in environmental remediation as an
excellent absorber for heavy metals, especially arsenic and
mercury ions [16]. Calcium oxide with high surface area
after calcination at 1,050 °C was employed as an efficient
solid alkaline catalyst for biodiesel production having a
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high yield of 94.1 % [17, 18]. Although the previous
reports have demonstrated several applications of calcium
carbonate from mussel shells, the benefit of pearlescent
colors derived from the stratified structure has not been
explored. This paper is the first to exploit the unique
structural assembly of the AGM shells in order to realize
novel applications of the optical effect.

Recently, Lopez et al. confirmed that the organic bind-
ing layer is the major contributor for the excellent
mechanical property of the red abalone nacre [19]. In their
research, by submerging abalone nacre in 0.5 N NaOH at
20 °C for 10 days under constant shaking, the organic
binder was selectively removed without altering structural
integrity of the aragonite calcium carbonate. The stratified
assemble of aragonite constituent of the abalone nacre was
still intact after the treatment. In this work, a rapid and
simple protein removal protocol without destroying the
structural assembly of the stratified aragonite layers of the
AGM shell was demonstrated. By performing a consecu-
tive alkaline/thermal treatment (boiled in 0.5 M NaOH
@2.5 bar for 2 h and baked @200 °C for 2 h), a pearles-
cent-enhanced stratified bilayers of aragonite/air was
obtained. Scanning electron microscopy (SEM) and atomic
force microscopy (AFM) were used to verify the structural
integrity of the shell. A decrease of organic content after
the treatment was confirmed by thermal gravimetric ana-
lysis (TGA). A development of the air gaps inside the
treated shell was confirmed by an incorporation of dyes.
Finally, a theoretical calculation based on the transfer
matrix method corroborated the pearlescent enhancement
as the organic layers were replaced by air gaps. The
treatment technique for organic matrix removal in AGM
shells can be used for enhanced pearlescent effect in other
natural pearlescent materials such as pearls, mother-of-
pearls, and some mollusk shells. Moreover, the generated
air gaps inside treated shells could be exploited as a storage
sites or encapsulating pockets for active ingredient.

Experimental
Shells treatment

Sodium hydroxide (NaOH) pellets were purchased from
Merck (Thailand). Tap water was employed as the solvent
throughout the experiment. The wasted AGM shells from
seafood industry were thoroughly cleaned to remove residual
tissues and other contaminants. The shells were then boiled
in sodium hydroxide solution (0.5 M) under a high pressure
(2.5 bar) for 2 h. The detached periostacum, i.e., the green
organic layer covering the outer surface of the shells, was
removed by washing with water. The dried shells were later
baked at 200 °C for 2 h. The thermally treated shells were
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then immersed in water for 24 h to remove the degraded
organic matrix. The dissolution of organic residues could be
noticed as the water turned brownish yellow. The shells were
thoroughly cleaned with water and air dried before keeping
in a desiccator for further investigation. The treated shells
were slightly whitened with an enhanced pearlescent effect
as indicated by a greater reflection with a more vivid color
compared to the virgin shells (Fig. 1).

Optical image acquisition

To record the pearlescent effect of the virgin and the
treated shells, photographic images were taken with a

(a)/V|rg|n shell

".

1.0 (¢) Virgin shell

Normalized reflectivity

L 1 1 . I . !

1.0 (d) Treated shell
r
4

0.5

Normalized reflectivity

0.0
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Fig. 1 Photographic images of a virgin and b treated AGM shells.
Normalized reflection spectra of ¢ virgin and d treated shells. The
inserts are x500 magnification OM images of the shells under the
bright-field illumination
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Nikon D90 digital camera. The pearlescent colors of the
fragmented shells were recorded by a CCD camera (Carl
Zeiss, AxioCam HRc) attached on an optical microscope
(OM, Carl Zeiss Axio Scope.Al). The reflection spectra of
both the virgin and the treated shells were collected by a
fiber optic spectrometer (OceanOptics USB4000 portable
UV-Vis spectrometer) coupled to the OM.

Organic content determination

The organic contents in the virgin and treated shells were
quantitatively determined by thermal gravimetric analysis
(PerkinElmer, Pyris 1). The shells were crushed to small
fragments. The ground shell (~ 10 mg) was loaded into a
ceramic crucible and heated up to 850 °C at a heating rate
of 20 °C/min under a nitrogen environment.

Structural characterization

Scanning electron microscope (SEM, JEOL, JSM-6510A)
was employed for the structural investigation of the strat-
ified architecture of the AGM shells under a low acceler-
ation voltage of 5 kV. To collect SEM images, a specimen
was wrapped with an aluminum foil before mounting onto
a modified stub with the cross-sectioned surface normal to
the electron beam. Surface topology, thickness of aragonite
layers, and their roughness (R,) were determined by an
atomic force microscope (AFM, SPA 400, SII NanoTech-
nology Inc.). The AFM images were recorded by a non-
contact mode with a scanning rate of 1 Hz using silicon
cantilever with a tip rounding size of 20 nm, force constant
of 17 N/m, and a resonance frequency of 139 kHz.

The air gaps determination

The developed air gaps between aragonite layers after the
removal of organic binder were verified by a dye-diffusion
experiment. Solutions of rhodamine 6G (R6G, 1 mM,
5 pL), methylene blue (MB, 1 mM, 5 pL), and water were
diffused into the generated air gaps via capillary effect by
placing a drop of the solution on the treated shell. The dye
residual on the shell surface was removed by washing
several times until the water become colorless. An incor-
poration of the dye into the air gaps was examined by the
OM under bright-field and dark-field illuminations.

Results and discussion

The pearlescent colors originated by an interaction between
visible light with materials having periodic stratified layers
are well studied [20, 21]. An AGM shell is a stratified
assembly of alternated 200-500-nm-thick aragonite

calcium carbonate layers bound by 20-30-nm-thick
organic binding layers. After a removal of organic layer via
a consecutive alkaline/thermal treatment, the shell expres-
ses a more vivid pearlescent effect, Fig. 1a and b. Although
the treated shell was more brittle than the virgin shell due
to the loss of organic binder, the original structure retained
without any dimensional change. The reflection spectrum
of the virgin shell shows a narrow peak at 657 nm and a
broad shoulder at 450-600 nm corroborating the red and
yellow colors observed in the OM image (Fig. 1c). The
reflection spectrum of the treated shell, on the other hand,
shows broad reflection covering 475-650 nm spectral
range with peaks centered at 512 and 598 nm while
expresses vivid green, yellow, and red pearlescent colors
under a normal observation (Fig. 1b, d). The spectral
change corroborated the brighter pearlescent colors
observed in treated shell compared to that of the virgin
shell.

