HAYYHOM BERY
UHCTHUTYTA 3A ®U3UKY
BEOTPAJI

H[JEIIMGT: Mouaba 3a MOKpeTamkhe MOCTYNKA 32 CTHUAKE 3BAha HCTPAKHBAY CAPAIHHK

MOJIBA

C o03upom ja WcnymaBaM KpuTepujymMe nponucaHe oA MuHuCTapcTBa MpPOCBETE, HayKe U
TEXHOJIOWIKOT Pa3Boja 3a CTULAMKE 3Bamba UCTPAKUBAY capagHuK, MoiuM Hayuno Behe MHceTuTyTa 3a
¢dusuky y beorpaay ja nokpeHe nocTynak 3a Moj H300p y HaBe/ICHO 3Barbe.

Y npuiory AocTaB/bam:

. Muisbere pyKoBoAMOLIA MPOjEeKTa ca NpesioroM KOMHUCHje 3a U300p y 3Baibe
. Ctpyuny 6uorpacdujy

. Cnvcak 06jaB/beHUX paaoBa U Apyrux nybiukalmja

. ®otokonuje 00jaB/beHUX paJoBa U APYrux mybivkaumja

. TotBpay 0 ynucaHkM JOKTOPCKUM CTYaHjama

. [TorBpay 0 MpoceKy Ha OCHOBHWUM M MacTep CTy/aujama

. Kparak npernea HayuHe aKTHBHOCTH

. [oTepay o npujas/beHoj 1 npuxsaheHoj TeMH JOKTOPCKE AUCEPTaLje

oo ~1 O Lh B L b —

YV beorpany, C nowroBamem,

5.5.2017. oZdZWZV;C

Jlanuua [Tasnosuh




Hayuno Behe
HHcTUuTyT 32 PU3HKY
bBeorpan

Hatym:
Beorpan, 5.5.2017.

IMpeamer:
Munberbe pyKoBoHoua npojexra 3a uzbop lannue [MaBaosuh y 3Bame HCTPAKNBAY CAPAIHUK

Tlanuua [asnosuh, 3anociexa y Lientpy 3a GoToHHKY Wucrutyta 3a GU3uKy y beorpaiy, aHra)koBaHa je
Ha MPOjeKTy WHTErpaniHuX MHTEPAMCLMIIMHAPHUX WCTPAKHUBAILA MuHMCTapCTBAa MPOCBETE, HAYKE M
texnonowkor passoja MMKM45016 mox HasuBOM Tenepucame ¥ KapakTepusallija HAHO(OTOHCKHX
DYHKLUHMOHATHHX CTPYKTYpa y OMOMEMUMHH 1 uHdopMaTHLH™.

C 0031pOM Ja KONerMHHULA UCIyHaBa CBE KpuTepujyme rpornucaHe [IpaBUIHHUKOM 3a u3bope y Hay4uHa

3Batba MUHHCTPACTBA NIPOCBETE, HAyKe W TEXHOJMOLIKOT pasBoja, Kao pyKOBOAMIAL HaBeJAEHOr MPOjeKTa,
cariacaH cam ca MoKpeTameM nocTynka 3a usbop Jlanuue [TagnoBuh y 3Barbe HCTPaKUBa4 CapaiHuK.

3a cactas Komucuje 3a u36op Jlanure [Tapnosuh y 3Bare HCTpaKMBad CapaiHIK MpeIaKeM:

1. ap Bpanucnap Jenenkosnh, Hay4HU CaBETHHK, MucruryT 3a pusuky, beorpan
2. ap Jlejan IMantenuh, HayuHu caBeTHUK, MHCTHTYT 32 ¢uzuky. beorpan
3. 1p Cpehko Rypunh, Banpeann npopecop, Buonowku pakynrer, beorpan

PykoBoaugall JIpojeKra

Y o AN
ap Epaannz{B Jenenkosuh,
HayuHu caBeTHHK,
WucturyT 3a ¢pusuky, beorpan




Buorpaduja danune lapaosuh

Jlanuua IMasnosuh je pohena 10. 4. 1990. romune y Beorpany. Ochosry mkony ,,@uaun Kibajuh- @uha*
y beorpany 3aBpumia je kao Hocujal Bykose qumiiome a IMIKOIOBabe je noToM Hactasuia kao hak XIII
Oeorpajcke ruMHasuje. Y TOKY LIKONOBama Ouia je HarpahuBaHa BuLIE [yTa 3a pe3yjiTare MocTUryre y
o6nactu Guonoruje. OcBojuIa je APYro MECTo Ha JAp)KAaBHOM TakMHuuery u3 Ouonoruje 2004, roamwe.
Jlo6uthuk je ITosesme Georpancku anhenu 3a obnact Hayke. OcBojuna je mpBO MECTO Ha penydInuKoM
TakMuuery U3 6uosoruje 2009. roauHe, rje je MpeAcTaBuIa M CBOja MpBa MCTpakuBama paaehu nox
MeHTOpcTBOM Guosiora ca MucturyTta 3a GuoJjiolnka ucTpaxkusamwa ,,Cunnima Crankosuh™ y beorpany.
Harpahena je oa crpaHe ommurtiHe Yykapuiua 3a NOCTUTHYTE pe3y/iTaTe y LIKOJOBamwy, W ocioboheHa
roJsiarama MpUjeMHOT UCnuTa Ha cBoM Oyayhem dakynrery, 360r OCTBApEHHX H3Y3E€THHUX pe3y/iTarta Ha
TaKMHYCHY.

OcHoBHe akaaemcke cTyauje ynucyje 2009/2010 romne Ha Bruonowkom dakynrery y beorpany n 2013.
roAMHe CTHYE AaKaJeMCKM Ha3uB ,JMILIOMMpaHd Ouosor®. Macrep akajieMcke CTyauje ymucyje
2013/2014 ua uctom dakynrery Ha moayay Ekonoruja, moamonyn 3awtura skuoTHe cpeaunne. Cryauje
3aBpliasa y poky, 2014. roauHe ca mpoceyHoM oueHom 9.41, yume cTHYe aKaJeMCKH Has3HB ,, MacTtep
exosor.

ITo 3aBpuIeTKy CTyaHja MCKYCTBO je cTekina pajehu ABe mpakce: YHuBep3uTeTcKa paaHa npakca y JKI1
..CpOujarac™ Ha No3uLMj1 CTPYYHHU capaJHUK Ha MOCJOBHMA 3alUTHTE JKUBOTHE cpeanHe u bI' npakcy y
CekpeTapujary 3a 3alUTHTY )KMBOTHE cpenuHe, 6apehn ce npobaemuma cy3Oujara WTeTounHa (MHeekara,
rnoaapa, koposa) 1 Cekperapujary 3a MHCNEKLHMJCKE NOC/I0BE, O/IE/bEba 3a 3ALUTUTY JKUB. CPEAUHE, I1e
ce GaBM/Ia MHCNEKLM]CKO-TIPABHUM MOCIOBMMA 3alUTHTE NPUPOAHMX n00apa, Boaa, 3eMJbHLITA, Ba3ayXa,
samTHTH 011 6yke, uTa. Oa okrobpa 2014. 1o janyapa 2015. roauue BosoHTupa Ha MHcTUTyTY 32 Qusuky
y beorpany.

JlokTopcke akazemcke cryauje ynucyje 2014/2015 romuue Ha buosnowkom ¢akyarery y beorpany,
mozys Buonoruja, noamoayn Exromonoruja. Ox janyapa 2015. roguue je 3anociexa va MuetutyTy 3a
duzuky y Beorpany kao WcTpakuBau-npunpaBHUK. TPeHYTHO je y 3Bamy HCTPaKWBA4-TNPHUIPABHUK
aHrakoBaHa Ha npojexty MMHM45016, nox HasuBom ,['eHepucarme ¥ KapakTepu3alija HaHO(OTOHCKHX
(byHKLUMOHANHUX CTPYKTYpa y GuoMeanumay 1 uHGopMaTui™. Paiu Ha UCTPaKKMBAYKWUM NpodiemMnma y
obnactu OGuodusnke, ca noceGHUM HHTepecoBameM y obnactv OHodoTOHMKE, OMOMMMETHKE H
marHeroduosioruje.



KpaTﬂK nperJiel Hay1He AKTHBHOCTH KaHIH/1aTa

Kanmumar Januua Ilasnosuh ce ycrnemHo GaBu Hay4HO-MCTPXKHMBA4uKinM paaoM Ha Tepety H y
naGoparopujama Llentpa 3a ¢oronnky, Huctutyra 3a ¢usuky y Beorpamy. Y okBupy rpyne sa
6ruodu3MKy, OBlaJana je CaBpeMeHHM METOJama W TeXHHKama HEJIMHEapHe n SEM (Scanning electron
microscopy) MuKpockonuje. biucky capaimwy octBapyje ca MucturyTtom 3a 30070rujy, buonouwkor
dakynrera y beorpany u MHCTUTYTOM 32 GuosomKa ucTpakuBarwa ,,Cunuma Cankosuh™.

O61acT Hay4HOT MCTpaknBama y KojeM je JlaHnua [Masnosuh anraxosaHa je 6uodusnka, u To 0OIACTH!
BrogoToHuka - rje ce 6aBy HaHO-(OTOHCKHM CTPYKTypama KOJL WHCeKaTa, BrOMHMETHKA [/le UCITHTYjE
noTeHuMjanHy (yHKUMOHAIN3ALM]Y/ MMUTALW]Y TPUPOIHHX HAHO(OTOHCKMUX CTPYKTYpa M HHXOBY
npuMeHy; 1 MarnetoOuosoruja- rae ce 6aBH HCIUTHBAKEM yTHI@ja MarHeTHUX M0Jba Ha pasjn4uTe
HIBOE GMOJIOIIKE OpraHHu3aLHuje.

Mma npuxsBaheHy Temy AOKTOPCKE aucepTauMje MOA HacnoBoM ,DOTOHMUKA KapakTepu3aLuja
KYTHKyJapHUX CTPYKTypa 0JadpaHuX BpCTa Coleoptera u Lepidoptera®. [lpeameT KaHAWAATKUEHHOT
uctpaxuBama M Oyayhe JOKTOpCKe JWcepTalMje je MCIUTHBaibe (OTOHCKMX H MOP]OIOLIKUX
KapaKkTepUCTHKa KYTHKYJapHUX CTPYKTYpa 01adpaHnX BpCTa 13 /18a Hajseha pena uncekata — Coleoptera
(tBpmokpuauy) u Lepidoptera (nentvpu H mosbii). [IpBu neo Tese Ouhe nocsehied MCnUTHBAKY
CTpyKTypHe 000jeHOCTH 0JadpaHuX BpCTa MHCEKATA, Koja Huje Mocieaulla NpUCyCTBa NMUrMeHara, Beh
HacTaje Kao pe3y/TaT MHTEpaKiMje MHUKPOHCKHMX M CyOMUKPOHCKHMX CTPYKTypa Ha HWUXOBOM Tely H
ynanHor 3pauersa. Mcnutnsahe ce cnekrpaiha cBOjcTBA pepiIeKTOBAHOT W TPAHCMHTOBAHOT 3pateiba,
K20 1 HHXOBA 3aBUCHOCT O/ yIJia OCBET/baBatba | MOCMATParba, KAKO YMTAaBHX KYTHKYJIapHUX 30HA, TAKO
M ILHXOBHX KOMIMOHeHaTa (HTp. KpuiHuX jbycruua Lepidoptera). Wctpasusahe ce HaunH GopMHUpara
(OTOHCKHMX CTPYKTYpa Ha TeMMa WHCEKaTa W hHXOB HaYMH MHTEpAroBarba ca ceerioihy. JIpyru neo
Tese he ce GasupaTH Ha MCTIUTHBAEY MOpQoOOruje HaBeACHHUX (hOTOHCKMX KyTHKYJIapHUX CTPYKTypa
nomohy pa3AMUMTUX MHKPOCKONCKHX M ONTHYKHX METOJZ, Kao H yrBphuBamy Bese namehy rpahe
dyHKIMje caMuX CTPYKTypa, WITO je Beoma 3HauajHO 3a pacBeT/baBame Ouonoruje M eKosioruje
MCTIMTMBAHMX BpCTa WHCcekara. buhe passujery W oarosapajyhu Moienn Koju KBaHTHTATHBHO
objalumasajy eKClepuMEHTaIHe pe3y/iTare. Tpehu aeo Tese Guhe nocseheH kopuiuhemwy A00MjeHHX
pesyiTaTa 3a pa3lMuMTE TEXHONOIIKE anjiKauuje. Memurnsane GoTOHCKE KYTHKYyJIapHe CTpYKType
nHcexata he GUTH TpeTMpaHe Kao M3BOp MHCMMpaumje 3a yHanpeherbe nocTojehux TEeXHONoruja nin
JM3ajHUparbe HOBUX WHOBATHBHUX ONTHYKHX ypebhaja.

Jlanuua [Tanosuh je koayrop Tpu paaa Ha SCI mcTu (2 pana M21 u jenan paa M23) v y4ecHuK Bulle
melhyHapoAHUX M 1oMahnX Hay4yHHX koudepenumja. Koaytopa je TpH MOAHECEHE mehyHapoiHe nareHTHe
npujase, Koje MpeACTaB/bajy MHOBALM]Y y 00/1aCTH 3alITHTE J0KyMeHaTa Kopuihemnem 1 MaH!Iy1aluom
HEOpraHckux OMONOIIKMX CTPYKTypa. naH je EnTOMONOIWKOr ApywITBa Cpouje 1 OnTHyYKOr ApywiTBa
CpOuje.



Crnucak o0jaB/beHHX Pa0Ba M APYTHX NyOaHKauHja

Panosu n KOHTpecHa caoniuTeha H3 yRe Hay'dHe obaacTu:
B1. PajoBu y uaconucuma meljyHnapoasor 3Havaja
Pajosu y Bpxynckom mehynapoanom gaconucy (M 21)

1. Pavlovié, D., Petkovi¢, B., Cur&i¢, S.. Todorovié, D., Vesovié, N., Panteli¢, D. & Peri¢-Mataruga, V.
(2016). Increased motor activity of the beetle Laemostenus punctatus caused by a static magnetic field of
110 mT. Entomologia Experimentalis et Applicata, 160 (2), 188-194.

2. Panteli¢, D., Savi¢é-Sevi¢, S., Stojanovié, D., Curtié, S., Krmpot, A., Rabasovi¢, M., Pavlovi¢, D.,
Lazovi¢, M. & Milosevié, V. (2017). Scattering-enhanced absorption and interference produce a golden
wing color of the burnished brass moth, Diachrysia chrysitis. Physical Review E, 95 (3), 032405.

Panosun y mehynapoanom waconuey (M 23)

1. Duleti¢-Lausevié, S., Alimpié, A., Pavlovi¢, D., Marin, P. D. & Lakusi¢, D. (2016). Salvia officinalis
of different origin — antioxidant activity, phenolic and flavonoid content of extracts. Agro FOOD Industry
Hi-Tech, 27 (1), 52-55.

B2. Ioraapma y MoHorpadgujama HAIMOHAJIHOT 3Ha4aja

[Mornaeme y kibu3n M 41 HiaH pajg y HCTAKHYTOM TeMaTCKOM 300pHHKY Bojelier HALMOHAJIHOIr
snauaja (M 44)

1. Panteli¢, D., Krmpot, A., Stojanovi¢, D. V., Rabasovi¢, M. D., Curgié, S.. Savi¢-Sevié, S., Lazovié, V.
& Pavlovié, D. (2016). Svetlost na krilu leptira. In: Popovi¢. Z. V. & Jelenkovi¢, B. (Eds.): Svetlost u
razvoju drustva. Proglost, sada3njost i budu¢nost. Srpska akademija nauka i umetnosti, Beograd, pp.
45-53.

b3. Konrpecna caonumremna Ha CKynoBHMa MelyHapoaHor 3Havaja

PajoBu caonmrenn Ha ckyny melynapoausor 3uauaja wramnann y neanaun (M 33)

I. Diki¢, G., Pavlovié, D., Vasiljevié, D., Tomi¢, Lj. & Panteli¢, D. (2016). The thermographic analysis
of photonic characteristics of Rosalia alpina surfaces. 3rd International Conference on Electrical,
Electronic and Computing Engineering ICETRAN 2016. Zlatibor, Serbia, 13-16 June 2016. Proceedings,
MOI1.2.1-5.

2. Kosti¢, 1., Pavlovié, D., Lazovié, V., Vasiljevi¢, D., Stojanovi¢, D., Knezevi¢, D., Tomic, Lj., Dikic,
G. & Panteli¢, D. (2016). Thermal and camouflage properties of Rosalia alpina longhorn beetle with



structural coloration. 7th International Scientific Conference on Defensive Technologies OTEH 2016.
Belgrade, Serbia, 06-07 October 2016. Proceedings, 525-529.
PasoBu caonmTenu Ha ckyny meljynapoasor 3uauaja wramnanu y ussoay (M 34)

1. Alimpié, A., Pavlovi¢, D., Lakusi¢, D., Marin, P. D. & Duleti¢-Lausevi¢, S. (2015). Seasonal
variation of flavonoid content and antioxidant activity of Salvia officinalis of different origin. 2nd
International Conference on Plant Biology, 21st Symposium of the Serbian Plant Physiology Society,
COST ACTION FA1106 QUALITYFRUIT Workshop. Petnica, Serbia, 17-20 June 2015. Book of
Abstracts, 70, Belgrade.

2. Vesovi¢, N., Curdié, S.. Vujisi¢, Lj., Nenadi¢, M., Krsti¢, G., Peri¢-Mataruga, V., Milosavljevic, S.,
Antié, D., Mandi¢, B., Petkovié, M., Vuckovié, 1., Markovi¢, D., Vrbica, M., Pavlovi¢, D., Curcié, B. &
Makarov, S. (2015). Does life in caves reduce the diversity of chemicals produced by the pygidial glands
of carabids? 17th European Carabidologists Meeting 2015. Primosten, Croatia, 20-25 September 20135.
Book of Abstracts, 108, Primo§ten.

b4. KonrpecHa caonmrermna Ha CKynosuMa aomaher 3navaja
Paj0oBH cA0NINTEHH HA CKYNY HALHOHAIHOT 3HaYaja mramnann y ussoay (M 64)

1. Pavlovi¢, D., Petkovic, B., Curéié, S., Todorovié, D., Vesovié, N., Panteli¢, D. & Peri¢-Mataruga, V.
(2015). Hipermotorno ponasanje vrste Laemostenus punctatus (Dejean, 1828) (Coleoptera: Carabidae)
izazvano stati¢kim magnetnim poljem. X Symposium of Entomologists of Serbia 2015. Kladovo, Serbia,
23-27 September 2015. Abstracts, 17, Belgrade.

2. Pantelié, D., Krmpot, A., Rabasovi¢, M., Pavlovi¢, D. & Lazovi¢, V. (2016). Structures of biological
origin as optical security elements. IX radionica fotonike. Kopaonik, Srbija, 02-08. mart 2016. Book of
Abstracts, 11, Belgrade.

B5. MpujaBe meljynapoanux narenarta (M 86)

I. Pantelic, D., Rabasovic, M., Krmpot, A., Lazovic, V. & Pavlovic, D. (2015). Security device
individualized with biological particles. PCT/EP2015/081398.

2. Pantelic, D., Rabasovic, M., Krmpot, A., Lazovic, V. & Pavlovic, D. (2015). Security tag containing
a pattern of biological particles. PCT/EPO2015/081400.
3. Pantelic, D., Rabasovic, M., Krmpot, A., Lazovic, V. & Pavlovic, D. (2015). Security tag with laser-
cut particles of biological origin. PCT/EP2015/081407.
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Tea: +381 11 2186 635

BUOJIOIIIKUA ®AKVIITET  ®oxc: +361 11 2638 500

E-nowra: dekanat@bio.bg.ac.rs

Bpoj: sl

Beorpap, 5. maj 2017.

Bpoj uHaekca: B3002/2014
MB: 1493972381120

Yuusepauter y bBeorpagy, Buonowku @akynteT, Ha 3axTeB KOju je noaHena
cTyaeHTkMkba flaHuuya Maenoesuh vM3naje cnegehy

noTeprPAyY

CtyaeHtkurea [Aavuua Masnoeuh, 6poj wHaekca B3002/2014, ynucana je
wkoncky 2016/2017. roguHy Ha YHusep3auTeTy y bBeorpaay, Buonowkom dakynrery,
CTYyAujCKM  nporpam Buonoruja - [OOKTOpPCKe akKageMcKe cTyauje, Kkao
camodpumHaHcupajyhv cTtyaeHT. A

# 4]

f

- ol f
MoTBpAa ce usgaje Ha NMYHKU 3axTeB paau cBake 3aKOHCKe ynortpebe. /

P

OBNALLIREHO NIMLIE CTYZIEHTCKE CAYXBE BUONOIKOT GAKYNTETA

Wl A,

— A a - s a A I/
N Terap Mpuosuh |

https://studentska.bio.bg.ac.rs: 10001/StudInfo/scripts/potvrde/?id=H...

05-May-17 10:19



Totepae - anuua Masnosuh https://studentska.bio.bg.ac.rs: 10001/StudInfo/scripts/potvrd

CryaeHrck 1pr 16
HHB 11000 BEOIPAA
VHUBEP3UTET Y BEOTPALLY  |I000EEOrPAad
Tea: +381 11 2186 635

(fj BHO.HOHIKH @AKYJITET ®akc: +381 11 2638 500

E-nowra: dekanat@bio.bg.ac.rs

Bpoj: 5429213
Beorpan, 28. okro6ap 2013.

Ha ocHosy unaHa 161. 3akoHa 0 onwTem ynpasHoM nocTynky (,Cnyx6exn nuct" 33/97,
31/01 u ,Cnyx6eHn rnacHuk PC" 30/10) u unada 1. TpaBuAHWKE O NUCTW CTPYYHUX,
akageMCcKux u Hay4yHux Hasusa (,Cnyxbenun rnachmuik PC* 30/07, 112/08, 72/09, 81/10, 39/11,
54/11), no 3axTeBy KOju je noaHena Aanuua Masnosuh, usaaje ce cnepehe

YBEPEWE

MAB/IOBUR 3opaH OAHWUA, pohena 10. anpwna 1990, onwtuHa CaBCcku BeHal,
Cpbuja, ynucana je wkoncke 2011/2012. roagvHe OCHOBHE akajeMmcke cTyauje, CTYAUJCKU
nporpam

Buonoruja

W 3aBpwuna crtyawmje 9. jyna 2013, ca npoceyHom ouexHom 9,30 (meset u 30/100) u
ocTBapeHuM yKynHuMm 6pojem ECIN 6oaosa 247 (aBecTta YeTpaecer cenam).

UcnyHuna je obase3e npeaBuleHe HacTaBHUM MNAHOM W NpPOrpaMoM HaBeaeHor
cTyaujckor nporpama Ha buonowkom cdakynteTy YHuBepauTeTa y beorpagy. Tume je crekna
CTPY4YHO 3Bar-e

OAvnnomupaxnu 6uonor

YBepewe ce M3gaje Ha NIMUHW 33XTEB, a CAYXW Kao f0Ka3 fla Cy 3aBplieHe OCHOBHE akafileMcKe cTyauje Ao
“3aaBatba AunnoMe.

e

. AEKAH EMOI‘IOLUKCK:DAKYJ‘ITETA
KN o=, Ao 57 e —

of 1 28-O¢
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YHUBEP3UTET Y BEOI'PA]Y PenyBAka CPEUJA

Tea: +381 11 2186 635

EHOJOIIKYA AKVIITET ~ arc: <301 11 2638 s00

E-nowra: dekanat@bio.bg.ac.rs

Bpoj: 4696714
Beorpap, 15. okto6ap 2014.

Ha ocHoBy unaHa 161. 3akoHa O onwTeMm ynpasHoM nocTynky (,Cnyx6ewn nnct"
33/97, 31/01 n ,Cnyx6eHu rnacuuk PC* 30/10) n unana 1. MNpasuaHnKa 0 MCTU CTPYUHUX,
aKafdeMcKMX WM HayuyHux Hasusa (,Cnyx6eHn rnachHuk PC 30/07, 112/08, 72/09, 81/10,
39/11, 54/11), no 3axTeBy Koju je noaxena favuua Masnosuh, naaaje ce cnegehe

YBEPEMWE

MABMOBUTR 3opad AAHWULUA, pohewa 10. anpuna 1990, onwTtuHa Cascku BeHal,
Cp6uja, ynucana je wkoncke 2013/2014, roauHe MacTep akageMmcke cTyawuje, CTyAMnjCcKM
nporpam

Exonoruja

W 3aspwwuna ctyauje 29. centembpa 2014, ca nNpoce4yHOM OLEHOM 9,90 (neseT W
90/100) u ocTBapexnM yKynHum 6pojem ECM 6oaosa 60 (wesaecerT).

WcnyHwuna je obasese npeasuheHe HacTaBHUM M1AHOM W MporpamoM HaseaeHor
cTyamjckor nporpama Ha Buonowkom dakynTety Yuusepautera y Beorpady. Tume je cTekna
akageMcKo 3pame

Macrep ekonor

Yeepeibe Ce W34aje Ha /IMUHK 3aXTes, a CNYXW Kao AOKAa3s Aa Cy 3asplieHe MacTep akajemcke CTyauje Ao
W3aaBaia AUnnoMe.

ool prmers
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Anpeca: Cryserrekn mpr 1, 11600 beorpart. Penybanxa Cpbuja
Tea: 011 3207400; dake: 011 2638R1R: E-mail: officebuairect.bg.ac.rs

BERE HAYUHHUX OBJIACTH bBeorpan, 27.04.2017.
IPHPO/IHUX HAYKA 02-07 bpoj: 61206-1636/2-17
MI{

Ha ocnosy wunana wiana 47. cras 5. Tauka. 3. Cranyra
Vuupepsurera y Beorpaay ("I'nacuux Yuusepsurera y beorpaay”, 6poj
186/15-npeuninhenn teker 1 189/16) u wi. 14. — 21. llpasninnka o
gehuma nayuumx obnacrw na Yuusepsutery y beorpainy (“Inachuk
Vuusepsurera y beorpaay”, Gpoj 134/07, 150/09, 158/11. 164/11 u
165/11). a na 3axter buonomkor daky:rrera, 6poj: 33/86-1 0,1 13.04.2017.
rojnne, Behe nayunux of1acti pHPOJIHUX HAYKd, Ha CCAHMIN OJp&Kanio]
27.04.2017. voMHE. JOHEHO j¢

CHAAYRKY

JAJE CE  CAIJIACHOCT Ha upeior  1emMe  JIOKTOPCKE
anceprammje JJAHULLE TIABJIOBWA.
Vepojenn  Hackaos: . DOTOHHMYKA  KapakiepusalmMja  KYTHUKYIapHHX
crpykrypa oxabpannx spera Coleoptera i Lepidoptera™
Hpeuiokenn  naciaos: ,DotoHcke # MOPGOJIOIIKE  KapakTCepHCTHKS
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Abstract

The aim of this study was to investigate the effects of a static magnetic field on six behavioral parame-
ters (travel distance, average speed while in motion, travel distance of the head, body rotations, time
in movement, and immobility time) of the ground beetle Laemostenus (Pristonychus) punctatus
(Dejean) (Coleoptera: Carabidae). Adults of this troglophilic and guanophilic beetle were randomly
divided into two groups, the first exposed to a static magnetic field of 110 mT for 5 h, and the second
a control group. Beetle behavior after these 5 h was monitored in an open-field test for 12 min and
analyzed using ANY-maze software. Exposure to a static magnetic field of 110 mT increased motor
activity (travel distance and average speed while in motion) in the first 4 min. After that there were
no significant differences. We conclude that the applied static magnetic field affects motor activity of
adult specimens of L. (P.) punctatus, and we discuss the mechanism, possibly through acting on the
control centers responsible for orientation and movement.

Introduction

Living beings are exposed to the Earth’s magnetic field, to
which they have been adapted over millions of years of
natural selection. Many ourganisms use this magnetic field
for orientation in space and time (Wiltschko & Wiltschko,
2005). In the previous century, there was a rapid increase
in the use of electrical appliances emitting additional elec-
tromagnetic fields. It has been shown that various types of
these manmade magnetic fields, which are very often more
than 1 000 stronger than the Earth's magnetic field, also
affect organisms (Kavaliers & Ossenkopp, 1994). Magne-
tobiology is a relatively young scientific discipline that
investigates the effects of magnetic fields on organisms. It
encompasses the principles of several sciences unified
around biophysics. Many things such as the theoretical
foundation and general physical concepts of magneto-
biology, as well as mechanisms underlying the biological
effects of magnetic fields, need to be elucidated and

*Correspondence: Branka Petkovié, Department of Neurophysi-
ology, Institute for Biological Research, University of Belgrade,
Despota Stefana Blvd. 142, 11060 Belgrade, Serbia,

E-muail: janactaibiss.bg.ac.rs

explained. However, magnetobiology lacks predictive
theoretical models (Binhi & Savin, 2003).

Magnetic fields are important ecological factors that can
influence biological processes at any level of organization
(Blank, 1995; Balcavage et al., 1996; Binhi & Savin, 2003;
Rosen, 2003). Besides the Earth’s magnetic field, there are
manmade static magnetic felds (SMFs) generated, for
example, in households, traffic, and industrial processes,
Many studies have examined the possible effects of SMFs
on animals. The most relevant data on their impact on
human health are those obtained in studies examining the
acute effects of field strengths considerably higher than
that of the Earth’s magnetic field and equivalent to ones
used in industrial processes or in magnetic resonance
imaging (WHO, 2006).

A magnetite-based magnetoreception sensor is vne of
the proposed mechanisms of SMF perception (Kirschvink,
1989; Kirschvink & Kirschvink, 1991). It has been shown
that SMFs can influence several classes of organic chemical
reactions as a result of effects on the electronic spin states
of reaction intermediates (Grissom, 1995, Timmel ¢t al.,
2001), Some studies also indicate light-sensitive detection
of magnetic fields in the retina (Ritz et al, 2002).
Deutschlander et al.  (1999a,b)  have shown that
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wavelength-specific effects occur in avian and reptile mag-
netic orientation. In the case of salamanders, Phillips ct al.
(2001) proposed a model where two separate and antago-
nistic magnetic ficld-sensitive systems are activated by
short- and long-wavelength light. Recent research on mag-
netoreception has dealt with the question of cryp-
tochromes as photopigment receptors (Thompson &
Sancar, 2004; Gegear et al., 2008; Wiltschko & Wiltschko,
2014).

There is growing evidence that insects are able to detect
and react to SMFs. These fields can have an impact on their
daily activities, behavior, and spatial orientation (Klotz &
Jander, 2003; Viicha, 2006; Vidcha et al., 2008). In addition,
the neuroendocrine system of insects plays an important
role in controlling their motor behavior, which can be
altered by SMFs (Osborne, 1996). Published data of SMF
effects on beetles are scarce, especially for carabid beetles
(Proli¢ & Nenadovi¢, 1994, 1995; Vicha et al, 2008;
Todorovic et al., 2013; Spasi¢ et al., 2015), Thus, the aim
of this study was to investigate effects of an SMF (110 mT)
on six behavioral parameters (travel distance, average
speed while in motion, travel distance of the head, body
rotations, time in movement, and immobility time) in
adults of Laemostenus (Pristonychus) punctatus (Dejean)
(Coleoptera: Carabidae).

Material and methods

Insects

Laemostenus (P.) punctatus is a troglophilic and guanophi-
lic beetle. The adults have an average body size of about
13-17 mm (Casale, 1988). Our experiment used adults of
L. (P.) punctatus from a field population. Specimens were
collected during late March 2015 in the Ogorelicka Pecina
cave (43°20'52.29"N, 22°5'38.41"E), Swrljiske Planine
Mountains, village of Sicevo, near the city of Ni§, south-
eastern Serbia. At the time of collection, average air tem-
perature in the cave was 12.6 °C and relative humidity
68.7%. After collecting beetles and until the end of experi-
ments, insects were stored in a 1.5- container at
11 £ 2 °C. Once a day they were fed earthworms (Lum-
bricus terrestris L.).

Static magnetic field

Insects were exposed to an SMF of 110 mT generated by a
permanent magnet of the tvpe described in Proli¢ &
Nenadovic (1995). Briefly, a double U-shaped magnet was
used (model 6002; Raytheon, Waltham, MA, USA) made
of two symmetric halves: the upper half of the magnet has
two north (N) poles, at the terminal end of the magnet,
and a centrally positioned south ($) pole. Inversely, the
lower half of the magnet has two S poles (terminal end)

Static magnetic field effects on a ground beetle 189

and one N pole, centrally positioned (Figure 1). A rela-
tively homogenous magnetic field was created between the
poles. Maximal magnetic induction at the poles was ca.
320 mT as measured by a GMO5 gaussmeter with a PT
2837 probe (Hirst Magnetic Instruments, Falmouth, UK).
During the experiments, values of the local geomagnetic
field (448380N, 208460E) were in the range of 47 761-
47 763 nT for the total intensity.

Experimental procedure

The adult beetles used in the experiment were randomly
divided into two groups: control (n = 9) and exposed Lo
an SMF of 110 mT (n = 8). Each beetle was placed in an
empty separate plastic Petri dish (r = 85 mm). The trea-
ted beetles were exposed to an SMF (110 mT) for 5 h,
while the controls were kept under the same conditions
(23 £ 1 °C, 65 £ 10% r.h.), but outside the reach of the
magnetic field. Afterwards, the beetles were placed in
another Petri dish (r = 85 mm), where their behavior was
recorded for 12 min (open-field test).

Behavior monitoring

The behavior of all 17 individual insects was videotaped by
a web-camera (Microsoft LifeCam VX-6000; Microsoft,
Redmond, WA, USA) positioned above the Petri dish.
Recordings and all experiments were performed under
laboratory conditions (23 £ 1 °C, 65 + 10% r.h.). ANY-
maze software v.4.96 (Stoelting, Wood Dale, TL, USA) was
used to analyze six behavioral parameters of the beetles
during tests: (1) travel distance (m), (2) average speed
while in motion (m s™'), (3) travel distance of the head
(m), (4) number of times the body completed a full 360°
rotation, (5) time in movement (s), and (6) immobility
time (s) (beetles had to remain immobile for at least 10 s

Figure 1 Setup for exposure of Laemostenus ( Pristonychus)
punctatus beetles to a relatively homogenous magnetic field with
average magnetic induction of 110 mT (zones indicated with *1°).
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to be considered immobile). Behavior of the beetles was
analyzed in the whole open-field arena, as well as in the
arena arbitrarily divided into peripheral and central zones
(about 70 and 30% of total area, respectively).