The Raman spectra of the virgin and treated AGM shells
indicated aragonite calcium carbonate via its characteristic
external lattice vibrations at 147, 183, and 194 cmfl, a
strong scattering at 209 cm™', and a doublet at
703-706 cm ™! (Fig. Sla; Table S1) [22, 23]. The corre-
sponding FT-IR spectra in Fig. S1b confirmed the aragonite
crystal by the characteristic in-plane bending with a doublet
at 705 and 708 cm™! [7, 24-26]. Since the molecular
information did not show any spectroscopic signature of
calcite or vaterite forms, the calcium carbonate building
block of the AGM shell is presumably pure aragonite crystal.

The decrease of organic content upon the treatment was
confirmed by TGA thermogram having two major weight
losses (Fig. 2). The first weight loss at 200-300 °C was due
to organic matrix decomposition. The TG curve indicates
that the organic content in the virgin shell was 6.9 % while
that of the treated shell was 2.1 %. A 4.8 % reduction was
due to the degradation and dissolution of organic matrix from
the shell. The remaining organic matrix in the treated shell
was expected to be an un-removable organic matrix within
the aragonite tiles [24-27]. The existence of organic matrix
in both the virgin and treated shells was confirmed by the
amide I absorption at 1630 cm™' (Fig. S1b). The second
decomposition with ~42 % weight loss at 600-800 °C was
due to the liberation of carbon dioxide as calcium carbonate
was thermally decomposed to calcium oxide. According to
the results from thermal and spectroscopic analyses, the
treatment process removed organic matrix from the nacreous
layer without altering the aragonite crystal as the Raman and
FT-IR spectra of the treated shell are the same as those of the
virgin shell, Fig. S1.

SEM images of cross-sectioned shells in Fig. 3a and b
show unique stratified assembly of aragonite layers of AGM
shell. Based on the cross-sectioned and top-view SEM images,
an individual pseudo-hexagonal aragonite tile has 3-5
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Fig. 2 Thermal gravimetric (TG) thermogram and the corresponding
differential thermal gravimetric (DTG) thermogram of a virgin and
b treated AGM shells

micrometer bisector length and ~ 350 nm thickness. A single
layer consists of aragonite tiles connected together. Our
observation agreed with those previous reports [1, 8—10]. The
organic binder between aragonite layers is not noticeable in
the SEM image due to its extreme thinness of 20-30 nm [1, 2,
8-10, 28-30]. However, a significant electrostatic charge up
of the bombarding electron beam in Fig. 3a indicated the
presence of a non-conductive organic layer [28]. An
improvement in clarity of the SEM image after the treatment
(Fig. 3b) implied a disappearance of the organic binder.

To verify thickness and surface roughness of aragonite
layers, surface topologies of stacked aragonite layers were
investigated. AFM images in Fig. 3c and d indicate an
average thickness of the aragonite layer in virgin and
treated shells are 366 and 370 nm, respectively. The
average roughness (R,) of the treated and non-treated ara-
gonite layers was 1.3 nm. The insignificant difference in
thicknesses and similarity in surface roughness of the vir-
gin and the treated shells suggested that the treatment
process did not alter the original structure of the shell. The
structural stability is may be due to the mineral bridges
connecting between aragonite layers [2, 28-31]. Figure 3e
shows schematic drawing of nacreous assembly and related
changes upon the alkaline/thermal treatment.

The existence of the air gaps was confirmed by the dye-
diffusion experiments where the vacancies were filled with
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dyes and transparent liquid, while the corresponding opti-
cal changes were monitored by an OM (Fig. 4). When the
air gaps were filled with water (Fig. 4c), the OM image of
the water-filled shell was the same as that of the un-mod-
ified shell (Fig. 4b). However, when the treated shells were
filled with rhodamine 6G (R6G, Fig. 4d) and methylene
blue (MB, Fig. 4e), the characteristic color of the dye was
enhanced under the dark-field illumination. The expres-
sions of the colors were due to the multiple reflections
within the stratified bilayers under the oblique angle of
incidences as the radiation was coupled into the structures
via the dark-field illumination. These results suggested the
existence of air gaps after the organic matrix removal. The
OM images of the dye-filled shells under the bright-field
illumination were similar to those of the un-modified shell.
A slight variation of the color expression in bright-field
illumination in Fig. 4b—e was due to the minor interference
of the reflection beyond the first layer. A pale color of the
incorporated dyes observed under the bright-field illumi-
nations in Fig. 4d and e is due to the interference of
reflectance beyond the surface. The bright-field illuminated
reflectance was dominated by the reflection of the first
25-bilayers beyond the surface (Fig. S2). Since the water-
soluble dyes can be efficiently trapped within the generated
air gaps (i.e., the dyes remain within the treated shells after
a multiple washing), the treated shells with nanometer size
air gaps can be employed as solid encapsulation media.

In the case of the virgin shell, the dye cannot diffuse into
the organic layers, even when the shell was ground into
small pieces (Fig. S3). The structural stability of the shell is
very excellent as an insignificant change was observed
after an hour of boiling in hot water. However, some dye
can be adsorbed onto the surface of the untreated shell. As
a result, color expression of the virgin shell under the
bright-field illumination was similar to that of the dark-
field illumination since the observed color was due to the
adsorbed dye on the surface, Fig. S3b.

As shown in Fig. 1, the generated air gaps significantly
affect the optical expression of the treated shell. The air
gaps increased the difference in reflective indices at the
interface of the aragonite layer (n = 1.6) as the organic
binder (n = 1.5) was replaced by air (n = 1.0). To theo-
retically verify the effect of air gaps on the observed
pearlescent colors, the modified transfer matrix method
was employed for the calculation of the reflectance. A
schematic representation of the interaction between inci-
dent light and nacreous layer is shown in Fig. 5. The virgin
shell is the stratified bilayers consisting of aragonite cal-
cium carbonate layers (thickness = 200-500 nm) and
organic binding layers (thickness = 20-30 nm) [1, 6, 7,
28-30]. According to the result in Fig. 3, the treated shell
consists of the same aragonite layers separated by air gaps
of the same thickness as that of the organic layers.
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Fig. 3 Cross-sectioned SEM
images of a virgin and b treated
AGM shells (scale

bar = 1 pm). The inserts are
the corresponding top-view
images (scale bar = 5 pm).
The SEM images were acquired
without a coating of conductive
metals. The thickness of the
aragonite layer is estimated
from AFM images of ¢ virgin
and d treated AGM shells.