Statistical analysis

The Kolmogorov-Smirnov test was used to check for nor-
mality of the data. Because the data were not distributed
normally, they were analyzed with the Mann—Whitney U
test (o = 0.05). All analyses were performed with STATIS-
TICA v.7.0 software (StatSoft, Tulsa, OK, USA).
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Results

Significant effects of an SMF of 110 mT on motor activity
of adult L. (P.) punctatus beetles were found during the
first 4 min of observation for travel distance (U = 14.0,
P = 0.034) and average speed while in motion (U = 12.5,
P = 0.024) (Figure 2). After 4 min, there were no signifi-
cant differences.

For behavior in peripheral and central zones results are
presented as the percent of motor activity in the given
zones in relation to the whole open-field arena. In both
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Figure 2 Effect of a static magnetic field (SMF) (110 mT) on six behavioral parameters of Laemostenus ( Pristonychus) punctatus adults in

the whole open-field arena: mean (+ SEM; control, white bars: n =

9; exposed to SMF, black bars: n = 8) travel distance (m), average

speed while in motion (m s™'), travel distance of the head (m), time in movement (s), number of body rotations, and immobility time (s).

Means are calculated for three 4-min sequences within the 12-min total period of observation, Asterisks indicate significant differences

between treatment and control (Mann-Whitney U test: P<0.05).



groups, control and SMF, adult L. (P.) punctatus beetles
were mostly in the peripheral rather than in the central
zone of the open-field arena (Figure 3). Differences
between peripheral vs. central zone were significant for
almost all combinations of the three 4-min intervals, the
four variables (travel distance, travel distance of the head,
time in movement, and immobility time), and the two
groups (control and SMF) (U range: 0.0 to 16.0, P range:
<0.001 to 0.031). Only for travel distance, travel distance
of the head, and time in movement in the control
group, the differences in the third 4-min interval were not
significant.

Discussion

There is a considerable body of literature about the influ-
ence of magnetic fields of different characteristics on vari-
ous species of insects. Effects of SMFs on behavior have
been documented in most detail in honeybees (Apis melli-
fera L.) and homing pigeons (Towne & Gould, 1985).
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Honeybees are able to detect and respond to extremely
small changes in intensity of the Earth’s magnetic ficld
(Walker & Bitterman, 1985, 1989). These authors also
showed that movement is essential for this ability, with sta-
tionary honeybees being unable to distinguish changes of
magnetic field intensity (Walker et al., 1989). As an expla-
nation for this phenomenon, the authors proposed
involvement of a ferromagnetic transduction mechanism
that makes use of magnetite. Kirschvink (1989) and
Kirschvink & Kirschvink (1991) showed a single-domain
and superparamagnetic material to be present in honey-
bees, and that magnetite is a possible translator of mag-
netic field changes in neuronal activity. However, Gould
et al. (1980) discovered that demagnetized bees can still
orient to a magnetic field, indicating that magnetite is
probably not the only molecule responsible for detection
of the Earth’s magnetic field. Static magnetic fields have
been shown to influence the behavior and orientation of
several other species of insects, including a number of
Diptera (Becker, 1965; Picton, 1966}, some Lepidoptera
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Figure 3 Effect of a static magnetic field (SMF) (110 m'T) on distribution (%) of four behavioral parameters — travel distance, travel
distance of the head, time in movement, and immobility time — of Laemostenus (Pristonychus) punctatus adults over the peripheral zone
(white} vs. central zone (black) of the open-field arena (control: n = 9; exposed to SMF: n = 8). Percentages are calculated for three 4-min

sequences within the 12-min total period of observation.
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[monarch butterflies (MacFadden & Jones, 1985), the
heart and dart moth (Baker, 1987)], Coleoptera ( Tenebrio
spp.) (Todorovic et al,, 2013), and others. There also have
been studies of the influence of SMFs on insect viability
(Raus et al,, 2009), development (Ramirez et al,, 1983;
Proli¢ & Nenadovié, 1994; Todorovi¢ et al, 2013), and
genetic material (Takashima et al., 2004). Static magnetic
fields stimulated pupal metamorphosis in A. mellifera,
Drosophila melanogaster Meigen, and Tenebrio molitor L.,
respectively (Proli¢ & Nenadovié, 1994, 1995; Proli¢ et al.,
2001).

Effects of SMFs on Coleoptera species have been poorly
nvestigated to date, especially for the Carabidae family.
Todorovi¢ et al. (2013) studied the effect of a 50 mT
SMF on development and behavior of Tenebrio spp. They
found that this field did not affect pupa-to-adult develop-
ment of two Tenebrio spp., but did modulate their adult
motor behavior. In T. molitor adults, the SMF modulated
travel distance, average speed, and immobility time.
Todorovi¢ et al. (2007) examined the influence of an
SMEF (2 mT) on neuronal population activity in adults of
a longhorn beetle, Morimus funereus Mulsant. They found
that 5-min exposure produced both excitatory and inhi-
bitory effects on neuronal activity of the antennal lobe of
M. funereus. Their results also indicated that the induced
effects were mostly irreversible for both the population
and the nearest neuron.

In our study, exposure of L. (P.) punctatus adults to an
SMF (110 mT, 5 h) changed their motor activity, namely
significantly increased their travel distance and average
speed while in motion in the first 4 min of observation.
This could mean that these beetles, compared to control
ones, did not walk for longer, but when they were walk-
ing, they were going faster and therefore they walked a
greater distance. Absence of significant changes after
4 min could be explained by the disappearance of SMF
effects, or any alterations induced by an SMF are not large
enough to be expressed on behavioral level. One more
observation is that the beetles — control and exposed to
an SMF — were mostly in the peripheral rather than cen-
tral zones of the open-field arena during the whole period
of observation. This is in accordance with earlier findings
indicating that insects often avoid central zones and stay
in the periphery, close to the walls of open-field arenas.
This phenomenon is known as centrophobism/thigmo-
taxis (Besson & Martin, 2005).

How an SMF influences the nervous system is still unde-
termined. Studies on motor behavior are therefore impor-
tant because they indirectly provide more information
about magnetic field effects on integrity of the nervous sys-
tem (Thomas et al.,, 2001), The neuroendocrine system
controls insect development and behavior. Static magnetic

fields could cause alterations in these vital processes. It has
been proven that some biogenic amines (dopamine, nore-
pinephrine, serotonin, octopamine, and tyramine) govern
motor behavior (Saraswati et al.,, 2004; Dernovici et al.,
2007; Socha et al., 2008). A possible explanation for
changes in the motor activity of L. (P.) punctatus adults is
that the employed SMF induces alterations in metabolism
or transmission of the above-mentioned biogenic amines.
Static magnetic field effects can also be mediated by
induced changes in calcium ion concentration (Teodori
et al., 2002).

Another question concerns the possible connection
between cryptochromes and magnetoreception in L. (P.)
punctatus. It has been shown that cryptochromes in the
photoreceptor neurons of bird eyes have an impact on
magnetic orientation during migration (Heyers et al.,
2007). Cryptochrome could be involved in various tasks
in the life of insects. It may help to determine the position
of the geomagnetic north and aid orientation in space.
Drosophila species appear to have cryptochrome-depen-
dent magnetic orientation. A photosensitive molecule of
cryptochrome is essential for their light-dependent ability
to sense magnetic fields (Gegear et al., 2008). Bazalova
et al. (2016) demonstrated a Cry-dependent sensitivity to
the direction of geomagnetic field in two cockroach spe-
cies — American cockroach, Periplaneta americana (L.),
and German cockroach, Blattella germanica (L.) - and
the importance of the eye for the directional geomagnetic
field response.
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Here we report how interference and scattering-enhanced absorption act together to produce the golden wing
patches of the burnished brass moth. The key mechanism is scattering on rough internal surfaces of the wing
scales, accompanied by a large increase of absorption in the UV-blue spectral range. Unscattered light interferes
and efficiently reflects from the multilayer composed of the scales and the wing membranes. The resulting
spectrum is remarkably similar to the spectrum of metallic gold. Subwavelength morphology and spectral and
absorptive properties of the wings are described. Theories of subwavelength surface scattering and local intensity
enhancement are used to quantitatively explain the observed reflectance spectrum.
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L. INTRODUCTION

Fascinating “inventions” of evolution have been discovered
in a large number of recent studies dealing with the biophysics
of living creatures. In that respect, insects are an excellent
research subject due to their diversity and abundance.

Biophotonics of insects is a particularly active subject
which aims to explain function and imitate intricate micro-
and nanostructures on their bodies. Several studies present
a comprehensive overview of the current research [1-3].
Surprising results are still being published, such as the photonic
system of a Saharan silver ant, enabling radiative dissipation
of heat, directly through the IR atmospheric window [4].
This and a number of other studies suggest that nature has
developed many technologies which can be used to solve
everyday problems, if successfully imitated [5,6].

Optical photonic structures in the living world are diverse
and have been classified by Land [7], based on their biological
function, including tapeta (light-path doubling or image
forming), camouflage, display, optical filters (e.g., corneal
nipples of insect compound eyes), and anatomical accidents
(features whose optical properties have no obvious biological
function, e.g., mother-of-pearl in some mollusks).

More specifically, the biophotonics of Lepidoptera draws
much attention, mostly due to the attractiveness of butterflies.
Much less is known about moths (suborder Heterocera), which
represent a group of Lepidoptera, characterized by the wings
mostly having drab colors (gray or brown), and feathery or
saw-edged antennae (vs club-shaped in butterflies). While
moths are more numerous than butterflies, the number of
structural coloration studies is significantly smaller. Only
attractive and conspicuous moth species were explored, such
as the Madagascan sunset moth [8]. The lack of interest is,
possibly, due to the simpler wing-scale structure of moths,
compared to really complex features present on the scales
of day flying butterflies (e.g., Bragg gratings or photonic
crystals).
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Golden wing patches are prominent features of some
noctuid moths. The patches might be just small marks as
in Autographa jota (Linnaeus, 1758) and A. bractea (Denis
& Schiffermiiller, 1775), or large areas, as in Diachrysia
balluca Geyer, 1832. The physics behind the golden moth
color was previously analyzed using the diffraction theory of
Stratton-Silver-Chu [9] in the case of Thysanoplusia orichal-
cea (Fabricius, 1775) (previously included in the genus Tri-
choplusia McDunnough, 1944) (Noctuidae family). However,
a correspondence between theory and experimentally recorded
spectra was qualitative, probably due to approximations of the
mathematical formalism.

Other insects with a golden cuticle do exist, such as
Chrysina aurigans (Rothschild & Jordan, 1894) (Coleoptera:
Scarabaeidae) [10], whose broadband metallic reflection is
due to a chirped Bragg mirror within the cuticle. Some species
have a tunable color, which depends on atmospheric humidity
[11] or stressful events [12], enabling the insects to change the
color from red to golden.

Rothschild et al. [13] found that carotenoid pigments
may also contribute to golden metallic areas of Danainae
butterfly pupae. Similar results were obtained by Taylor
[14] and Neville [15]. In contrast, Steinbrecht et al. [16]
proved that golden reflections of Euploea core (Cramer, 1780)
(Lepidoptera: Nymphalidae) pupae have an entirely physical
nature. They showed that reflectance spectra of the cuticle
(possessing multiple endocuticular thin alternating layers) and
metallic gold are very similar, with a characteristic edge at
450-550 nm. The authors also emphasize that the carotenoids
in the epidermis cannot contribute to the color effects because
the cuticle practically does not transmit yellow light at all.

Scattering from an irregular surface is a secondary mech-
anism of structural coloration—interference and diffraction
being dominant ones. For example, lycaenid butterflies (in
particular, subfamily Polyommatinae) scatter light from the
internal, pepper-pot-like, Bragg layers (having holes of 100 nm
average diameter). The wing-scale laminae are almost hollow
and permit the blue radiation to escape [17]. Pieridae can also
be mentioned due to the nanobeads (pigment granules), which
fill the space between the laminae [18], where the scattering

©2017 American Physical Society
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and fluorescence extend the reflection spectrum [19,20].
Scattering in the living world is sometimes accompanied by
light trapping, as in diatoms [21]. This seems to be a significant
mechanism for efficient light harvesting in photosynthetic
organisms.

Here we describe how several optical mechanisms interact
to produce the golden wing color of the burnished brass
moth, Diachrysia chrysitis (Linnaeus, 1758). We have studied
spectral properties of the golden wing patches, as well as
the internal and external ultrastructure of the wing scales
and wing membranes. It was found that the scattering from
irregular internal surfaces of each scale suppresses the UV-
blue reflection, while interference efficiently reflects the red-
infrared spectral range. A theoretical model is proposed, which
combines interference and scattering from the scale laminae.
The finite element method (FEM) is used to confirm the
trapping and local intensity enhancement of light inside the
laminae, while the modified transfer matrix method is used to
calculate the reflection spectrum.,

II. OPTICAL PROPERTIES AND STRUCTURE
OF D. CHRYSITIS WING

The burnished brass moth (D. chrysitis; shown in Fig. 1)
is a common species of the Noctuidae family (Insecta:
Lepidoptera). It inhabits temperate climates in the Palearctic
region [22]. D. chrysitis is a remarkable moth with big,
golden (sometimes brassy-green) areas on each forewing. The
wingspan is 28-35 mm, while the length of each forewing is
16-18 mm [23]. The burnished brass moth is usually found in
marshy areas or in slightly moist forb communities. The larvae
feed on plants such as Urtica spp., Lamium spp., or Cirsium
spp. [24]. The moth flies from May to October depending on
the location. It flies regularly in dusk, and was seen visiting
flowers of various plants. Sometimes it can be noticed during
the day, even sucking nectar. The species is widespread in
Serbia [25].

Itis supposed that irregular golden patches in the forewings
of D. chrysitis are an example of disruptive coloring, as an
excellent way of hiding oneself by breaking up the body
contours [26]. Additionally, it was also postulated that specular

FIG. 1. Burnished brass moth (D. chrysitis) with golden areas on
its forewings.
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reflection of the sun’s rays may imitate the glittering of dew
droplets. Even more, it seems that the wing color is optimized
to efficiently reflect the yellowish light of the sun. As a
dusk species, the moth may emit a signal in the IR spectral
range from the golden patches, which might be used as a
signal for intraspecific recognition. Anatomical accidents seem
unlikely because metallic areas on D. chrysitis forewings form
species-specific patterns [27].

From the optical point of view, the most prominent features
of the studied moth are golden-color wing patches, as seen
in Fig. 1. The corresponding wing spectra were recorded
in reflection using a fiber optic spectrometer (manufactured
by Ocean Optics, HR2000CG-UV-NIR), with a 400-pm core
diameter fiber. A halogen lamp was used as a light source, and
spectra were referenced to a standard white surface. The light
collection angle was limited by the numerical aperture of the
fiber (NA = 0.22, which is equivalent to an angular range of
+12.7°), positioned such that an approximately 40-mm? area
is observed. This means that the spectra of individual scales
are integrated both angularly and across the wing surface. This
fact was accounted for in the numerical simulations.

The spectrum of D. chrysitis is broad, with a cutoff
wavelength at approximately 500 nm. Its exact shape slightly
depends on the angle between light source, wing, and detector.
There is a close similarity with the spectrum of metallic gold,
as shown in Fig. 2. The specular reflectance spectrum of gold is
taken tabulated from Ref. [28], where it is treated as areference
standard.

Optical reflection microscopy of the D. chrysitis forewing
reveals an almost uniform, intense golden sheen as shown
in Fig. 3(a). In contrast, reflection from individual scales is
yellowish, with occasional red and green bands, presented
in Fig. 3(b). Overlapped scales show increased reflection and
color bands, as can be observed in the same image. If observed
in transmission, an individual scale in air [see Fig. 3(c)] is quite
transparent, with a slight residual absorption. By immersing
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FIG. 2. Spectral reflectance of metallic gold (red curve) and
golden wing patch of D. chrysinis forewings (black curve). Re-
flectance of D. chrysitis is scaled to emphasize the similarity with
the gold.
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FIG. 3. Optical microscope images of D. chrysitis: (a) Scales on the forewing showing the uniformly golden reflection. (b) A microscope
reflection image of two individual, overlapped scales. (c) A transmission image of an individual scale in air. (d) Absorption spectrum of a single
scale placed in an immersion oil (black line) and the corresponding exponential fit (red line).

the scale in an index matching liquid (manufactured by Cargile,
series A, with the certified refractive index 1.5700 =+ 0.0002)
Fresnel reflection was suppressed. We measured the absorption
spectrum [Fig. 3(d)], which is very similar to that of melanin
[29], showing exponential decrease from the UV to the IR
part of the spectrum. We were able to estimate the value
of the absorption coefficient & (or the imaginary part of the
complex index of refraction k = «A /4 ), and use it in further
calculations. We have found that k ranges between 0.081 (at
380 nm) and 0.0013 (at 800 nm).

A field-emission gun scanning electron microscope
(FEGSEM) was used to study the fine anatomy of the moth
scales. The D. chrysitis forewing possesses a number of
overlapping scales [as in Fig. 4(a)], but we were not able
to see a difference between cover and ground scales. At higher
magnification, as in Fig. 4(b), we can see that the upper lamina
is ornamented with very thin lamellar ridges (separated by
approximately 1.8 m). They are connected with herringbone
shaped cross ribs, which constitute a subwavelength diffraction
grating with the period of roughly 150 nm. A dual wing
membrane seems to be an important optical component, too.

Its thickness is of the order of 500 nm and contains a num-
ber of 300-nm diameter, randomly dispersed, hemispherical
protuberances [see inset in Fig. 4(a)].

Individual scales were prepared for scanning electron
microscopy by the double transfer method, which was begun
by detaching a scale with a low-surface-energy adhesive
(adhesive layer of “Post-it” sticky note), followed by the
transfer to a high-surface-energy tape (conductive carbon).
By that means, the original scale orientation was preserved.
Figure 5 shows one of the partially destroyed scales and
its internal and external laminae structures. We see that the
external side of the upper lamina (the one facing outwards)
is strongly patterned, as explained above, while its internal
surface is very irregular, with linear grooves directly beneath
the ridges. The external side of the lower lamina (the one
facing the wing membrane) is smooth, while its internal surface
is completely irregular, similar to nanometer-sized “pebbles,”
with a diameter less than 60 nm.

We have observed a strong autofluorescence of scales,
which is enough for nonlinear (NL) fluorescence microscopy.
We used a nonlinear microscope for laser processing and
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a)

th)

FIG. 4. (a) Scales of D. chrvsitis in their natural position on the wing. The inset shows the enlarged part of the wing membrane with
300-nm-diameter protuberances. (b) Enlarged image of a single scale, showing lamellar ridges (R) and herringbone shaped cross ribs (r).
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FIG. 5. FEGSEM images of a single D. chrysitis scale at two
different magnifications, (a) This image reveals the internal and
external structure of a single scale. (b) Enlarged zone of a scale
showing rough internal surfaces.

cutting, too, which turned out to be a good tool for exposing
otherwise hidden features. The beam power was increased
above the threshold level and software was modified to enable
drawing arbitrary shapes using vector images. At 840 nm and
~100 fs pulse length we were cutting moth chitinous structures
with as low as a few milliwatts of laser power. However,
continuous wave (cw) radiation at the same wavelength
required an order of magnitude higher power. It was interesting
that the laser-cut lines were rather irregular in the case of D.
chrysitis, in contrast to scales of other lepidopteran species,
which produced clear, well defined, lines.

To further reveal the cross-sectional geometry of D.
chrysitis moth scales, we cut them as explained above. A SEM
image of a laser-cut scale is shown in Fig. 6. The internal
space of the scale is not visible due to the welding of the upper
and lower laminae, but we were able to estimate the thickness
of the scale at 300 nm, and the height of the ridge at 400 nm.
Based on the scanning electron microscope images we are able
to draw a general scheme of an individual scale as presented
in Fig. 7.

We emphasize that the external features of the wing scale
(such as the distance between the ridges) can be measured
accurately from FEGSEM images, because they are recorded
at normal incidence. Other characteristics, such as laminae
thickness, are more complicated to quantify due to difficulty
in determining the exact relative position of the scale and
the scanning electron microscope optics (see Fig. 6, where
the scale is partially lifted from the substrate). In such
cases, measurements were performed using external features
as a reference—e.g., lamina thickness was determined at
approximately 75 nm by observing that it is approximately
one half of the distance between the cross ribs (150 nm).
Anyway, such measurements served just as a starting point for
a wing-scale model.

Variability of the moth scales is another source of un-
certainty. We recorded a number of SEM images, measured
relevant features at several positions, and were able to find that
they vary between 15% and 20% (depending on the measured
characteristics).

032405-4
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FIG. 6. A cross-sectional image of a femtosecond-laser-cut D.
chrysitis wing scale. The image of the whole, laser-cut scale is shown
in the inset.

III. OPTICAL MODELING OF THE
D. CHRYSITIS WING SCALES

The transparency of D. chrysitis scales and the apparent
simplicity of their internal and external structure pose a
problem in explaining the golden wing color. We show that
all the wing components (a double layer of scales and a
wing membrane, possibly also the pigmented scales on the
wing underside) work together to produce the final effect.
Several features operate synergistically: slight absorbance of
each scale, scattering on internal scale surfaces, interference
of light within the scale, reflection of light from the wing
membrane, and diffraction on the upper lamina grating.

‘We first demonstrate that the scattering on the internal scale
surfaces leads to significant dispersal of incident light. As
shown in Fig. 5, the internal scale surfaces are highly irregular,
with the root mean squared (RMS) roughness estimated
between 10 and 30 nm. The wavelength of the incident visible
light (inside material) is much larger than the roughness and

400

75

T )

bl

FIG. 7. A dimensional scheme of a D. chrysitis scale cross
section. All dimensions (expressed in nanometers) are estimated
from SEM images and vary across the scales. Due to the variability
of features in the living world, uncertainty of all the dimensions is
between 15% and 20%.

PHYSICAL REVIEW E 95, 032405 (2017)

the widely used scalar surface-scattering theory [30,31] is
applicable. Under these circumstances, the light is split into
two parts: one, regular, propagating as if the surface is perfectly
flat, and the other diffusely scattered (haze).

Quantitatively, both components are described relative to
transmittance Ty and reflectance Ry = 1 — Tj of an ideally flat
surface, when Fresnel equations hold. Accordingly, the haze
transmittance Ty (A) and reflectance Ry(X) of a rough surface
are described by [31]

2
Ty(X)= Tu(l — exp l —[hTU(n.- cos@; — n, cosqb:)} ])
(1

2

Ry(d) = Rgll — exp [—(%Tgn; cosmf),-)i“. (2)

where Ty and R are the transmittance and the reflectance of
a perfectly flat surface, respectively; X is the wavelength in
vacuum,; ¢; and ¢, are the angles of incidence and refraction;
n; and n, are corresponding refractive indices; o is the surface
RMS roughness.

A simple calculation, based on Eqgs. (1) and (2), shows that
between 1% and 3% of incident radiation is scattered at each
interface, depending on the wavelength and assuming normal
angle of incidence (¢; = 0), RMS roughness o = 20 nm, and
the refractive index of chitin n; = 1.57. As expected, short
wavelengths are scattered more than long ones. The scattered
light has a tendency to be trapped inside chitin layers, in a
manner similar to textured solar cells [32]. It was shown in
[33] that the local light intensity is increased by 2n?, and
absorption by 4n?, where n is the refractive index. This
was verified for the D. chrysitis moth by using the finite
element method (FEM) with periodic boundary conditions,
applied to the model simulating a double layer of scales, as
shown in Fig. 8(a). The corresponding electromagnetic field
distributions can be seen in Fig. 8(b) showing the strong
electromagnetic field enhancement.

Local field enhancement due to scattering is accompanied
by increased absorption as predicted by the model described
in [33]. We made slight modifications to correctly describe the
scales of D. chrysitis.

The change of the beam cross section is ignored due to
the thinness of the scales. This is justified by the following
arguments: Assume that the angle of divergence is ¢ = 40° and
scale laminae thickness is D = 75 nm,; then the beam spread
is defined by 2Dtg(6/2) = 55 nm. This is insignificant for a
beam width of approximately 7 mm, as used in our spectral
measurement. The surface absorption was disregarded, too,
because the residual melanin is expected to be distributed
inside the laminae.

Under these assumptions, the absorption A;,, inside the
planar layer can be described by

4”27'im

Aim = e
"7 T + 4n’al

(3)
where @ is absorption coefficient, n is the refractive index, /[,
is incident light intensity, / is the layer thickness, and Tj, is
a fraction of light transmitted through the interface. e is an
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FIG. 8. (a) Geometry of the FEM model. (b) Intensity enhancement at 440 nm wavelength. The electromagnetic field is enhanced both in
the ground and cover scales. Calculations were performed assuming that the angle of incidence is @ = 0 and there is no absorption.

average transmission factor of the escaping radiation, due to
partial (Fresnel) transmission at the interface. According to
the same model, fraction of the incident radiation escaping the
layer is described by
I‘inCTESC
Foe = Tose + 4nlal’ @
Now we have tools to treat the problem of the golden
coloration of the burnished brass moth. Its geometry includes
two layers of scales and two wing membranes as shown in
Fig. 9(a). It is assumed that the outside surfaces of the scales
are flat, which is strictly true only for the lower lamina. The
upper lamina is structured with two gratings. The coarse one

Cover scale

Ground scale

Wing membranes

(a)

will produce diffraction orders which will be treated similarly
during the propagation through the scales, the only difference
being the angle of incidence. The dense grating is incapable
of generating any propagating modes and will not enter the
calculations. The inside scale surfaces are rough with RMS
roughness of 10-30 nm, and the wing membranes are treated
as flat. Fresnel reflection and transmission will be taken into
account at flat surfaces, while rough surfaces will also include
haze in reflection and transmission as schematically shown in
Fig. 9(b). In the latter case, haze Ry()) and Ty (L) diminish
Fresnel coefficients Ry and Ty by the amounts RyR () and
I5TH(4). The resulting transmission and reflection coefficients
are described by Ry — RoRy () and Ty — T Ty (A).

Incident intensity
o

Rellection
haze

Reflection

TaRot ! - Rif A)) Io 18y Rul A)

LTyl -Ty(A) Iy To Tl A)

] Transmission
Transmission
haze

(b)

FIG. 9. (a) Geometry of the model used to simulate the wing of D. chrvsitis. Ry and R, are reflectance of a scale and a wing membrane,
respectively. 7 is a transmittance of a single scale. (b) Reflection and transmission through the interface, as treated in a model, Incident intensity
Iy is split into four components: Fresnel reflectance (R,), Fresnel transmittance (7)), reflection haze (R ), and transmission haze (Ty).
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TABLE 1. Numerical values of the parameters used for modeling
optical reflection from D. chrysitis moth scales.

Parameter Meaning Value

N Refractive index of chitin 1.57

ap Melanin absorption parameter, Eq. (5)  0.23 (1/nm)
A Melanin absorption parameter, Eq. (5) 90 (nm)
Ao Melanin absorption parameter, Eq. (5) 380 (nm)
o RMS surface roughness 30 (nm)

The interference problem will be solved for an individual
wing scale, as well as for the wing membranes, but not for the
wing as a whole. This is a reasonable assumption, because the
relative distances between the scales and the win g membrane
are highly variable and the resulting effect is averaged
across the wing surface. As a consequence, the resulting
reflection spectral intensities of scales and membranes will
be incoherently added.

Optical parameters of the model were estimated from
the measurements performed on the scale embedded in an
immersion liquid (n = 1.57), as described in the previous
section. Therefore, the refractive index was taken to be 1.57
(consistent with the results published in [34]). According to
the same study [34], the refractive index dispersion is less than
4% within the wavelength range of interest (380-900 nm)
and the resulting effects were found to be insignificant. The
coefficient of absorption @ was modeled with an exponential
function (assuming that the residual pigment is most probably
melanin):

3 L—1o
o =agexp | — T ; (5)

All parameters of the model are summarized in Table .

Finding the exact solution to the multilayer interference
is a problem requiring numerical tools. Here we adopt the
transfer matrix method, described and used in [35] to analyze
light scattering and trapping in silicon thin film solar cells.
We divide incident light into two components: a scattered one,
which is mostly absorbed and diffused, and an unscattered
one, which interferes in wing scales and wing membranes. For
the unscattered component we apply a transfer matrix method,
where scattering from subwavelength rough surfaces is treated
as a wavelength-dependent correction for Fresnel coefficients.

Reflection and transmission from a single scale are treated
coherently using the transfer matrix method. As a result, the
spectral reflectance Rg and transmittance T were found,
Similarly, the reflection from the double wing membrane
was treated coherently (with the resulting reflectance Ryy).
Scattering from the wing membrane was not included in
calculations due to the sparsity and large dimensions of
scattering inclusions (as illustrated in Fig. 4). The resulting
spectrum of the wing as a whole is composed of three
components: one which is reflected from the cover scales,
the other reflected from the ground scales, and the final one
due to the wing membranes. We combine them incoherently,
because the mutual position between scales and membranes
is stochastic and highly variable. The final reflected spectral

PHYSICAL REVIEW E 95, 032405 (2017)
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FIG. 10. Contributions of wing membranes, cover scales, and
ground scales to the resulting wing spectrum. They are calculated
using the transfer matrix method and normalized to the intensity of
the incident light before being transmitted through the layers.

distribution of the whole wing is thus
R = Rs + TsRsTs + T} Ry T?. (6)

The first term corresponds to the reflection from the cover
scale, the second to the transmission through the cover scale,
followed by the reflection from the ground scale and return path
through the cover scale. The third term describes transmission
through the cover and ground scales, followed by the reflection
from the wing membrane, and return path through both layers
of the scales. The calculated contribution of each term to the
final spectrum is shown in Fig. 10 (normalized to the intensity
of light before being transmitted through the layers).

Spectral contributions of wing components significantly
depend on their geometry, ie., scale laminae and wing
membrane thicknesses. For some combination of dimensional
parameters, even a single scale can quite faithfully reproduce
an experimentally recorded spectrum (as in Fig. 11). However,
there are slight modulations within the whole spectral range,
due to thin film interference effects. They disappear when
spatial and angular averaging is included, as further explained.
As explained above, losses are much higher inside the blue-UV
spectral range, as can be seen in Fig. 11. According to Egs. (3)
and (4), most of the light energy is absorbed, and the rest
of the radiation is scattered. It is interesting to note that
a significant amount of radiation is transmitted through the
wing membranes (green curve in Fig. 11). However, the UV
component of transmitted radiation is efficiently absorbed by
the dark, pigmented scales, on the wing underside.

There is an important word of caution. In order to get a
consistently golden wing color, the dimensional and optical
parameters of each individual scale should be kept within quite
tight tolerances—a task completely impossible in the living
world. It is more realistic to expect significant variability of
all the parameters. Thus they were varied in our simulations
(according to the normal distribution) within £15% of the
values producing fit in Fig. 11. The angle of incidence was also
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FIG. 11. A spectral reflectivity (red curve) of a D. chrysitis
moth wing, calculated by the transfer matrix method is shown.
The corresponding experimental curve (black curve) is added for
reference. Losses (due to scattering and absorption, blue curve) and
the wing transmittance (green curve) are displayed, too.

allowed to fluctuate within £20°, which imitates variability of
scale orientations.

Asaresult, 100 different spectra were calculated (for clarity,
only 25 of them are displayed in Fig. 12 as light blue curves).
They were consequently averaged, in agreement with our
experimental procedure where the light is collected from the
wing area and within an angular range (the resulting curve is
shown in blue). By comparing the calculated spectrum with
the experimentally recorded one (red curve in the same figure),
agreement appears remarkably good, except for the radiation
above 800 nm.
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FIG. 12. Spectral averaging of light reflected from D. chrysitis
wing, calculated by the transfer matrix method which includes
scattering and local field enhancement. Light blue curves are
individual spectra, blue curve is the averaged spectrum, and the red
curve is the experimentally recorded spectrum.
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FIG. 13. CIE color coordinates of metallic gold and D. chrysitis
forewing golden patches, with and without scattering.

The final shape of the spectrum is influenced by the layer
thicknesses and the RMS surface roughness. They collectively
influence the final calculated spectrum, but in general terms
we have observed that increased thickness shifts the spectrum
towards the red, while increased roughness depletes the blue
part of the spectrum and decreases overall reflectivity.

All the computations are based on a transfer-matrix code,
developed in [36] (declared free to use and made public at
the URL provided therein). The program was modified by
including scattering and local field enhancement effects [as
defined by Egs. (1)-(4)].

IV. DISCUSSION AND CONCLUSIONS

In contrast to most other lepidopteran species, each and
every wing structure of D. chrysitis plays a certain role in
iridescent color production. The same goes for the optical
mechanisms—interference, diffraction, absorption, and sur-
face scattering. They seem to be intricately intertwined in a
synergistic manner—by omitting any of them, a significant
change of the spectral profile would result. To demonstrate
the fact, we calculated the resulting spectrum without taking
into account scattering-enhanced absorption. As expected,
reflection in the UV-blue spectral range is not attenuated. The
corresponding CIE color coordinate testifies that the resulting
color is whitish, as presented on a CIE 1931 diagram (Fig. 13).
For reference, we have also displayed points corresponding
to metallic gold, experimentally recorded spectrum, and full
simulation of D. chrysitis wing. It is obvious that without
scattering, the color coordinate would approach the achromatic
center of the diagram—i.e., the wing will have only a slight
coloration. It is interesting to note that the moth wing looks
“yellower” than the gold.

As noted before, scattering stimulates confinement of light
and increases the intensity by the 2n® factor. It seems that
the ground scale layer further amplifies the confinement [see
Fig. 8(b)]. One possible explanation is that the cover scales

032405-8



SCATTERING-ENHANCED ABSORPTION AND . ..

diffuse the incoming light, while the ground scales additionally
disperse it and make it amenable for wave guiding within the
layer.