e Schematic drawing of organic
matrix removal in nacreous
layer without alternation of
aragonite building block

(a) Virgin shell

WD15mm  SS30

(b) Treated shell

WD13mm  SS30

Nacreous layer

The shell consists of N isotopic bilayers. The aragonite cal-
cium carbonate is represented by layer A, while organic matrix
and air are represented by layer B. The jth bilayer consists of
layer A and layer B with thicknesses of d and dg and areflective
indices of ns and ng, respectively. The stratified bilayer is
bounded by air (i.e., air function as both incident medium and
substrate). When an incident radiation of wavelength A impinges
on the stratified bilayers with an angle of incidence 0, the Fresnel
reflection and transmission coefficients are given by [32, 33]

P (M) + M2Gaic) qair — (M21 + Ma2qair) (1)
1L = )
I (M1 + M12Gair)air + (M21 + M22qair)
2qair
M1 + M12Gair)Qair + (M21 + M2qair)’

L= ( (2)
where || indicates parallel-polarized radiation and L indi-
cates perpendicular-polarized radiation. M,,, is an element
of the characteristic matrix M(2 x 2) of the stratified

aragonite tile

organic matrix

mineral bridge

’ 366.2 nm
x10,000

759.22

375.3 nm

[nm]

x10,000 1um

20.86
14018.95

— %%

Nacreous layer
without organic matrix

Nacreous layer
with organic matrix

bilayers. The matrix M is expressed in terms of the
experimental conditions and material parameters by

—i
cos(ka;da; —sin(ka;da;
M H ( Aj A]) N ( Aj A])
=1 —igaysin(kajdaj)  cos(kajda;) 3)
cos(kg;dg;) — sin(kg;jdg;)
qBj

_iqBj sin(kBdej) COS (kBdej)

where i = (—1)"?, g; = k/n; for parallel-polarized radia-
tion, and g; = k; for perpendicular-polarized radiation. k;
k= [(2n/ i)znf — k2,]'/?) is the wavevector in each layer,
while kyir (kyir = (27/7)[n2, sin® 0]1/ %) is the wavevector in
the incident medium (air). The reflectance and transmit-
tance are given in terms of the Fresnel reflection and
transmission coefficients as

@ Springer
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(a) [—]ﬁ organicmatrix ) dye [ )
removal (1 7 diffusion 1 ]
treated shell treated shell with dye

virgin shell

e
Bright field

(d) Treated shell

Fig. 4 a Schematic drawing of dye diffuses into the treated AGM
shell structure. b OM images (x500 magnification) of treated shell
under bright-field and dark-field illuminations. The corresponding
OM images with water-, R6G-, and MB-filled air gaps are shown in ¢,
d, and e, respectively

2 alr/salr
Ry=|n[" and T = )
for parallel-polarized radlatlon,
Re[km-r] 2
R =|r]” and T, = t 5
e Ly )
for perpendicular-polarized radiation,
RZ(RL-l-RH)/Z and TZ(TL-FTH)/Z; (6)

for non - polarized radiation.

Fig. 6 shows 3D plots of angle-dependent reflection spec-
tra of a virgin shell consisting of alternate aragonite layers

Fig. 5 A cross-sectioned SEM
image of AGM shell and the
corresponding schematic
representation of stratified
bilayers. The thicknesses and
reflective indexes of the
stratified layers were adopted
from our experimental results
and literatures [1, 6, 7, 28-30].
The aragonite layers, organic
binder, and air gaps were
assumed non-absorbing in the
visible region (i.e., absorption
coefficient k = 0)

A: aragonite d=350 nm, n=1.6
B: (in case of organic matrix), d=20 nm, n=1.5
: (in case of air), d=20 nm, n=1.0 -

@ Springer

(350 nm thick) and organic binder layers (20 nm thick) with
N = 1000. When a white light (4 = 400-700 nm) impinged
on the virgin shell with a normal angle of incidence (0 = 0°),
the reflection spectrum showed a predominant total reflection
band centered at 589 nm (FWHM = 6.4 nm, Fig. S4a). The
band indicated a selective reflection of yellow color of the
incident white light. Since all components of the stratified
layers are assumed transparent with zero extinction coeffi-
cients, the selective reflection is originated by the interference
within the stratified bilayers. The reflection band blue shifts
(i.e., with 589—460 nm reflection maxima) as the angle of
incidence was increased from 0° to 80°, Fig. S4. The blue shift
of the angle-dependent reflection is the origin of pearlescent
phenomenon (i.e., the color at a particular spot changes with
the angle of incidence) observed in nacreous materials such as
green mussel shells, pearls, mother-of-pearl, and abalone
shells [4-7].

In case of the treated shell, the organic binder was
replaced by the air gap of the exact same thickness. The
pearlescent phenomenon was also observed with a more
vivid color and greater intensity. A greater blue shift (with
reflection maxima of 590-440 nm) and a wider FWHM of
the reflectivity (Fig. 6b and Fig. S4b) support the visual
observation shown in Fig. 1b. Under a normal incidence
(0 = 0°), a 4-time more intense reflectance is expected
from the treated shell compared to that of the virgin shell as
indicated by an increase of the FWHM from 6.4 nm (virgin
shell, Fig S4a) to 25.1 nm (treated shell, Fig. S4b).

The influences of the number of bilayers on the pearl-
escent effect were investigated. As indicated by the
reflectivity plots in Fig. S5, the reflectance of the treated
shell reaches total reflection (R = 1) with the number of
bilayers of 50. The reflectance of the virgin shell, on the

reflected
beam

incident
beam

incident medium (air)

A, Mo Ay L .
=1
dg, Ng B, |
dp, N A, )
- j=2
dg, Ng B, ]
stratified
Aa M As bilayers
°
°
°
ds, Ng Bivt
dp, Np Ay =N
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(a) aragonite/organic matrix

"v;u.' 7
| 2
L I

Reflectivity

Reflectivity

Fig. 6 3D plots of angle-dependent reflection spectra of stratified
bilayers representation of a virgin and b treated shells. The following
parameters were employed: ny = 1.6, ng = 1.5 (organic matrix) or
1.0 (air), dy = 350 nm, dg = 20 nm, N = 1,000 bilayers, 6 = 0°-
80°, and 4 = 400-700 nm

other hand, reaches total reflection with a number of
bilayers of 200. Moreover, the FWHM of the total reflec-
tion band of the treated shell was 3-time broader than that
of the virgin shell (0 = 40°). The simulated results con-
firmed a brighter and more vivid color of the pearlescent
effect visually observed in the treated shell (i.e., a wider
range of blue shift and broader FWHM) compared to those
of the virgin shell.