Angular variability of D. chrysiris wing coloration is
noticeable, and the golden color is observable within the £20°
from the specular direction. Beyond that, the color abruptly
changes from golden to brown-gray. However, within the
specular range, dependence of the reflected spectrum is slight
for several reasons. On one hand, it results from irregular
internal surfaces of the scale laminae and irregular mutual
position of scales in ground and cover layers. The other
reason is that the reflectivity at air-chitin interfaces is almost
constant between 0° and 30°, as predicted by Fresnel equations.
Therefore, the overall shape of the spectrum is not altered, but
slightly shifted with the angle of incidence. Coarse diffraction
grating on the upper lamina additionally diminishes angular
dependence. From whichever direction light enters the scale,
at least one of the diffraction orders is being reflected. This is
what gives the notable stability of the optical effect with respect
to the illumination direction (within the stated angular range).

We have not observed polarization sensitivity of the
described reflection spectra, even though it certainly exists
at the single wing-scale level. If observed macroscopically,
across the whole wing, polarization effects cancel out due to
strong variability of individual scale orientations with respect
to incident radiation.

It is also interesting to note that the scales from brown-gray
and golden areas of the wing have very similar morphology if
observed under the scanning electron microscope. The most
important difference is optical: while the golden area scales are
almost transparent, the others contain a significant amount of
absorbing pigment which leads to suppression of the specular
component in the brown wing regions. Also, the brown scales
are flatter, while the golden ones are slightly curled.

Calculations, according to Egs. (3) and (4), have shown
that approximately 70% of incoming radiation at 380 nm
is scattered. Forty percent of the scattered component is
absorbed, while the rest is uniformly dispersed all over the full
solid angle. At the other end of the spectrum (above 800 nm),
only 20% of light is scattered, without being absorbed to any
significant extent. As a whole, the spectrum of unabsorbed
light is quite flat from UV to IR. Its contribution to the wing

PHYSICAL REVIEW E 95, 032405 (2017)

reflection is really small, because it is dispersed over the 47
solid angle, while the reflected light is concentrated around the
specular direction.

A dual wing membrane is densely covered with nanosized
spherical inclusions, conveniently situated, just beneath the
scales. It seems that this could be an additional mechanism to
scatter light back through the layer of scales. Transmission
of the membranes is high and light further propagates to
underside scales. They are gray, most probably due to melanin,
which will further absorb the UV-blue part of the spectrum.
In the red-infrared range, melanin absorbance is insignificant,
and scales are again capable of reflecting light back through
all the previous layers. This might account for the increased
reflectivity in the infrared, which is not predicted by the theory
described in the previous section.

Insects with golden body parts are rare and interesting from
the biological point of view. The roles of the golden color
may be diverse and are related mostly to possible defense
mechanisms. We suppose that in D. chrysitis the golden
forewing patches may appear to predators as warning and/or
they can facilitate the conspecific recognition [15].

To summarize: All the structures—cover and ground scales,
wing membranes, and underside wing scales—contribute to
the golden wing color of the burnished brass moth. Inter-
ference, scattering, and absorption enhancement are optical
mechanisms responsible for the effect. In short, interference
on the scales produces a broad reflection spectrum with a
peak in the green part of the spectrum. The blue part of the
spectrum is absorbed due to scattering-enhanced absorption on
a residual pigment. The red part of the spectrum is transmitted
to the wing membrane, where it reflects, goes back through the
scales, and combines with the reflection from the scales. The
resulting spectrum is strongly attenuated below 520 nm, being
almost flat up to 800 nm. The forewings of the D. chrysitis
moth seem to be a remarkable, finely tuned, optical filter.
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INTRODUCTION

Salvia (sage). one of the largest and the most important
aromatic and medicinal genera of the Lamiaceae

family, comprises about 1000 worldwide distributed
species (1), Salvia species are reported to have antfioxidant,
antibacterial, antifungal, antiviral, cytotoxic, neuroprotective,
antiinflammatory and other bioclogical activities (2-8]. Salvia
officinalis, known as Dalmation sage, common sage or
garden sage, is a perennial subshrub native to the northern
coastal region of the Mediterranean, but widely cultivated

in many countries (7) due to its culinary and medicinal
significance. It is used for food preservation, as a spice for
flavouring, and for treatment of many diseases (2).

Free radicals and reactive oxygen species [ROS) are well
known inducers of cellular and tissue pathogenesis leading
to several human diseases such as cancer, iniammatory
disorders, atherosclerosis and cardiovascular diseases (10). 5.
officinalis is proven to be biologically active, and promising as
antioxidant agent of natural origin (5, 11-18}.

The aim of this study was to determine and compare the
anficxidant potential, phenolic and flavoneid contents of
different extracts obtained from plant material of Salvia
officinalis L. originated from continental port of Eastern Serbia
and Mediterranean part of Montenegro, cultivated under the
same conditions in Belgrade and collected during summer
and winter season.

MATERIAL AND METHODS

Plant material
Salvia officinalis plants from their natural habitats at Mt.
Ples (Eastern Serbia) and Luitica peninsula (Montenegro)

were fransplanted in Belgrade and cultivated under the
same conditions. Plants from Ples were transplanted in
December 2008, and plants from Lutica in August 2009. After
five seasons living under the same environmental conditions,
aerial parts were harvested in vegetative stage during winter
(December 2013) and flowering stage in summer (June 2014},

Preparation of plant extracts

Whole oerial plant parts (10 g) were grounded in small
pieces (2-6 mm) in the cylindrical crusher. The extraction was
performed successively, in a series of consecutive extraction
and filtration of plont material, by increasing polarity solvents
(100 ml of dichloromethane (DCM), chloroform (CHL), ethyl
acetate (ETAC) and ethanol [ETOH)). The plant-solvent
mixture was exposed to the ultrasound 1h before and after
24h-maceration at 30°C. The liquid exfracts were filtered and
evapcrated under reduced pressure by the rotary evaporator
(Buchi rotavapor R-114). The obtained crude extracts were
stored in the fridge ot +4°C for further experiments,

Experimental measurements

Crude extracts of 5. officinalis were dissolved by methanol
to obtain stock extract solution at concentration 500 pg/
mL [w/v]. As standard antioxidants, BHA [2(3]-1-Butyk-4-
hydroxyanisole) and BHT (3,5-di-tert-butyl-4 hydroxytoluene),
were dissolved in methanol in concentrations of 100 pg//
mL and tested for antfioxidant activity. All of applied
specirophoiometric measurements were performed using
JENWAY 6305UV/Vis spectrophotometer.

Determination of total phenolic content

The total phenalic content (TPC) was measured using
specrophotometric procedure (19). 0.2 mL of exfract solution
and 1 mL of 10% Folin~Ciocalteu reagent were mixed and after




six minutes wos added 0.8 ml of 7.5% No,CO,. Absorbonce
was recerded at 740 nm after two hours incubation. The same
procedure was repeated for standard gallic acid in order to
consfruct calibration curve. Phenoclic content of samples was
calculated from standard curve equation and expressed as
galiic acid equivalents (mg GAE/g dry exiract).

Determination of total flavenoid content

Total flavenoid content (TFC] was measured using
specrophotomeiric procedure (20). The reaction mixture was
prepared to contain 1 mL of extract solution, 4.1 mL of 80%
ethanol, 0.1 mL of 10% AI(NO;); * 9 H,0, and 0.1 mL 1M solution
of CH;COOK, After 40 min of incubaticn at room temperature,
absorbance was measured at 415 nm. Tne same procedure
was repeated for standard (lavonol quercetin) in order to
construct calibration curve. Concentration of flavonoids in
samples was calculated from standard curve equation and
expressed as guercetin eguivalents (mg QE/g dry exfract).

DPPH assay

DPFPH (2.2-dyphenyl-1-picrylhydrazyl) free radical
scavenging method (21) with slight modifications was
performed. Stock solutions of extracts were mixed

with methanolic solution of DPPH (40 ug/mlL) to adjust
concentrations of 10-100 pg/mL (v/v) of reaction mixture
(2000 pL). Methanol was used as a blank, while methanol
with DPPH solution was used as a contrel. Absorbance

of the reaction mixture was measured after 30 minutes in
the dark at room temperature at 517 nm. The decrease of
absorption of DPPH radical at 517 nm was calculated using
equation:

Inhibition of DPPH radical (%) = [[A-Ag) /A * 100%
where A_-absorbance of control and A -absorbance of the
test samples at different concentrations. IC, values (ug/mL)

were calculated from DPPH absorption curve at 517 nm.

ABTS assay
ABTS (2.2'-azino-bis-(3-ethyloenzothiazoline—é-sulfonic acid)

assay was performed (22) with some modifications. Fresh
ABTS” solution was prepared 12-16 hours before use by
dissolving ABTS in the potassium-persulfate solution (2.46
mm). The ABTS" solution was dissolved by distilled water to
obtain an absorbance of working solution 0.700 £ 0.020 ot
734 nm. 50 pL of test samples and/or standard antioxidanis
were mixed with 2 mL of working ABTS™ solution and after
incubation of 30 min ot 30°C, absorbance was recorded at
734 nm, Distilled water was used as blank. ABTS activity was
calculated from ascorbic acid calibration curve (0-2 mg/L)
and expressed as ascorbic acid equivalents per gram of dry
exfract (mg AAE/g).

Ferric-reducing ability of plasma (FRAP) assay

The FRAP assay was performed (23) with slight modifications.
FRAP reagent, prepared freshly to contain sodium acetate
buffer (300 mmol/L, pH 3.6), 10 mmol/L TPTZ in 40 mmol/L HCI
and FeCly * 6H,0 solution (20 mmol/L) in proportion 10:1:1
(v/v/v), respectively, was warmed to 37°C prior to use. 100
uL of test sample were added to 3 mL of FRAP reagent and
absorbance was recorded at 593 nm after 4 minutes. Blank
was prepared to contain distiled water instead of extract.
The same procedure was repeated for standard sclution

of FeSO, * 7H,0 (0.2-1.6 mmol/L) in order to construct
calibration curve, FRAP values of sample were colculoted
from standard curve equaticn and expressed as pmol FeSO,
* 7H,0 /g dry extract).

Statistical analysis

All experimental measurements were carried out in triplicate
and are expressed as average of three measurements

* standard deviafion. Pearson’s correlation coefficients,
caolculated between TPC. TFC and antioxidant assays,
were interpreted according fto Taylor (24). Calculations
and constructing of the charts were performed using the
MS Office Excel, 2007. Analysis of variance (ANOVA) was
used in order to calculate critical value from F-test (F)
and p-statistical significance (p) for analyzed characters.
Statistical analyses were performed using the package
Statistica 5.1 (25).

Yield (%) TPC (mg GAE/g) TFC {mg QElg) DPPH? {ICs, mgiml) ABTS® (mg AAElg)  FRAP* (umol Fe (ll)ig)
Ples 2.50 £ 1.558 98.84 = 38,048 31.75: 9919 28.28 + 10.241° 111+ 0509 613.81 ¢ 328.363
Locality
! Ludtica 2030617 96.36 2 38 941 26.30 £ 8.530 48622 22,181 0000538 50379 1 410,621
5 Winter 224 £ 0404 54.94 + 46.067" 26.411+2.230° 46.89 + 26.707" 09120644 52190 + 451,568
eason
(N=18)
Summer 22911661 110.26 + 22.598° 3464 £ 11580 30,02 £12.152" 118 £ 0327 66222 + 276 585
DCM 323+ 1.875" 77.38 £ 20.884" 27.33+6.185 37.48 £ B.652" 0.85 0213 426,64 + 147.153°
Soiisic CHL 247 £ 0415 80.07 + 25.038" 29.74 £ 4.674" 57.35 £ 36.104° 07910382 41218 £ 211,743
olven
(=0 ETAC 147 £ 0.844° B1.15 £ 23 365" 37.74 + 12 348" 42.08 +16.825" 075+ 0274 438.80 £ 126 640"
ETOH 160 +0.344° 151.82 £ 17 659" 27.30 £ 8 483" 16.83 + 3.156" 1.77£0.371" 1157 72 + 239.975°
Table 1. Yield of extracts, total phenolic content (TPC), total flavonoid content (TFC) and antioxidant activities of S. officinalis extracts.
Results are expressed as mean 1t standard deviation; N is the number of somples
" Values within column are significantly ditferent (p<0.05)
2 BHA (ICg, 13.37 pg/mi) and BHT (IC,, 17.94 ug/ml)
B BHA (2,82 mg AAE/g) and BHT (2.75 mg AAE/g)
©BHA (583.72 ymol Fe (Il)/g) and BHT (445.34 pmol Fe (I)/g)




RESULTS AND DISCUSSION

Extract yields, total phenolic and flavonoid content

The yields of exiracts were expressed in percentage (%) of the
dry weight extract compared to the initial mass of dry plant
material used for successive extraction (Table 1).

Yields of extracts varied depending on the origin, season and the
solvent used for extraction. The yields of plant exiracts originating
from Ples (2.50%) were higher than those originating from Lustica
(2.03%). The yields in the summer and winter season were very
similar (2.29 and 2.24%, respectively). The highest extract yield
was obtained by dichloromethane extract (3.23%). while the
ethyl acetate extract showed the lowest yield (1.47%). Extracts
yields were mostly influenced by extraction solvent. Similar results
were obtained before using successive extraction (4). Yield

of methanelic extract of Salvia species varied depending on
collection locality and harvesting fime (7, 8}.

Results of measurements of total phenclic content (TPC) and
total lavonoid content (TFC) are presented in the Table 1. The
total phenolic content was generally higher in the plant exfracts
originating from Ples ($8.84 mg GAE/g) comparing to results
obtained for Lustica (96.36 mg GAE/g). Exiracts of the summer
season showed higher phenclic content (110.26 ma GAE/g).
Type of extraction sclvent affects the efficiency of extraction of
phenols as indicated before (6). It was found that §. officinalis
from different collection sites showed TPC ranging from 207.48 to
251.73 mg GAE/g (7). with the highest yield in the fruiting stage
comparing to vegetative and flowering ones (8},

The values of total flavonoids content in the exfracts were
measured as 31.75 mg QE/g for Ples locality and 29.30 mg QE/g
for Lustica locality (Table 1). Higher flavonoid content was found
in extracts from plants collected in summer (34.64 mg QE/g )
than in winter (26.41 mg QE/g|. which is consistent with previous
reports {8). The highest content of total flavonoids showed the
ethyl acetate extract (37.74 mg QE/qg). while the lowest content
of total lavonecids was obtained in ethanolic extracts (27.30 mg
QE/g). which is consistent to previous reports on Salvia species
successively obtained extracts (4). Several authors (3,6.7,18.26)
concluded that differences in resulis of yield of total phenolics
and flavonoids could be caused by genetic and environmental
[climate, location, temperature, fertility, pests and diseases)
factors, the plant part used for exfraction, time of sampling,
choice of the extraction solvent, extraction techniques, etc.
Considering the plants in our study were cultivated under

the same environmental conditions for five years, stafistically
significant differences in total phenolic and flavonoids contents
of extracts should be attributed only to harvesting season and
extraction solvent.

Evaluation of antioxidant activity

Antioxidant activity of extracts was evaluaied using three
parallel test assays ([DPPH, ABTS, and FRAP assay) and results are
presented in Table 1.

DPPH activity of §. officinalis extracts, originating from Ples

and Luitica, was measured as 28.28 pg/ml and 48.62 pg/ml,
respectively. Summer season exfracts were more successful
against DPPH radical, compared to extracts of winter season
(30.02 ug/ml and 46.89 pg/ml, respectively). Ethanol extracts
showed the strongest activity [16.93 pg/ml) while chleroform
extract was the weakest (57.35 pg/ml). It was reporfed that
successively obtained ethanol extracts of fourteen Salvia
species showed the strongest DPPH activity comparing to their
dichloromethane and ethyl acetate extracts (6. The results

obtained in this study are consistent with previous findings on

$. officinalis, with high efficiency of ethanoiic extract (16,27,28).
The ethanol exfracts showed very strong DPPH activity, close

to synthefic antioxidants BHA and BHT (13.37 and 17.94 pg/m,
respeciively).

The measured ARTS activity proved to be higher in the exiracts
originating from the locality Ples than those from Lustica (1.11 mg
AAE/g and 0.99 mg AAE/q, respectively). Stronger activity was
obtained in the summer season (1.18 mg AAE/g). comparing

to winter season (0.91 mg AAE/g). Among examined exfracts,
ethanol extracts performed the strongest ABTS activity (1.77

mg AAE/g). In the ABTS assay (15). ICg, values of anfioxidant
capacity showed a similar range of activities as well asin the
DPPH assay (12-95 mg/ml and 8-94 mg/ml, respectively).

FRAP activities of S. officinalis plant extracts originating from

the locality Ples (613.81 pmol Fe(ll)/g) was stronger than those
obtained for Luitica (593,79 ymol Fe(ll)/g). Extracts showed
higher FRAP capacity in the summer season (662,22 ymol

Fe(ll) /). Ethanol extracts of plants showed the strongest activity
(1157.72 umol Fe(ll}/g). The results obtained in this study are
consistent with results of other authors who have measured the
FRAP activity of extracts of S, officinalis (29). It was reported on
the strongest activity of ethanol extract in the analysis of the
antioxidant activity of dichloromethane, ethyl acetate and
ethanol extracts of the aerial parts and roots of 14 Turkish Salvia
species, using a FRAP methad (é). The exfracts obtained using
higher polarity solvents were more effective radical scavengers
comparing to those obtained using less polar ones (14).
Previously reported data on antioxidant activity of 5. officinalis
methanol extract tested using DPPH, ABTS and FRAP assays
showed that activity varied depending on collection site and
harvesting time (7, 8). Comparing the anfioxidant activity in the
vegetative and fruiting stage of §. officinalis from two localities in
northern Tunisia, DPPH and ABTS assays showed sironger activity
in the vegetative, while FRAP assay showed stronger activity in
the fruiting stage (8). In the present study, differences in the DPPH
activities of extracts were caused by plant origin, harvesting
season and extraction solvent, while those in the ABTS and FRAP
assays could be atfributed only to exfraction solvent (Table

1). Similarly to phenolic and flavenocid contents, antioxidant
activity of extracts varied depending on plant part, solvent and
technigues chosen for extraction as was indicated for other
Salvia species (6,12,18). Our results are in agreement with above-
mentioned data.

The correlation between antioxidant activity and total phenolic
and flavonoid contents

Based on the values of correlation coefficients (r] shown in
Table 2, it can be concluded that the antioxidant capacities
of the extracts (measured using DPPH, ABTS and FRAP assays)
were sirongly correloted to total phenol (r ranging from
+0.695 to £0.975) and weakly to total flavonoid content (r
from  0.065 to £ 0.255). The results indicated that the total
phenols are more responsible for the antioxidant activity than
total flavonoids as it was previously reported (12). The strong
correlation between antioxidant activity and total phenolic
content in plant extracts was obtained in previous studies (4,
5.8 16).

Antioxidant tests were strongly correlated between each
other, especially FRAP and ABTS tests (r=0.962). According to
previous reports, it was established a statfistically significant
strong correlation (r 20.669) between DPPH and ABTS
anfioxidant activity in all tested genera of Lamiaceae family,
whether they are examined as a group or separately (16).




Ind. Crops Prod., 49, 904-914 (2013},

phenolic and flavoneid contents of 5. officinalis extracts.

0.68<r<] strong comelation

Tabie 2. linear comrelation coefiicients (1) between antioxidant activity and fotal
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CBETJIOCT HA KPUJIY JIETITUPA

Ancrtpakt. — boje y HBOM CBETY Cy LIOC/IEULA KAKO IUIMEHATA, TAKO ¥ P3Ny~
KHX eexara Ha HAHOMETapCKUM CTpyKTypama, Ossie fie GuTn peun 0 HU3Y ONTHYKHX MEXa-
Husama koju oapebhyjy 6oje npunannuka pena uncexkara Lepidoptera (entupa u MoJbana):
HHTepepeHLMjH, Audpakuuju, pacejany M nonapusaunju. Kao npumep hemo nasectu Tpu
Bpcre koje xuse y CpOuju: Apatura ilia (Denis & Schiffermiiller, 1775), Diachrysia chrysitis
(Linnaeus, 1758) u Jordanita globulariae (Hiibner, 1793).

YBOA

MHoru copucTHIMPaHN MeXaHM3MH, 3a KOje YeCTO cMaTpaMmo [a Cy Mpom3-
BOJI CaBpeMeHe ILMBWIM3aIHje, NOCToje Beh MHIHOHMMA TOAHMHA Y JKMBOM CBETY:
YATPA3By4YHHU JIOKATOP KOJ CJICNMHX MHIICBA M HErOBO AKTHBHO OMETAmE KOI He-
kux HohHux Lepidoptera (Mosbana), ’)KUPOCKOI KOJ HEKHX BPCTa MHCEKaTa JIenesapa
(Strepsiptera), xeMHjcko opyxkje kox OyOa OGomOapaepa (Carabidae: Brachininae),
AeTeKir)ja HH(PALPBEHOT 3pa4yera Ko MUPOQHIHNX HHCEKaTa, a JUCTy Ou oumo
moryhe HactaBuTH y Hemornen. [loMeHyhemo jomn camo jeIHy Ol HAjHOBHjUX CTY-
IMja y K0joj je yTBpheHo mocrojame QYHKIHOHATHOT CHCTEMA O ABd CIPErHyTa
3YMIAHHUKA KO TapBe nHceKTa [ssus coleoptratus (Fabricius, 1781) [1].

Y oBom TekcTy hemo ce aerabHHMje 3aAp/KaTH Ha ONTUYKHM DEHOMEHHMA Y
CBETY JICMITHPA M MOJBALA, KOJH OBHM, H3BAHPEAHO MpUIAroA/buBuM Onhrma oMo-
ryhaBajy MHTpa- M MHTepCrennjcKy Komynukauujy. Ha Tenuma uncexkara moryhe
je Halim audpakiHOHe pelleTke, MONAPH3ALMOHE elIeMeHTe, aHTHpedUIeKCHOHe

! Mneruryr 3a dusuky, Yausepsnter y beorpany
Haunonanuu napk ®pyiika ropa
WucruryT 3a 30000rujy, Yauusepsurer y beorpany — buonowkn daxyarer
VYuusepszurer y Hosom Cay, MHCTHTYT 32 HH3H]CKO LIYMAPCTBO W KHBOTHY CPEANHY
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ciojeBe, GOTOHCKEe KpUCTale, CeJeKTHBHE ONTHYKE (UITEpe — Yyla MOIEPHE Tex-
HOJIOTH]e, 33 KOja CMO Jyro CMarpajy Ja ¢y MCK/bY4YMBH MPOM3BOL HYOBEKOBE HH-
Tenurexuuje [2]. 3a one koju ce Oase oBoM obnawihy, ,,AOMHLLBATOCT €BONIYLIH]E
NpeacTaB/ba HHCIIMPALIK]Y 3a pa3BOj HOBUX ONTHYKUX ypehaja u TexHuka [3].

CTPYKTYPHE BOJE V CBETY JIEITUPA U MOJbALIA (LEPIDOPTERA)

BorarcTBo 60ja y )KHBOM CBeTY, a moceOHO KOJ MHCEKaTa, je 1Moceaula bi-
XoBe moTpede a ce Cakpujy M CTOTIC Ca OKOJMHOM, MOIIajby CHIHAJ YTO30pera
WM CUTHAJ TIPHB/IAYera Jenunxama cynporHor nona. Heke oa Goja cy nocneanua
XEMHjCKe CTPYKTYpe MHMrMeHaTa KOjU Ce Hajla3e Ha MOBPLIMHHM HHXOBOT TeJa (MH-
terymenta). Mmak, orncer 60ja Koje ¢y y cTamby 1a XeMHjCKH CHHTETHIIY j€ OTpaHH-
4eH. 3aTO je TOKOM eBONyIHje HCKopHmheH YNUTaB HH3 ONTHUYKMX edekara, nomyT
uHTepdepenimje u audpakuuje aa ce reepuiny 0oje o1 JbyOHUacTe Npeko rmia-
Be, JI0 3eJIeHe, Ma M Jajbe, npemMa HHppaLupBeHoM 1eny crektpa. boje koje ce na
oBaj HaYMH [00Mjajy Ha3MBajy C¢ CTPYKTYPHHM, jep Cy YCIOBJhEHE MHKPOHCKHM
1 CyOMHKPOHCKHM CTPYKTYpama Ha Tesy *MBHX jeJIMHKH. KoJ HeKnX opranuzama
CTpYKTYpHa 060j€HOCT MOkKe OMTH He3aBHCHA O/1 yIV1a OCBET/baBaa H MOCMAaTPakha.
Kon apyrux, 60ja ce, y 38BHCHOCTH O] YTIaHOT YIIa CBETIOCTH, Mera. OBy mnojasy
Ha3UBAMO UPHUJIECLIEHIIMjOM.

cTpykTypHa 6oja

. nurMenTHa Goja

Cnuka 1. Ilpeena, xxyTa u upHa 60ja JenTHpa JHEBHOT MayHOBLA
(Aglais io) (Linnaeus, 1758) cy nocieanua NHrMeHara, 10K [1/1aBa 1
Gena Goja Hacrajy 30or cTpykTypHEX edekara

OmuTe je no3Hara packoniHa 060jeHOCT Kpuia IHEBHHX JIENTHpa (HIIp. may-
Hosall — Aglais io (Linnaeus, 1758) — ci1. 1). 3aHMM/BHBO je J1a CY 4€CTO HEKH JeI0-
BH Kpuia 000jeHH CTPYKTYPHO, 0K je 6oja Apyrux 3oHa nurmenTHa. Kox maessor
nenrtupa Apatura ilia (Denis & Schiffermiiller, 1775) (cn. 2a) nako ce yoyasa npu-
JecleHTHa npupoaa Jbybuuacte 6oje Kpuaa — 10p3ajHa CTPaHa JEBOT Kpiia uMa
’YTO-MpKY, TMTMEHTHY 00jy, 0K je Iop3ajHa CTpaHa JeCHOr Kpuja JbyOuvacra,
360r MOTOAHOr YIJIa OCBET/baBamba. Y AHATOMCKOM CMHCIY, 60jy reHepHily TaHKe
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MMKPOHCKE IL104MLe (JbYCIHIE), KOJ& MOKPHBAjy YHTaBy NOBPLIMHY KPHJA MOMYT
upenosa Ha KpoBy Kyhe (ci. 26). CaMO Kpu/i0 Kao OCHOBY MMa ABOCTPYKY MEM-
Gpany, y Kojy ¢y jbycnuue ycahene ca obe cTpaHe y U3JUrHyTE JpPLIKE. Hacn. 3 ce
BHIM €0 KPHJIA Ca JEIHOM JbYCIHIIOM, CHUM/bEH NoMohy HelmHeapHe ABOGOTOH-
cke dryopecuenTHe Mukpockonuje. OBa TexHHKa naje MoryhHocT aa ce gopmupa
TPOJIMMEH3UOHAIHA C/IMKA, Te 1 C& KPUIIO NOCMATpa MO/ PAa3IUYUTHM YIIIOBAMA.
Jlata cy JBa KapakTepHCTHYHA M0IVIE/Ia Ha KOjUMa Ce BH/M CaMa IBOCTPYKa KpHIIHA
MeMOpaHa, jeqHa JbYCIHLA M HEKOIMKO APIIKM U3 KOJHX CY JbYCIHULE HCrae.

JeMHO 1eTa/bHO NIOCMATPAkbE M0/ eIEKTPOHCKHM MHKPOCKONOM oMoryha-
Ba pasyMeBame NMopexaa cTpyKrypHux 6oja. Ha manom nosehamy (cn. 4) Buau ce
/@ CcBaKa JbyCIMLA MMa CTPYKTYpy andpakumone pemerke. Ha sehem ysennuamy
(cr1. 5a), BuaM ce aa AudpakiHoHa pelIeTKa NOCEenyje JaMenapHy CTPYKTYpy, e
ce mojennHaunyu rpebenu (Ha mehycoGHOM pacTojamy o1 Oko | um) cacroje on
Huza caojesa. [lonpeunu npecek (106ujeH NOMONRY TPAHCMHUCHOHOT CIEKTPOHCKOT
MHKpOCKONa — ¢J1. 56) nokasyje ma ce cojeBu Hanase Ha MehycoOHoM pacTojamy
o oko 150 nm. Ha MCTOj clmMuM je IeMaTcku NpHKasaHa AenuMuuHa peduekcnja
CBETJIOCTH HA CBAKOM Ol CJIOjeBA. YCIIOB 3@ KOHCTPYKTHBHY HHTEP(hEPEHLM]Y CBHX
pednekToBaHuX cHOMoBa ofpehyje aa hie CBETIOCT TanacHe 1yKHHE O OKO 380 nm
6uTH 010MjeHa, ITO 3aNCTa ¥ OAroBapa /byou4acToj 6oju kpuna [4].

a) 0)

Cruka 2. a) JbyBuuacTta cTpyKTypHa 60ja Kpiua Koll JIenTHpa npeusaya (4. ilia).
) Veenuuan g0 KpHia KOju MoKasyje npucycTso HPHICCIEHTHHX JbyOHHaCTHX
JbYCIHLA, KOj& MOKPHBA]Y KPHIIO JICTITHPA

U neku nohuu nentupy (y HApOIy 3BaHM MOJBLM) MMAjy CTPYKTYPHY 000je-
HOCT KpHJIA, MAKO j€ TEOMETPHja BbHXOBHX JbYCIHLA 3HAYAJHO npyrauuja. Jlamenap-
Ha pelIeTKa MOCTOjH, AJ1H HMa BEIMKHM NEpHOA (HEKOTHKO MHKpOHa) H Mayu Opoj
namena, Te ¢y Audpakuronu edekri cnado n3paxenn. 3ato je IOMHHAHTHA MOMpey-
Ha pelleTKa, Koja MMa MEPHOAY Matby Ol TAJaCHE [y’KHHC CBETJIOCTH Y BHI/BHBOM
neny cnexkrpa (u3mehy 380 u 760 nm). OBakBe peLIETKE HE aonywTajy hopMupame
BUIIMX AM(PAKIMOHMX PeoBa 1 GYHKIHOHHMUIY Y PEKUMY HyITOr peaa [3].
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JIpLKa

JLYCHHIIA

E IBoCTpyKa KpHiHa MemOpaHa E

a) 0)

Cnuxa 3. IMososkaj Jeycnuile Ha JBOCTPYKO) KPHIHO) MemOpann nentupa A. ilia, cHUMIbeH
oA Ba paytuunTa yrma (a, 6). Kopuiuhena je nenuneapna 1s0-poToHCKa (UIyOpeCcLUEHTHA
MHKpockonuja paseujeta y Llentpy 3a oronuky, Mueturyra 3a pusuxy y beorpany

Oa3He
JbYCIHLE

NMOKpOBHE

Cnuka 4. [lpa Tuna spycnuua nentupa A. llia (noxposne 1 6a3sne)
MMajy CTPYKTYpY IH(paKkiHOHe peleTke
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JlaMeJiapHa pelleTKa Jamene
a) 0)

Cnuka 5. a) Cnojeputa CTPYKTYpa JbyCIHLE OHEBHOT jgentupa A. ilia, mocmarpana noju cke-
Hupajyhum ereKTpoHCcKHM MHKpockonoM. 0) TTonpedHn npecek JbyCruie JHEBHOr JIenTHpa
A. ilia nocMaTpaH Mo TPAHCMUCHOHHM €EKTPOHCKHM MHKPOCKOTIOM

a)

Cnnka 6. a) Moman Diachrysia chrysitis (Linnaeus, 1758), unja kpuia umajy jeaas ieo nosp-
wiHHe 37aTHE 6oje. 6) YBenuuaHa cMKa 31aTHOr gea kpuia D. chrysitis, CHUMIbEHa ONTHYKHM
pedIeKCHOHHM MHKPOCKOIOM, Ha K0jOj C€ BUJE NOje/MHAYHE [bYCIIHLE

Y ToM norieny, 3aHUMIbHB je ipuMep Hohuor nentupa Diachrysia chrysitis
(Linnaeus, 1758), koju uma serny 31aTHy 00jy A0p3ajiHe NOBPIUMHE MPCAHBUX KPH-
na (cn. 6a u 60). Canka 7a, CHUM/bEHA 10/ CKEHHPA)yhUM CICKTPOHCKHM MHKPO-
CKOTOM, TpuKasyje Jbycnuuy kpuna D. Chrysitis Koja je NpeoM/beHa, TaKko Ja ce
jacHo BUIM /1A NOCTOje ABE MeMOpaHe — BEHTPA/IHA, Koja HeMa 3Ha4ajHUX H 106po
OPraHM30BAHMX CTPYKTYpa M J10p3aiHa, KOja je CTPYKTYpHCaHa JIBEMa OpTOroHaj-
HUM PELIETKaMa, jeTHOM JIaMEeIapHOM BelHKe mepuose (0ko 2.5-3 pm) u Ipyrom
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Beoma rycroMm (nepuome 100-150 nm) npodpuna pubsbe koctu (ca. 76). 3anaxka ce
Ja je YHYTPalIkOCT W JI0p3ajHe W BeHTpasHe MemOpaHe BeoMa HenpaBuiiHa (Cil.
78). lebibuHa cBake o1 X je oko 150 nm u Hanase ce Ha MeljycoOHOM pacTtojamy
150 nm, WITO YHHK YUTABY JbYCIHILY H3y3€THO TaHkoM (Mamwe o 500 nm).

V onTHYKOM TMoOreny, TpaHCBep3aiHa AH(PAKLUHMOHA pelleTKa je TOIMKO
rycra ga Huje moryhe opmupame Ipyrux AMQpakLHOHMX PEAOBa OCHM HYJTOL
Moryhe je, Mmel)yTiM, fa ce neo eHepruje KOPUCTH 3a (OPMHUpame eBaHECLIEHTHOT
uiu BoljeHor Tanaca [6], koju ce mpocTupe ay:K MemOpaHa sbycnuue (ci. 78). Ogaj
npouec kox Lepidoptera uuje 10 Kpaja pasjairbeH, anu crnekrap pedexToBaHor
3paverba nokasyje 1a ce tajacHe ayxuue usHaa S00 nm epukacHo pednektyjy, wro
Jlaje CrIeKTpaiHy pacrozieny ¥ BU3YeTHU U3IJIe/l C/IHYaH 3aTy.