Conclusions

The pearlescent effect of Asian green mussel shells can be
enhanced by the replacement of organic binding layers with
air gaps. A consecutive alkaline/thermal treatment could
efficiently remove the organic binding layers without alter-
ing the structure of the aragonite layers assemble. The

formation of air gaps were confirmed by the dye-diffusion
experiment. Their characteristic colors were enhanced by the
multiple reflections within the stratified bilayers when
viewing under the dark-field illumination. The correspond-
ing OM images under the bright-field illumination were
similar to those of the treated shell as the normal reflection
was dominated by those of the surface. The theoretical
simulation corroborated the enhanced pearlescent effect by
the air gaps as greater reflectance, and a broader spectral
coverage was achieved after organic matrix removal. In
addition, the developed air gaps could be exploited as storage
sites or encapsulating pockets for active ingredient as dem-
onstrated by the dye-diffusion experiment.
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Origin of Color in Pearlescent Plates from Green Mussel Shell
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We have investigated the pearlescent phenomena of nacreous- layer of Perna viridis (green
mussel shell) as the nacreous layer of this mussel shell showed vivid and fascinating optical
phenomena. To observe the various colors of nacreous layer, mussel shell was disintegrated by
chemical technique to small plates so-call ‘pearlescent plates’. Figure 1 shows the colors of
aragonite plates are corresponded to the thickness of aragonite layer (a-c) and correlation
spectrum between experimental data and theoretical calculated reflection spectrum (d). The
color of blue, green, and red belonged to thickness of aragonite layers of 250, 310, and 350 nm,
respectively. Reflection spectrum of each thickness of pearlescent plate showed a good
correlation between experimental and theoretical data. The results indicated that the color was
originated from the interaction between the incident light and the stratified nacreous layer. The
color was dictated by the thickness of aragonite layer and air gap between aragonite layers.
This work should have potential applications in solid support material, slow and/or control
release material due to air gap between aragonite layers. Furthermore, as the distinctive
spectrum of pearlescent plates showed distinctive - reflection peak associated with layer
architecture which was sensitive to reflective index change, they have potential application as
optical sensor.
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Figure 1: Different color in pearlescent plates; blue, green, and red color belong to the thickness
of aragonite layer of 250, 310 and 350 nm, respectively (a-c) and correlation spectrum
between experimental and theoretical calculated reflection spectrum (d).
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Introduction

Jofe/ AR ol AR

We have investigated the pearlescent phenomena of nacreous layer
of Perna viridis (green mussel) shell as the nacreous layer of this
mussel shell showed vivid and fascinating optical phenomena. To
observe the colors of nacreous layer, mussel shell was disintegrated
by chemical technique to small plates so-called ‘pearlescent
pigment’. The basic structure of pearlescent pigment was alternated
layers of aragonite layer and air gap. The express color of
pearlescent pigment strongly depended on thickness of aragonite
layers. The color of blue, green, and red belonged to thickness of
aragonite layers of 250, 310, and 350 nm, respectively. Reflection
spectrum of pearlescent pigment showed a good correlation
between experimental and theoretical data. This work should have
potential applications in solid support material, slow and/or control
release material. As the distinctive spectrum of pearlescent pigment
showed distinctive reflection peak associated with layer architecture
which was sensitive to reflective index change, they have potential
application as optical sensor.

Experimental

boiling
in 0.5 M NaOH (aq) Thermal
for2 h treatment
under high at 300 °C

persure16.2 Psi for2h
green mussel shell
treat with

30 wt.% H,O, for 2 h

sizing in water grinding

pearlescent pigment

Figure 1. Schematic diagram of pearlescent pigment fabrication.
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Figure 2. Instrumental setup for color expression experiment.
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Figure 3. Cross section SEM image of green mussel shell (A),
thickness of aragonite layers at different regions (B-E), alternated
layers of aragonite layers and air gap (F), and enlarge image of F to
represent mineral bridges between aragonite layers (F1 and F2).
Schematic drawing basic structure of green mussel shell (G).

Cross section SEM images show different thickness of aragonite
layers. The thickness of aragonite layers was increased from inside
to outside of mussel shell as the growth direction of aragonite layers
grew in [001] direction which was perpendicular to aragonite layers.
The structure of aragonites plates could be maintained after
treatment. As the stack of aragonite layers and mineral bridge
between aragonite layers provide rigid structure, pearlescent plates
did not disintegrate to individual aragonite layers or aragonite tiles.
Thus, the alternated layers of aragonites and air gaps could exhibit
vivid color due to interference of light in its own stratified layers.
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Figure 4. Microscopic images of pearlescent pigment under bright
(A) and dark (B) field illumination and reflection spectrum of each
pearl plates which corresponding to the color express in microscopic

image (C).
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Figure 5. Microscopic images of pearlescent plates in various color:
red (A), green (D), and blue (G). Cross section SEM image of red
(B), green (E), and blue (H) pearlescent plates. AFM images and
topology profiles of red (C), green (F), and blue (I) pearlescent
plates. Histogram of thickness distribution of aragonite layers in
various color of pearlescent plates (J). Experimental (solid line) and

calculated (dash line) reflection spectrum of pearlescent plates (K).

The pearlescent pigment showed 3 main colors (red, green, and
blue) which corresponded to the thickness of aragonite layers. The
color of red, green, and blue belonged to aragonite layers thickness
of 353.4+10, 310.1£12, and 254.7+10nm, respectively. Experimental
observation and calculated spectroscopic data were systematically
performed in order to verify the correlation between nacreous
structure and color expression.
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Figure 6. Calculated reflection spectrum of aragonite/air stratified

layers with different aragonite layers thicknesses: 250 nm (A) and 350
nm (B) at the angle of incidence of 0-90 degree.
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and aragonite/protein (open square) stratified layers (C).

As the strong reflection spectrum of pearlescent pigment, they were
tested for sensor application. Red-shift of spectrum could be
observed when the air gaps were replaced by water.
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Figure 8. Normalized reflection spectrum of pearlescent pigment in

environment of air (black line) and water (blue line) (A). Plot of
maximum reflectivity as a function of air and water switching (B).

Conclusions

At the normal incident angle, the color expression of nacreous layer
strongly depended on the thickness of aragonite layer. Three main
colors of blue, green and red were observed. The different color
express of pearlescent pigment was originated from the interaction
between incident light and stratified nacreous layers with different
aragonite layers thickness.

Future works

We have successfully developed high surface area aragonite
multilayer. This material has potential application for using as a
encapsulation due to its micro/nanoporous architecture. We aim to
use this material in agricultural applications such as encapsulation of
fertilizer, insecticide, hormone, active ingredient, and oil. The
structure also shows potential for medical encapsulation.
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Figure 9. AFM images of aragonite layers before (A and C) and after

(B and D) treatments.
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Abstract

We have investigated the pearlescent phenomena of nacreous layer of Perna viridis (green mussel shell) a:
the nacreous layer of this mussel shell showed vivid and 2 inating optical ph To observe the various
color of nacreous layer, mussel shell was disintegrated by chemi | technique to small plates so-call pearlescent
plates. Optic microscope with CCD camera was used to capture the color of pearlescent plates. Thickness of
aragonite layer was observed by 1 i pe and ing probe technique. Experimental
observation and calculated sp pic data were sy ically performed in order to verify the correlation

between nacreous structure and color expression. The results indicated that the color was originated from the
i ion b the incident light and the stratified nacreous layer. The color was dictated by the thickness
of aragonite tile and air gap or protein layer between the tiles.

Introduction

Pearlescent is a unique optical phenomena on nacreous layer of green mussel shell. This phenomenon can be
explained by interference and/or diffraction of light in micro/nanostructure of aragonite and protein stratified
layer.[1-3] For this mussel shell, the thicknesses of aragonite layer and protein layer are in the range of 200-500
nm and 20-30 nm, respectively. We have been interesting in this mussel shell as its nacreous layer showed
distinctive pearlescent phenomena and it could maintain stratified layer even though the protein layer was
removed.

Experimental

The pearlescent plates were prepared from nacreous layer by boiling mussel shells in 0.5 M sodium
hydroxide solution under high pressure (2.5 Bar) for 2 hours. Then, the shells were cleaned by water and
thermal treatment at 200 °C for 2 hours in an oven. H;0; (30 % wt.) was used to extract residual protein from
nacreous layer. After the | of protein, layer was disintegrated to small plates but still showed
distinctively pearlescent color.

Results and Discussion

As shown in Figure 1, the pearlescent plates showed 3 mains color (blue, green, and red) which were
observed by optical microscope under normal incident angle. The thicl of aragonite layers was i igated
by i 1 i pe and ing probe technique. The colors of aragonite plates were
ponded to the thick of aragonite layer. The color of blue, green, and red belong to thickness of
aragonite layers of 250, 310, and 350 nm, respectively.

Figure 2a shows micrograph image of layer of different thickness. This image implied that the
pearlescent was independent on thickness of nacreous layers. The calculation results also supported this
ph as the calculated reflection spectra showed superposition when the thick of layer
were increased from 5 to 50 micron (Figure 2b). Figure 2d show the extinction spectrum and calculated
spectrum of nacreous layers with green pearlescent color. The extinction spectrum in visible region of nacreous
layer was measured by UV-visible sp . The extinction spectrum of nacreous layer with the thickness
of 310 nm (green color) showed peak position at 536 nm. Moreover, the experimental data show board
spectrum. This result indicated the variation in the thickness of aragonite layers. The calculated spectrum of
pearlescent plates with the thickness of 310 nm agreed very well with the experimental data.

Conclusions

At the normal incident angle, the color of nacreous layer depended strongly on the thickness of aragonite
layer. Three main colors of blue, green and red were observed at the normal incident angle. Hence, the nacreous
layer in mussel shell could exhibit fascinating pearlescent phenomena due to the variation of thickness in natural
nacreous layer.
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BIO-INSPIRATION FROM ASIAN GREEN MUSSEL SHELLS:
SECURITY MARKERS BASED ON DYE-LOADED STACKED,
ARAGONITE MICROCRYSTAL§
Chutiparn Lertvachirapaiboon, Thiluksakorn Jirapisitkul, Prompong Pienpinijtham,
Chuchaat Thammacharoen, Sanong Ekgasit*

Sensor Research Unit, Department of Chemistry, Faculty of Science, Chulalongkorn University,
254 Phayathai Rd., Pathumwan, Bangkok 10330, Thailand; *E-mail: sanong.e@chula.ac.th

The newly generated air gaps after removal of protein in the shell structure were loaded with
Rhodamine 6G. The incorporated dye provided multimodal security observation under bright and
dark filed illuminations.

Keywords: Stratified bilayers; Perna viridis; Security markers

BENZOPHENONES AND XANTHONES FROM CRATOXYLUM
SUMATRANUM ROOTS

Cholpisut Tantapakul*, Wisanu Maneerat, Tawanun Sripisut, Surat Laphookhieo

Natural Products Research Laboratory, School of Science, Mae Fah Luang University, Tasud,
Muang, Chiang Rai 57100, Thailand; *E-mail: tcholpisut@gmail.com NMC

The chemical investigation of Cratoxylum sumatranum toots led to isolation of two new
benzophenones and three new xanthones together with nine known compounds. Their structures
were elucidated on the basis of spectroscopic methods. All compounds were evaluated for their
cytotoxicity against three human cancer cell lines including human epidermoid carcinoma of oral
cavity (KB) and breast adenocarcinoma (MCF-7).

Keywords: Cratoxylum sumatranum; Clusiaceae; Cytotoxicity

FLUORINATED ISATIN SULFONAMIDES: PUTATIVE PET-
COMPATIBLE RADIOTRACERS FOR MOLECULAR IMAGING OF
APOPTOSIS i

Panupun Limpachayaporn, Stefan Wagner, Klaus Kopka, Otmar Schober,Sven Hermann,
Michael Schifers, Giinter Haufe*

Organisch-Chemisches Institut, Westfilische Wilhelms-Universitdt Minster, Corrensstrafe 40,
D-48149 Miinster, Germany; *E-mail: haufe@uni- ter.de, panupun.lim@gmail.com

In total 74 analogues of (S)-5-[1-(2-methoxymethylpyrrolidinyl)sulfonyl]isatin including
fluorinated ones were synthesized successfully. The in vitro biological evaluation of the analogues
towards caspases-3 and -7 indicated moderate to excellent inhibitory activities with ICso up to
4.79 nM and 0.951 nM respectively. More than a dozen of the synthetic fluorinated and iodinated
analogues might be useful as potential PET and/or SPECT radiotracers for molecular imaging of
apoptosis after radiolabeling with a positron and/or gamma emitter(s). In this study, N-
fluorohydroxybutyl isatin sulfonamides were '8F_radiolabeled using cyclic sulfate ring-opening
strategy and their in vivo biodistribution studies in a healthy mouse were performed by PET/CT
Imaging.