Remierkamane

‘nepHoae

BEHTP
MEeMOp
i .MT .00 mre O e
: & Vi fleid 23 pm 1 pm

MAGE 138k :

Canka 7. Jbycnuue kpuna nentupa D. chrysitis
CHHMJbEHE TOA CKeHHpajyliuM eleKTPOHCKHM
MHKpockonoM. a) Jbycruua yuja cy aopsan-
Ha H BeHTpa/lHa MemOpaHa HACHITHO pa3aBoje-
He. 0) YBennuaHa NoBpLIHHA JbYCIHLE Ha KOjO]
ce BHIe namenapHu rpebeHH, KOjH Cy Kol 0Be
BpCTE HA BeNWKOM Mel)ycoOHOM pacTojarby
M BEOMa TaHKH. B) YBenWuaHM 1eo ciuke 7a)
(6enu KkBagpar) Ha KOMe Ce JeTabHO BHAH
CTOJbAllba U YHYTpalliba CTPYKTYPa JbyCIH-
Ue, ca HempaBMIHHM YHYTPallbHM MOBPILM-
Hama. YnagHu ceeriocHu Tanac (Bema crpe-
nMUa) ce AeNM Ha eBaHECLEHTHH Jeo (Miase
cTpenuue) U AM(PaKLHOHH CHOMN HYJITOr pena
(xxyTa cTpenuua)
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YV GeckpajHoM Hu3y MOryliux CTpykTypa JbycnMua IOIEA3jMO jOLI jEIHY,
K0joM ce omnKyje Mosbal Jordanita globulariae (Hiibner, 1793) (cn. 8a). Ilpeama
KpHJIa Cy OKPHBEHA HH30M 3eIeHHX, HPHIECLEHTHHX, Kao n OpaoH, NUTMEHTHHX,
JbYCTIHLIA KOj€ CY peTko pacriopehere n He npexkpusajy ce. M3sectan Gpoj spycnuua
je MpHIECLEHTaH, Kao WTO ce BUAM Ha ci. 80, Koja je CHUMI/bEHA MOJ ONTHYKHUM
MHKPOCKOIIOM. YKOJIMKO C€ CJIMKA MPH/IECLEHTHE JbYCIHLE J04aTHO noseha BHAH
ce [a Ha 0] MOCTOJM HU3 AUCKPETHHX TA4aka 3e/1eHOT U KyTOTr 0bojema (ci1. 8B).
Jla 61cMo 00jaCHHIIN BUXOBO IIOCTOjaEbe HeOIXO/HO j€ 1a 3aBUPUMO Y 1yOsbH HHBO,
nosehasajyhu npesomsseny spycnuiy ckopo 100.000 myTa (ci. 9). Ha nonpeurnom
[IpeCeKy je HajyOu/bUBHja BULIECIIOjHA CTPYKTYPa KOja C€ Halla3H HCIIOL T'OPH:E MeM-
GpaHe ¥ mpaTH beH KOHKaBHH oOnuk. OHa QyHKUMOHMIIE ka0 bparosa peruerka,
IITO 3HAYH J1a TIPE/ICTAB/ba CEIEKTHBHH CrieKTpainn Qpuntep. U3 cnekrpa Gene ceer-
nocty he 6utn pedaexTopana camo oxa Goja cBeTIOCTH (TanacHa IyXKMHA) KOja je
onpeljena pactojamem u3mely ciojeBa u ynaaHum yriaom ceerioctd. Ca ci. 9 Bu-
MO J1a Ce, 33 CBETIOCT KOja Naja Ha LeHTap yayOsberba, ynannu yrao Ha bparoy
pemieTKy pa3iuKyje 01 CBeTIIOCTH Koja Majia Ha uBuuHe nenose. [Toceauua je 1a ce
6oja pedeKToBaHE CBETIIOCTH Y OBE JIBE 30HE Pa3/HKyje, Kao WITo noTephyje ci. 8.

Ha ocHOBY CBEra LITO j¢ peyeHo, 3anaxamo Ja je caka jpycruua koa Lepidop-
tera NJbOCHATA CTPYKTYpa AeO/bHHE HEKOIMKO MUKPOHA, mmpuHe oko 50-100 pm,
a ayxuHe og 150-300 pm. OHa npe/cTaB/ba MPTBH OCTaTaK jeHe jexune henuje,
CACTABJBEH OJ] XUTHHA, MMTMEHATa W NPOTEHHA. Y04aBaMO H OIIUTH MPHHLMI KOH-
crpykuuje Jbycnuue (cauka 10). OHa ce cacToju ox ABe MeMOpaHe — BEHTpAIHE,
KOja je CKOpPO CACBMM PABHA M J0P3aJIHE KOja je CTPYKTypHCaHa CHCTEMOM Y3JIyXK-
HHX JaMeIapHUX rpebeHa W MonpeyHux pemieTk. [IBe MemOpaHe moBesyjy, peT-
KO MOCTABJ/BEHH, cTy0OBH H3Mel)y KOjUX MOCTOjU MPOCTOP, KOjH MOKe OMTH NpasaH
MM HCTTYE>CH JI0aTHUM CTPYKTYpaMma IOMyT rpaHysia, 3arnpeMHHCKHX PEIIeTaKa 1
doronckux kpuctana. CTpykrype Mory OHTH BEOMa CIIOKEHE Ha HAHOMETAPCKOM
HHBOY, @ ONITHYKM €()EKTH KOjH Ce Ha FbUMa youaBajy jecy komOuHaumja HHTepphe-
penumje, audpakumje, pacejama, QIyopecueHINje 1 ancopruuje.

Cmuka 8. a) Moman J. globulariae. 6) Ysenuuana cnuka kpuna J. globulariae

[OZ ONTHYKMM MHKPOCKOIIOM Ha KOjOj C& HCTOBPEMEHO BHAS HPHIECLCHTHE

# HEMpHIECHeHTHe JbyCruile. B) YBeqHyaHu neo ciuke 80) rae ce BHIM 1a
Ce HPHIECIIEHITHja CACTOjH 0] AMCKPETHHX Ta4yaka 3e/eHe i KyTe 00je
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Cnuka 9. [lonpeynn npecek JbYCHHLE MOJb-
ua J. globulariae. Ucnon nopsanue memGpane
youaBa ce HH3 KOHKABHHMX CJ10jeBa KOjU (yHK-
uMonuIy kao Bparoea pemerka. bene crpenu-
[Ie 03HAYABA]Y YITAHH CHOIl CBETIOCTH, KOJH CE
y LEHTPaJIHO] 30HH IUPEKTHO peduiexTyje (xy-
Ta cTpennua), a y 6ouHoj Tpnu ase peduiekcuje
(3enene cTpenuue)

namMena

nonpedHa
peweTHa

Aop3anHa membBpana

seHTpanHa membpaxa

Crnuka 10, Omnra mema cTpyKType Jbycrmie Ha kpuianma Lepidoptera
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3AKJBYHAK

Ogaj TeKCT MPeCTaB/ba KPaTak MpUKa3 ONTHIKHX e(exara Ha KpUJIMMA Jie-
NTHPA U MOJbAlA, KOjH OBMM MHCEKTHMA /1ajy KapakTepUCTHYHO 060_]&1-53 Pagu ce
0 TOCTOjakby CTPYKTYpa MHKPOHCKHX H CYOMHKDOHCKHX JMMEH3Hja Ha KOjHMA Ce
OJIUrpaBajy MpOIeCH KapaKTepPHCTHYHH 3a TalacHy NpHpOay CBETIOCTH. Hbuxoso
npoydasame Jaje yBUA y (DacIHHAHTHE Pe3yNTaTe eBOTYTHBHOI pa3Boja XKHBHX
Ouha, anu ¥ Heje KaKko Ja ce OTKPUBEHH €(DeKTH MPAKTHYHO MCKOPHCTE 3@ HOBE
THIIOBE KO3METHYKMX TIperapara, UpHaecUeHTHe 0oje, 3amTHUTy JIOKyMeHATa ajii 1
JETEKLH]y 3pauerha 1 HOBE THIOBE CEH30pA.
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LIGHT ON THE BUTTERFLY WING

Summary

Colors in the living world are either a consequence of pigments, or physical effects
on nanometer-sized structures. Here we explain the mechanisms responsible for colors of
Lepidoptera (butterflies and moths): interference, diffraction, scattering, polarization. Three
species, living in Serbia, will be analyzed as an example of structural coloration: Apatura
ilia (Denis & Schiffermiiller, 1775), Diachrysia chrysitis (Linnaeus, 1758) and Jordanita
globulariae (Hiibner, 1793).



The Thermographic Analysis of Photonic
Characteristics of Rosalia alpina Surfaces

Goran Diki¢, Danica Pavlovi¢, Ljubisa Tomi¢, Dejan Panteli¢, Darko Vasiljevi¢ and Dejan Stojanovi¢

Abstract—Materials developed by nature during the evolution,
have a significant impact in search for artificial materials having
useful absorptive properties, especially for solar energy
collection, thermal energy dissipation and camouflage. Four
prominent black spots on the elytra of Resalia alpina have
attracted our attention. We have found that the light absorption
is not the sole consequence of dark pigments, but that it is
strongly influenced by the underlying structure. We decided to
perform thermo-physical investigations of the optical mechanism
responsible for the absorption of light in Rosalia alpina. This
paper presents the results obtained using testing procedure
applied in pulsed thermography.

Index Terms—Pulse thermography, photonic structure.

1. INTRODUCTION

Excellent survival mechanisms have been developed in
nature during evolution of species. Good example is color
matching with intention to attract the attention of other
members of the same specie or to be hidden using similarities
to the environment. The heat energy exchange with
environment is also well known example which can be based
on use of colors. Thermoregulation can be improved using
natural photonic processes. Considering specific structure of
longhorn beetle antennas and wings we have been analyzing
thermal images of an insect Rosalia alpina (Linnaeus, 1758),
to these processes.

Rosalia alpina is a large longhorn beetle (family
Cerambycidae) with flat, blue-gray elytra (hardened front
wings) with large, dominating black spots. It is 15-38 mm
long, with the long antennas and striking black tufts of hair on
the central segments of the antenna [1]. Such coloration serves
as a good camouflage with their preferred habitat, the
European Beech [2].
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The largest part of the beetles’ body is covered with a dense
tomentum, consisting of very fine, light blue, blue gray and
dark blue hairs. The black spots on the elytra and pronotum
are also covered with dense black hairs which give the spots
their velvety appearance [1] and [3]. Figure | shows the
photography of Rosalia alpina (test sample).

Fig. 1. The potography of Rosalia aipine.

Natural photonic structures have the main purpose of
producing colors that would have been impossible to generate
by the pigments alone. In the insect world this is particularly
true for blue colors (generated by pepper-pot structures found
in many Polyommatinae [4]) and green colors (produced by
chiral photonic structures in Calophrys rubi (Linnaeus, 1758),
[5D).

Sometimes photonic structure enhances the pigment color,
particularly for generation of strongly absorbing black spots,
as observed in some snakes [6] or butterflies [7]. Micro and
nano-structures localize light, and increase the average path
length within the structure causing the increased absorption.
The biological purpose of such structures might be the
camouflage or thermoregulation, as in Lycaenid butterflies
[8].

More advanced structures have dual purpose as in Saharan
silver ant (Cataglyphis bombycina (Roger, 1859) [9]): to
reflect maximum amount of the visible light, and to
simultaneously dissipate infrared radiation directly into the
atmospheric window at mid-infrared. This enables insect to
efficiently regulate its body temperature in very hostile desert
environment.

Materials developed by nature during the evolution, have a
significant impact on search for artificial materials having
useful absorptive properties, especially for solar energy
collection, thermal energy dissipation and camouflage.

Four prominent black spots on the elytra of Rosalia alpina
have attracted our attention. We have found that the light

pp. MOI1.2.1-5

IcETRAN 2016, Zlatibor, Serbia, June 13 — 16, 2016, ISBN 978-86-7466-618-0



absorption is not the sole consequence of dark pigments (most
probably melanin), but that it is strongly influenced by the
underlying structure. Figure 2 shows hairs in this area. The
typical tufts of hair at the ends of the individual antenna
members are shown in Fig. 3.

Fig. 2. Hairs in the area of grey spots.

Fig. 3. The typical tufis of hair at the ends of the individual antenna
members.

In related species, such as Morimus funereus (Mulsant,
1863), electron microscopy investigations have shown that the
fine structure of the dark spots is characterized by tiny and
densely packed hairs. Hairs are curved and as a whole
represent an efficient light trap. Length of the hair is
approximately 50 pm, its width is of the order of 10 pm,
while its thickness is several micrometers. The distance
between hairs is 15 pm. Optical microscopy of the single
scale has revealed that it strongly absorbs light with the
absorption coefficient estimated at 8000 em™,

We decided to perform thermo-physical investigations of
the optical mechanism responsible for the absorption of light
in Rosalia alpina. This paper presents the results which are
based on use of pulse thermography (PT) [10]. This method
involves the analysis of images that have been registered by
an infrared (IR) camera as a consequence of infrared
irradiation of the test sample (in this case beetle).

II. EXPERIMENTAL SETUP

The test equipment comprised a photographic flash a
thermal camera and a personal computer (PC), which recorded
digital data in real time. The surface of test sample (Rosalia
alpina) was heated using the photographic flash (BOWENS

BW-3955 Gemini R & Pro), positioned at a distance of 50 cm
from the sample, as this distance enabled homogeneous
heating.

The optimal position of the flash was when the light was
normal relative to test sample. For better orientation of the
luminous flux to the test sample, a reflector (having 65°
divergence angle) with an aperture of 20 cm is used. The light
source positioned as shown in Fig. 4 produces a strong heat
impulse which homogeneously heats the beetle surface.

The maximum power of the light source BW-3955
BOWENS is 1500 Ws. The duration of the light pulse at full
power is 0.7142 ms. The pulse duration must be much shorter
relative to the frame duration. Considering the possible frame
duration #; (8.33 ms, 16.66 ms and 33.33 ms) this rquirement
is fulfiled in case of any of three modes of operation.

7
/
Heat Source ,— 4
BOWENS [ /
Bw-3958
. Jff 2
IR picture ol Rosalia alpine YOI R
: o ¥
/ V4 Rosalia alpine
s photography
IR. Camera
FLIR SC620

Fig. 4. Position of the IR camera relative to the test sample during the
experiment.

Cooling of the test sample, previously heated by means of a
short light pulse, was monitored using a commercial thermal
camera "FLIR SC620", operating in the spectral range from
7.5 to 13 um. This type of camera has a focal plane matrix of
640x480 consisting of semiconductor detector (Vanadium
Oxide - VOx). Each detector measures the intensity of
infrared radiation., These values can be represented on a
monitor as a thermal image coded in shades of gray or in color
and can be converted to temperature values using the
appropriate table.

In order to obtain optimal experimental results zoom has
been set manually. After that, the all other parameters
(ambient temperature, emissivity, the distance of the object
from the thermal imaging camera, humidity, etc) have been
set. The temperature and emissivity of the test sample have
been assessed by means of the thermal camera.
Measurements, presented in this paper, have been carried out
at short distances, (about 50 c¢cm) so that the distance as a
parameter does not have a major impact.

Thermal imaging camera allows conversion of spatially
inhomogeneous distribution of radiation flux of scene, due to
differences in the distribution of temperature and/or
emissivity, in the visible image. The right choice of measuring
geometry and correct interpretation of the results is based on



the knowledge of the spatial and temperature resolution
(sensitivity) of thermal imaging cameras.

1I1. EXPERIMENTAL RESULTS

Analysis of IR reflection of irradiated object has been
achieved by analyzing video sequences consisting of 2,232
frames. Filming has been carried out at the frame rate of 120
Hz. The dimensions of the frame are 120 pixels x 724 pixels.
In order to optimize the number of calculations the pixels
have been processed only in the area whose dimensions are
120 pixels x 140 pixels, that is marked as white rectangle in
Fig. 5.

Fig. 5. The original form of 75th frame, taken at the frequency of 120 Hz.

In this way it is possible to extract the compact three-
dimensional data matrix in which the coordinate information
and temporal distribution of the intensity of each pixel in the
immediate environment of the recorded object are stored. Fig.
6 provides an insight into the distribution of intensity in an
area that is separated during processing of the seventy fifth
frame. In accordance with the needs of processing, the
intensity of each pixel may be converted to the corresponding
temperature value. Figure 7 shows the time distribution of
pixels' intensity, for pixel at coordinates (40, 40), as shown in
Fig. 6, and has an index that determines gray level in the
amount of 0.8784.

= X:40Y:40
i Index: 08784
RGE: 0,578, 0.878, 0.878

Fig. 6. IR reflection of the irradiated object and its immediate environment
with the characteristics of highlighted pixel.

Figure 7 shows the situation which corresponds to the
frames 73, 74, 75 and 76. Frame 73 is still unlit. Heating has
been started just before the frame 74. Maximum (the pixel at
coordinate 40, 40) has been reached in 75th frame. Note that
the left wing is lighter in frame 76. This must be consequence
of weaker contact of the wing with the body of the insect.
Thus, the heating process has been faster at this side.