Keywords: Caspase inhibitor; Radiofluorination; Radiotracer; Molecular imaging; Positron
Emission Tomography (PET)
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Double-Locked Security Marker Platform
Investigated by Surface Enhanced Raman
Spectroscopy

Chntipam Lertvachnapaiboon, Promons Prenpam)tharm
Eanet Wonzravee, Chuchaat Thammmacharcen, Sanong Ekgasit

Sovesor Research Ul Deparomess of Chewstry, Fooulry of Sclence, Chadolonplors Lahaersiny,
234 Pampaoial Road, Faresness, Fomgled N33, Thatiand

Infrodoction: 4 serunify marker is 3 material dealing with forgery prevention. Many
techniques were used w0 protect high-value materials and documents such as
watermarks, geomeiric lathe waork, optically vamable color-changing inks, holograms,
microprinting, and fuorsscent dyes. This work explodited the unigos epdeal
phenomena of a biomaterial and molecolar information from surface ephanced Faman
speciroscopy (SERS) as a double-locked seourity marker platform The aragomite
microcrystals  (AMCs) with flat surface were prepared by comsscutive
thermal/chemical reatment of mother-of-pear] (nacre). The umiqus reflscton colors of
AMCs were used as the first level security. For the second lewel security, the
meolecular informaton of zged molscules was wsed for unigue idennfication. Sdver
napoparticles (AgMNPs) were grown on AMC: by deposidon-precipiation method in
arder tov generate AzWNPs-coated AMCs (AsWNPs@AMCE) before deposition of tazged
malecles onte AP AMO: surface. The strong SERS sigmal of mgged molecales
could be obtained by surface enhanced Faman activiry of AgiPs on AWM surface.

Experimental: The nacre was baked at 300 °C for 2 b The thermally reated nacre
was then immerzad in 50 wi. % bydrogen peroside solofion for 2 b in ultasonic bath
i remwowe the organic binder and facilifate a dismiegation of nacre stractare. AgWPs
were coated on the sarface of AMC by deposiion-pracipitation method. To
immobilize tagged maleoules, the AsNPo AN were mmersad into sobstion of fag
muolacules.

Resnlis and discnsdon: The decomposition profile of crganic binder at 200-300 °C
was decreased from G5 % to 22 %% as the organic bindsr between AMC: was
remaved by the treatment process. After teament, the AMC: wers abfained AMCs
ars plate-shaped aragomite caloium carbemate with psendo-hexazonal eevelope with a
thickmesz of 200-500 nm and lateral size nfd—ﬁ;mRammmms:{l;-fnhnwed
external lattics vibration at 14" 183, and 194 cm™, a smong scattering at 200 oo’ and
a doublet at 703 and 706 cm’ indicating aragomite palymerph of calcium carbonate
crystal. After the deposition of -’LgHF'E-un AMCs, the colors of AMCs were slighty
chaneed o pale yellow. The optical images of AMCs were observed by optical
microscops undsr brght fisld illumimation. The reflection colars from AMC: were
arigmated by the fat surface of AMCs apnd interference effect of reflective index
different bemwesn AMC: and environment The specific molscolar information



Double-Locked Security Marker Platform Investigated
by Surface Enhanced Raman Spectroscopy

Chutiparn Lertvachirapaiboon, Prompong Pienpinijtham, Kanet Wongravee,
Chuchaat Thammacharoen, and Sanong Ekgasit*

Sensor Research Unit, Department of Chemistry, Faculty of Science, Chulalongkorn University
Phayathai Road., Patumwan, Bangkok 10330, THAILAND Tel/Fax. +662-218-7585; Sanong.E@chula.ac.th

Introduction

S Lo NIPNEKS e Se NP AR

A security marker is a material dealing with forgery prevention. Many techniques such as 1t Level security marker: Inherent vivid color expression
watermarks, geometric lathe work, holograms, microprinting, fluorescent dyes, and color- — - ,

shift printing were used to protect high-value materials and documents. This work
exploited the unique optical phenomena of a biomaterial and molecular information from
surface enhanced Raman spectroscopy (SERS) as a “double-locked security marker” in
color-shift printing. The pearlescent flakes (PFs) of aragonite calcium carbonate with flat
surface were prepared by consecutive thermal/chemical treatment of Asian green mussel
shell. The unique reflected colors of PFs were used as the first level security. For the
second level security, the molecular information of tagged molecules was exploited.
Silver nanoparticles (AgNPs) were grown on PFs by deposition-precipitation method in
order to generate AgNPs-coated PFs (AgNPs@PFs) before deposition of tagged

molecules. The strong SERS signal of tagged molecules could be probed by surface '. = Seau—
enhanced Raman spectroscopy. T\ a ' m

QAT e NP A Jetbr NP AN AN

[nm] 12168.36

Figure 1. Color-shift printing on $100 bank note. When the bank note was tile, the color
of number 100 changes from copper red to green (A-B). Optical microscope (OM)

x10,000 1pm b x10,000 dpm —

=310412nm  d

— ' — =254+1 =353+ 1
images observed with 5X (C) and 20X (D) objectives of mica pearlescent pigment. 400 T 700 Javerage=204£10nm Gaverage average= 393410 NM
- waveleng nm
——— S— - Experlmental Figure 5. OM images of aragonite pearlescent flakes (A). Experimental (solid line) and
Pearlescent flakes preparation: The mussel shells was baked at 300 °C for 2 h. The ~calculated (dash line) reflection spectrum of pearlescent flakes (B). OM images (100X
thermally treated shells were then immersed in 50 wt.% hydrogen peroxide solution for objective) of white flakes expressing blue (C), green (D), and red (E) pearlescent colors
2 h to remove the organic matrix. and their corresponded cross section SEM images (F-H).

Double-locked security marker preparation: AgNPs were immobilized on the PFs oand | evel security markers: SERS
surface by deposition-precipitation method. The AgNPs@PFs were then immersed into

Pearlescent flake
solution of tagged molecules. The AgNPs@PFs with tagged molecules were mixed with pECENESCenfianes

ordinary PFs for used as a double-locked security marker.
1,000 ppm AgNO; (aq) NaBH, (aq) Immersed in
AgNPs 1) immersed 1) immersed "Tagged molecules’
PFs for2 h for 30 min 9
: —> —> —>
U 2) rinse 2) rinse rinse u

. : . _ _ Pearlescent flakes with
Figure 2. Schematic diagram of double-locked security marker preparation.

o reflection spectrometer
E spectrum T
“E—J | CCD SEM image
Q ——
i camera | - N AgL.
400 500 600 700 <+ —— 000 050 1.00 1.50 200 250 3.00 350 4.00 450 5.00
Wavelength (nm) ” ™ halogen lamp — w 0w 1w 0 2 20 o o w4 s
incident light
reflected light Figure 6. Schematic diagram shows deposition-precipitation of AQNPs on PFs (A). OM
/' = \ ‘ images (50X objective) under bright and dark field illumination of PFs (B and C) and
objective lens “ > AgNPs@PFs (E and F). EDX spectra of PFs (D) and AgNPs@PFs (G) and insets show
S "4 their SEM images.
pearlescent flake A light source El; pr
Q) | _ ‘2000
- i
Figure 3. Instrumental setup for color expression experiment of the virtually white h - | o ]S Vicaco, 1
aragonite calcium carbonate. The expressed color under microscope is controlled by camera |
thickness of the aragonite plates. . . 4 ‘ Th—— f N . Z
N Results and Discussion é b. AQNPs@PF with tagged molecules
- £
OUTSIDE | B

normal (A) and tile (B) angles. OM images (10X objective) under bright (C) and dark (D)
field illuminations. Raman spectra of virgin PFs (spectrum 1 and 2) and R6G-tagged
molecules (10-” M) on AgNPs@PFs (spectrum 3 and 4) (E).

| 1500 1000 500
houter >Minner Raman shift (cm")
¢ — Figure 7. Photographic images of double-locked security marker on a white paper at

S eas

Top view | o o Conclusions
aragonite tile = Double-locked security marker platform of AQNPs@PFs with unique optical phenomena
air gap — and strong SERS signal was explored. The bio-inspired material demonstrated promising

applications for forgery prevention of precious materials, brand name products, legal
documents, contracts, and banknotes.
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Figure 4. Cross section SEM image of mussel shell (A), thickness of aragonite layers at
different regions (B-E). The mineral bridges and air gaps between aragonite layers (F).
Schematic drawing of basic structure of shell (G).
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Proceedings of the 8th AMC and the 32nd MST Annual Coj;;{erence
28-30 January 2015, Nakhon Pathom, Thailand

Extraordinary Optical Transmission
of Natural Aragonite Plates

Chutiparn Lertvachirapaiboon, Chuchaat Thammacharoen, Sanong Ekgasit”

Sensor Research Unit, Department of Chemistry Faculty of Science, Chulalongkorn University
254 Phayathai Rd. Patumwan, Bangkok 10330, Thailand

*Corresponding author, e-mail: sanong.e@chula.ac.th

Abstract

Aragonite plates were prepared from nacre of Perna viridis shells by a consecutive thermal/chemical
treatment. Briefly, the cleaned nacre were baked at 300 °C for 2 h before immersing in 30 wt. % hydrogen
peroxide to remove the degraded organic binder. Figures 1A and 1B show scanning electron microscope and
cross-section scanning electron microscope images of nacre, respectively. After the organic matrix was removed,
nacre was disintegrated into individual aragonite plates in ultrasonic radiation. The aragonite plates were washed
by water several times to remove residual chemicals, degraded organic binder, and dust particles and then dried
in an oven at 100 °C. The white powder of aragonite plates, Figure 1D was kept in a desiccator for further
investigation. A scanning electron microscope image in Figure 1E shows pseudo-hexagonal shape of obtained
aragonite plates. The average-bisector-size of aragonite plates was 3+0.5 um, as indicated by histogram in
Figure 2A. A light optical microscope image in Figure 2B shows plate-shaped aragonite plate under bright-field
and dark-field illuminations. The reflected colors of aragonite plates under bight-filed illumination were
originated by the interference effect of air/aragonite plate/air structural architecture. Aragonite plates showed
colorless under dark-field illumination as aragonite plate was a transparent material. According to transparent
property of aragonite plates, a qualitative analysis on transmission ability of aragonite plates compared with
precipitated calcium carbonate was verify by immobilization of aragonite plates and precipitated calcium
carbonate into a transparent urethane film (Hit2K, Nippon paint). The composite solutions were coated on glass
slide. The transmittance of the urethane/aragonite plates and urethane/precipitated calcium carbonate films were
then measured using fiber optic spectrometer. Figure 2C shows percent transmittance at 550 nm of urethane/
aragonite plates and urethane/precipitated calcium carbonate films as a function of calcium carbonate loading.
The transmittance of urethane/aragonite plates film was 3.8 times greater than that of urethane/precipitated
calcium carbonate composite film. The aragonite plates from nacre could be employed as a transparent filler for
polymer coating.

References
1. C. Lertvachirapaiboon et al. Air-gap-enhanced pearlescent effect in periodic stratified bilayers of Perna
viridis shell. J. Mater. Sci. 2014, Vol. 49, 6282-6289.
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Oral Presentation

Security Markers Based on Dye-Loaded Stacked Aragonite
Microcrystals

Chutipam Lertvachirapaiboon, Thiluksakom Jirapisitkul, Kanet Wongravee, Chuchaat Thammacharoen, and
Sanong Ekgasit*

Sensor Research Unit, Department of Chemistry, Faculty of Science, Chulalongkorn University

254 Phayathai Rd., Patumwan, Bangkok 10330, Thailand. Tel/Fax: (+66)-218-7585.

*Corresponding author, e-mail: Sanong efwchula.ac.th

Abstract

Perna viridis (Asian green mussel) shells are an assembly of altemate-stratified bilayers of aragonite calcium
carbonate and protein. The protein in the shell structure could be removed by consecutive thermal/chemical
treatment. The decrease in protein content from 6.9 % wit. 1o 2.1 % wt. as determined by thermal gravimetric
analysis indicated a removal of inter-aragonite crystals protein binder. After removal, the protein layers were
replaced by vacant spaces while the geometrical structure of the shell was still intact. The generated air gaps
were loaded with dyes. The incorporated dye provided multimodal security observation under bright and dark
filed illuminations. Under bright filed illumination, the regular optical microscope (OM) image of aragonite/air
stratified bilayers was observed. The incorporated dye within the structure could be visualized under dark field
illumination. The bio-inspired material demonstrated the unique potential applications for forgery of valuable
protection such as brand name products, legal documents, contracts and banknotes.

Introduction

Security markers is the field of materials that deals with forgery prevention. Many techniques were used to
protect high-value materials and documents such as water marks, geometric lathe work, optically variable color-
changing inks, holograms, microprinting, and fluorescent dyes.'? This article presents the unique optical
materials which obtained from the nature. The Asian green mussel (AGM) shells show the fantastic optical
phenomena so-called ‘pearlescent phenomena’. These phenomena can be explained by interference and/or
diffraction of light in micro/nanostructure of aragonite and protein binder layers.” For this mussel shell, the
thicknesses of aragonite layers and protein layers are in the range of 200-500 nm and 20-30 nm, respectively.
The protein in shell structure could be removed by consecutive thermal/chemical treatment. After removal, the
protein layers were replaced by vacant space while the geometrical structure of the shell was still preserved. The
newly generated air gaps were loaded with dyes. The incorporated dye could be used as the multimodal security
observation under different optical microscope mode.

Experimental >

The AGM shells were cleaned in order to remove residual tissues and other contaminants. The shell were
later baked at 300 °C for 2 h. The thermally treated shells werc then immersed in 50% wt. hydrogen peroxide
solution for 24 h to remove the degrade protein. After tr the treated shells were disintegrated to small
fragments. The decrease in protein content was determined by thermal gravimetric analysis (TGA). The
microscrystals of aragonite calcium carbonate after treatment was verified by Raman spectroscopy. To develop
the security markers, the stacked aragonite microscrystals were immersed in dye for 30 min to induce the dye
into generated air gaps. The residual dye was removed by cleaning several times until the washing water
become colorless. The stacked aragonite microcrystals and incorporated dye in its structure were visualized by
optical microscope.

Results and Discussion

After protein binder in AGM shells were removed by consecutive thermal/chemical treatment, the stack
aragonite microcrystals were obtained. The decrease in protein content was investigated by TGA analysis.” The
decomposition profile at 200-300 °C which indicated the decomposition of protein was decreased from 6.9 % to
2.1 % as the most of protein binder within the shells was removed by treatment. Raman microscopy showed
unique external lattice vibration at 147, 183, and 194 cm’,a strong scattering at 209 cm’, and a doublet at 703
and 706 cm’ indicating aragonite mi(:m(:rys(al.7 The security marker of this material was explored by using
optical microscope. When the air gaps were filled with dye, the bright filed image was the same as those of
original stack aragonite microcrystal. However, when the stack aragonite microcrystals were filled with dye, the
characteristic color of the dyes was enhanced under the dark field illumination. The expressions of the colors
were due to the multiple reflection within the multilayer under the oblique angle of incidences when the
radiation was coupled via the dark field illumination. The incorporated dye provided multimodal security
observation under bright and dark filed illumination.

27
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Waste Green Mussel Shells

Pearlescent Calcium C: (Optical Mi pe ) Pearlescent Calcium Carbonate (Scanning Electron Microscope )

Various calcium-carbonate-based materials (i.e., aragonite sand, pearlescent powder, aragonite
powder, and nanocalcium carbonate ) were prepared from wasted green mussel shell from seafood
industry using a combination of chemical and mechanical processes. By removing protein, the stratified
calcium carbonated layer still show optical effect similar to the virgin one. Not only this
technology have alleviate the wasted agricultural products, it helps to create value of this functional
materials. The obtained calcium carbonate could be employed for various applications such as pigment
and filler in cosmetics, pearlescent filler in coating, efficient catalyst for biodiesel production, and
encapsulation for agricultural applications. The production of calcium-carbonate-based materials can
be processed as follows:

Chemical
treatment
—

Grinding Mechanical

treatment
—

Sizing

Aragonite calcium carbonate
of various size and thickness

Pearlescent Plates 200 - 500 um Pearlesoent Plates 15-50 pm
Aragonite Sand Pearlescent Calcium Carbonate
& Color sand Shimmer for Cosmetic

Decorative Items
Pearlescent Coating/Filler

Pearlescent Ink/Pigment B &

Pearlescent Plates 5-15 pm

®|

Calcium Carbonate Powder

& Aquarium sand
& Attificial corals

66 66

Pearlescent Plates 50-100 um

&

Porous Calcium Carbonate -

& Insect répellent encapsulation & Foundation for Cosmetic &
& Perfume encapéulation & Calcium carbonate clay for Decorative
& Fertilizer encapsulation Artworks and Design
@ Hormone encapsulation
Inventors State of Invention
Associate Professor Dr.Sanong Ekgasit Ready to transfer for commercial applications
Associate Professor Chuchaat Thammacharoen ot
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Dr.Kanet Wongravee Sensor Research Unit
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Mr.Supeera Nootchanat 254 Phyathai Road, Bangkok 10330, Thailand

Email : sanong.e@chula.ac.th 4 ~ Telephone/Fax: (+66)2218 7585
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Green Mussel Calcium Carbonate

Pearlescent Plates 5-15 um Pearlescent Plates 15-30 um

Cosmetic Shimmer
Decorative Items

Foundation of

Cosmetic
Pearlescent
Clay for Coating/Filler
Decorative
Artworks and Pearlescent
Design ; Ink/Pigment

1 ““!;:!I’? ;
Calcium Carbonate
Powder

Pearlescent
Calcium Carbonate

Porous Calcium

Aragonite Plates
Carbonate

Insect repellent, Color sand

Perfume,
Fertilizer, and Artificial coral
Hormone

encapsulation Aquarium Sand

Pearlescent Plates 50-100 um Pearlescent Plates 200-500 um

Inventors : Affiliation :

Assoc. Prof. Dr. Sanong Ekgasit Sensor Research Unit (SRU)
Assoc. Prof. Chuchaat Thammacharoen Department of Chemistry,
Dr. Kanet Wongravee Faculty of Science,

Mr. Taveesak Janduang Chulalongkorn University
Miss Thiluksakorn Jirapisitkul 254 Phyathai Road, Bangkok
Mr. Supeera Nootchanat 10330, Thailand
Telephone/Fax: (+662) 218 7585 Email: sanong.e@chula.ac.th

Website: www.sru.research.chula.ac.th
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Pearlescent Calcium Carbonate Pearlescent Calcium Carbonate
(Optical Microscope) (Scanning Electron Microscope)

Various calcium-carbonate-based materials (i.e., aragonite sand, pearlescent
powder, aragonite powder) were prepared from wasted green mussel shell from
seafood industry using a combination of chemical and mechanical processes.
Not only this technology have alleviate the wasted agricultural products, it helps
to create value of this functional materials. The obtained calcium carbonate could
be employed for various applications such as pigment and filler in cosmetics,
pearlescent filler in coating, efficient catalyst for biodiesel production, and
encapsulation for agricultural applications. The production of calcium-carbonate-
based materials can be processed as follows:

Chemical o Mechanical ..
treatment Grinding treatment ~ Sizing

Aragonite calcium
carbonate of various size
and thickness
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