Fig. 7. The situation which corresponds to the frames 73, 74, 75 and 76.

Figure 8 shows the time distribution of gray level of this
pixel within the first 500 frames. It is obvious that the
irradiation of the subject achieved immediately before seventy
fifth frame. The gray levels that correspond to the pixel at
coordinates (40, 40) in frames 72, 73, 74, 75 and 76 are
0.1882, 0.1882, 0.6275 0.8784 and 0.8471. These data show
that the test sample has been irradiated at the moment between
frames 73 and 74.
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Figure 8. The time distribution of gray level for pixel at coordinates (40, 40).

Figure 9 shows the IR reflection of the irradiated object
obtained within every tenth frame starting from 75th to 185th.
The order of images is arranged by columns, from top to
bottom, and from left to right. The cooling process, after
irradiation of the recorded object, can be clearly observed.

The bright details, at the first shot (in the upper left corner),
belong to the parts of the antenna that are covered by dense
hairs,

We believe that the rapid heating of these areas relative to
the other parts occurs, basically, for two reasons. The first
reason is the better energy absorption that occurs because of
the dark color. Another reason is very structure of these areas.
Specific dimensions, shape and arrangement of hairs reduce
the emissivity of these areas.



Fig. 9. IR reflection registered in the immediate vicinity of the irradiated
object; (presented from top to bottom and from left to right).

In addition, hairs in the area of dark spots at the wings,
decrease the emission of the energy that has been accumulated
during heating process. That is the reason for increasing of the
temperature that is visible as brighter details in region of dark
spots at the wings.

The existence of individual surfaces (wings) is very visibly
because of dark line existence in central part of body. During
cooling both halves of the body, uniformly change the gray
level that originate from the heat of dominant body mass.

Data processing in the frequency domain is based on the
application of Fast Fourier Transformation (FFT). Processing
of the thermal images has been achieved using two ways of
selection of appropriate frames. In the first case, 128
succesive frames, starting with 75th, has been separated.
Subsequently, the FFT processing has been applied on 128
consecutive values of the levels of gray, for each pixel,
respectively.

The data are stored in the form of a matrix of values of each
spectral component modules. After that, with intention to
ensure better visibility of the results each matrix has been
normalized. In this way, maximum values are the brightest
(presented by the gray level corresponding to the value of ),
and the lowest values are black (presented by the gray level
corresponding to the value of 0).

Figure 10 shows the results, in the ordering, from the top to
bottom, and from the left to right. Thus, the details in the
upper left corner of the picture present the modules that
correspond to the first spectral component, i.e. the first
harmonic of each pixel. In the same way, in the lower right
corner the details correspond to the twelfth harmonic of the
each pixel.

It can be seen that each harmonic brings additional
information on the structure of the object to be analyzed based
on its IR reflection. Comparing the first result (above left) and
the last (below right), it is clear, there is a difference in the

details corresponding to the insects' head. In addition, the
visibility of bright parts of antennas in every segment of
image is consequence of rapid change of the temperature of
these parts.

This is consistent with the theory of signal processing. The
intensive, short-term signal consists of more spectral
components in frequency domain, comparing to the similar
signal with higher duration. By the analogy, the insect
fuselage is the most visible in the first three segments of the
image. In accordance with the Fig. 9 the insects' body is
visible much longer compared to the light areas of the
antenna. Thus, the appropriate spectrum consists of fewer
componems.

In the second case, the processing has been achieved by
having formed sequences composed of 128 frames, first
selecting every successive frame, then selecting every second
frame, every third frame and so on. The final sequence has
been formed by selecting every twelfth frame. In all cases the
75th frame was adopted as the first in the sequence.
Apparently, in this way, the variable sampling frequency of
the frames has been provided. Processing of these sequences
in the field of non-destructive interrogation of materials
subsurface defects can detect at different levels. Considering
this fact, it can be expected that identical treatment, in
particular case, should also provide better insight into the
structure of analyzed insect. The results shown in Fig. 11 just
confirm this expectation.

The small details which belong to the antennas are clearly
visible in upper-left segment of this figure. Reducing the
sampling frequency, i.e. increasing the interval selection of
frames, cause the worsening of visibility of antenna details,
but the details of the body become more clear. The bright
parts that correspond to the dark spots at the central part of
wings become visible. These parts are barely visible at the
first segment (top left).

Fig. 10. Visual representation of the results obtained by FFT processing 128
successive frames starting from 75th frame.



Fig. 11. Visual representation of the results obtained by FFT processing
sequences with different sampling frequencies.

IV. CONCLUSION

Laboratory tests based on the application of thermography
procedures were aimed to check our assumptions about the
existence of photonic structures on surfaces within the areas
of tentacles and wings of beetle known as Rosalia alpina. The
existence of the hairs with specific dimensions, positioned in
some arcas of the antenna, and dark spots on the wings
reduces the emissivity and increases the temperature in these
areas. The increase of temperature is visible in form of
brighter pixels in thermal images that were recorded during

the cooling of test samples, after heating by the appropriate
source of IR radiation. The existence of local differences in
temperature of the test sample parts, such as antennac and
wings, confirms our presumptions about the existence of
natural photonic structures in these areas.
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Abstract: Rosalia alpina is a longhorn beetle possessing distinctive gray body with several black spots. They serve as a
camouflage within its environment (beech forest) and we suppose that insect also uses them to control the body
temperature. We have studied the optical properties of this particular insect, ranging from the visible to far infrared
part of the spectrum. Optical analysis has shown strong absorption in the visible, while thermal camera (operating in
the spectral range from 7.5 to 13 um) has shown quite uniform emissivity of the whole body. Numerical ray tracing was
used to explain the exact optical mechanism of strong absorption of black spots. Possible military applications of the
natural camouflage and absorption mechanism are outlined.
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1. INTRODUCTION

Coloration has multiple purposes in the living world: to
hide, attract or warn. It can be also used for heat energy
exchange with the environment [1]. Thermoregulation can
be improved using natural photonic processes. In that
respect, we have analyzed antennas and elytra (modified
forewings of Coleoptera, which are used as a hard shield
for their body) of Rosalia alpina (Linnaeus, 1758) (see
photograph in Picture 1).

This is a large longhorn beetle (family Cerambycidae)
with flat, blue-gray elytra with large, dominating black
spots. It is 15-38 mm long, with the long antennas and
striking black tufts of hair on the central segments of the

antenna [2]. Such coloration serves as a good camouflage
with their preferred habitat, the European Beech [3].

The largest part of the beetles’ body is covered with a
dense tomentum, consisting of very fine, light blue, blue
gray and dark blue hairs. The black spots on the elytra and
pronotum are also covered with dense black hairs which
give the spots their velvety appearance [2.4]. Picture 1
shows the photography of Rosalia alpina (test sample).

Natural photonic structures have the main purpose of
producing colors that would have been impossible to
generate by the pigments alone. In the insect world this is
particularly true for blue colors (generated by pepper-pot
structures found in many Polyommatinae [5]) and green
colors (produced by chiral photonic structures in
Calophrys rubi (Linnaeus, 1758), [6]).
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Picture 1. The potography of Rosalia alpina.

Sometimes photonic structure enhances the pigment color
as observed in some snakes [7] or butterflies [8]. Micro
and nano-structures localize light, and increase the
average path length within the structure thus increasing
absorption. The biological purpose of such structures
might be the camouflage or thermoregulation, as in
Lycaenid butterflies [9].

More advanced structures have dual purpose as in
Saharan silver ant (Cataglyphis bombycina (Roger, 1859)
[1]): to reflect maximum amount of the visible light, and
to simultaneously dissipate infrared radiation directly into
the atmospheric window at mid-infrared. This enables
insect to efficiently regulate its body temperature in very
hostile desert environment.

Four prominent black spots on the elytra of Rosalia
alpina have attracted our attention, We have found, that
the light absorption is not the sole consequence of dark
pigments (most probably melanin), but that it is strongly
influenced by the underlying structure [10]. We have been
using Scanning Electron Microsope to examine the
structure of Rosalia alpina hairs within the black spot
(Picture 2). In adjacent grey zones hairs have completely
different structure, as shown in Picture 3.

B MAG: 678w Datolmialy): 0S/1218 -

nanTE I nRsoSpECe

Picture 2. The hairs in black spots area of Rosalia alpina.

Both structures can be viewed, in the same scale, in
picture 4. The different structure of hairs can be very easy
notified in this picture.

Picture 4. The black spot area of Rosalia alpina
surrounded by hairs with differenrt structure.

Materials developed by nature during the evolution, have
a significant impact on search for artificial materials
having useful absorptive properties, especially for solar
energy collection, thermal energy dissipation and
camouflage.

Bearing in mind possible military application we have
been examining cooling process in the area of black spots
of Rosalia alpine. The first results have been obtained
using thermographic analysis based on pulse thermogaphy
[10]. This method involves the analysis of images that
have been recorded by an infrared (IR) camera irradiating
the test sample with infrared radiation. We have found
that the light absorption is not the sole consequence of
dark pigments (most probably melanin), but that it is
strongly influenced by the underlying structure.

Here we analyze spectral absorption of black spots using
several laser wavelengths.
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2. EXPERIMENTAL SETUP

The test equipment comprised a set of laser pointers, a
thermal camera and a personal computer (PC), which
recorded digital data in real time. The surface of test
sample (Rosalia alpina) was heated using the red, green
and blue laser pointers (650 nm, 532 nm and 405 nm),
positioned at a distance of 50 cm from the sample. Picture
5 shows the experimental setup.

Picture 5. The experimental setup.

Cooling of the test sample, previously heated by means of
a short laser pulse, was monitored using a commercial
thermal camera "FLIR SC620", operating in the spectral
range from 7.5 to 13 um with FLIR T197189 macro lens.
This type of camera has a focal plane matrix of 640x480
consisting of semiconductor detector (Vanadium Oxide -
VOx). Each detector measures the intensity of infrared
radiation. These values can be represented on a monitor as
a thermal image coded in shades of gray or in color and
can be converted to temperature values using the
appropriate table.

In order to obtain optimal experimental results zoom has
been set manually. After that, the all other parameters
(ambient temperature, emissivity, the distance of the
object from the thermal imaging camera, humidity, etc)
have been found. Measurements, presented in this paper,
have been carried out at short distances, (about 50 cm)
and are not affected by atmospheric absorption.

Thermal imaging camera allows conversion of spatially
inhomogeneous distribution of radiation flux of scene,
due to differences in the distribution of temperature
and/or emissivity, in the visible image. The right choice
of measuring geometry and correct interpretation of the
results is based on the knowledge of the spatial and
temperature resolution (sensitivity) of thermal imaging
cameras.

3. EXPERIMENTAL RESULTS

Experiments have been organized in two ways. In the first
case laser has been pointed to the black spot. In the
second it has been used to irradiate the gray area near the
black spot. During the short time (several seconds) laser
pulse has been heating the irradiated place. Complete
process has been recorded by IR camera and analyzed
later using MATLAB software.

Energy emitted by laser, during irradiation of black spot,
was 49.632 mJ (red light), 5.73 mJ (green light) and
176.305 mJ (blue light). It is followed by temperature
increase of 44,226 °C (in case of red light), 23.512 °C (in
case of green light) and 4.531 °C (in the case of blue
light). It can be noticed that approximately 10 times less
energy had been emitted in case of green light but
temperature increase was only 2 times less than in case of
red light. In addition, 3.5 times more energy had been
emitted in case of blue light but temperature increase was
nearly 10 times less than in case of red light.

Picture 6 shows a thermal image during the experiments
with red laser in case of frame number 700. This frame is
chosen because the temperature difference between
maximal and minimal temperature is small enough that
both, details of the target and the background can be
visible.

Picture 6. Thermal immage recorded during the 700"
frame in case when red laser has been pointed at black
spot.

Picture 7 shows a typical temperature change during the
experiments.

e~

Picture 7. Temperature change in case when red laser had
been pointed at black spot.

Here we try to establish the dominant cooling mechanism:
convection, conduction or radiation. We have started with
analysis based on the Newton’s law of cooling.

This law states that the rate of heat loss of a body is
proportional to the difference in temperatures between the
body and its surroundings. This means that the heat
transfer coefficient, which mediates between heat losses
and temperature differences, is a constant. This condition

527



THERMAL AND CAMOUFLAGE PROPERTIES OF ROSALIA ALPINA LONGHORN BEETLE WITH STRUCTURAL COLORATION

is true in thermal conduction, but approximately true in
conditions of convective heat transfer,

Newton's law of colling is described by equation

dr _ s, it
d’—k(ﬁ I,) (1)

Whose solution is

T,=T,+(Ty-T,)e™ )

In these equation 7, is the temperature at time ¢ and 7, is
the ambient temperature, T is the initial temperature of
the body, and £ is a constant.

From equation 2 it folows that

(I -1.)
In—t—2-=—[g 3
G-T.) !
We can see that appropriate curve, in ideal case of
cooling, should be the straight line. In picture 8 we can
see slightly displacement of real process (blue line)
comparing to the ideal case (red line)

4r
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Picture 8. Natural logarithm of temperature difference in
case of red laser; blue line real; red line in accordance
with the Newton’s law of cooling

Picture 9 shows the temperature difference in case when
laser with red light has been pointed to the black spot. The
blue line represents results obtained at the position of
pixel with maximal temperature obtained during
irradiation. The red line represents the results for the pixel
in the same colon but one row below. Line marked by
green colour represents the results in the same colon two
row below. The similar results has been obtained in case
of laser with the green and blue light.

Obviously the cooling process not coincide ideally with
the Newton's law of cooling. There is a process of heat
conduction in space that surround the irradiated point.
The existence of negative values in case of green curve is
clear evidence of that. Maximal temperature is achieved
later than in case of red curve, after conducting of energy
from the space with higher temperature.

During experiments the radiation time of laser has not
controlled precisely. The next experiments will be
organized with possibility for strictly control of radiation
time. Also, with intention to have more comparable
results, more attention will be paid to the positioning of
the laser beam. During the last experiments irradiation of
the object has been realized pointing laser from the hand,
In addition, a couple of lasers with different wavelengths
will be used for better covering of radiation spectra.

or

"
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Picture 9. Displacement of real curve comparing to the

curve obtained by the Newton’s law of cooling; blue in

position of maximal temperature; red in the same colon

but one raw below, and green in the same colon but two
rows bellow.

4. CONCLUSION

Our experiments are in progress. The results we have up
to now show the existence of different photonic structure
in the area of black spots. It is confirmed by the scanning
electronic microscope but we want to confirm comparing
the results of irradiation of the black spots and area
outside of them.

In this paper we present the preliminary results of thermal
analysis of Rosalia alpina. Insect was irradiated with laser
radiation at three wavelengths, spanning the whole visible
spectrum (405 nm, 532 nm and 650 nm). Significant
departure from the Newton’s law of cooling indicates that
the thermal dissipation is regulated by radiation from the
photonic structures. It seems that the structure is
optimized such that it maximizes absorption in the visible
part of the spectrum and simultaneously minimizes
thermal losses due to radiation. More experimental and
theoretical research is needed to better assess the thermal
effects.

If proven true, the described effect could be used in
construction of military personnel and arms clothes,
which will diminish thermal dissipation through radiation.
The effect could be important from the military point of
view, because it can help the solder to survive in cold
weather, while reducing its thermal trace.
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Does life in caves reduce the diversity of chemicals produced by the pygidial
glands of carabids?

N. Vesovi¢', S. Curgi¢', Lj. Vujisié’, M. Nenadi¢', G. Krstié®, V. Peri¢-Matarugs®, §.
Milosavljevi¢’, D. Anti¢', B. Mandié®, M. Petkovi¢', I, Vuckovié®, B. Markovi¢', M.
Vrbica', D. Pavlovié*, B. Curgi¢', S, Makaroy'

'Institute of Zoology, University of Belgrade - Faculty of Biology, Studentski Trg 16,
11000 Belgrade, Serbia, nikola.vesovic@bio bg ac.rs

“University of Belgrade - Faculty of Chemistry, Studentski Trg 12-16, 11000 Belgrade,
Serbia, ljubaw@yahoo.com

*Sinisa Stankovi¢ Institute for Biological Research, University of Belgrade, Bulevar
Despota Stefana 142, 11060 Belgrade, Serbia, vesper@ibiss.bg.ac.rs

“Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Zemun, Serbia,
danicap@ipb.ac.rs

Carabids have paired pygidial glands in the abdomen that produce a great diversity of
chemicals. Adults of three cave-dwelling (both troglophilous and troglobite) ground
beetles from southeastern Serbia were induced to discharge secretions of the pygidial
glands into vials. Extraction with dichloromethane was used in order to obtain the
secretions, and the compounds were identified by gas chromatography-mass
spectrometry (GC-MS). The aims of the study were to identi fy the chemical contents of
the released compounds, to check whether the underground way of life had influenced
both composition of the secretions and the number of the pygidial chemicals, and to
scarch for possible new compounds that have not previously been reported in
Carabidae. Totally, 42 compounds were identified. Pheggomisetes ninae contained 32,
Laemostenus (Pristonychus) punctatus 13, while Duvalius (Paraduvalius) milutini had
nine glandular compounds. Caproic, oleic, palmitic and stearic acids were present in
the samples of all analyzed species. Heptacosene and nonacosadienes were
predominant in the pygidial extract in P. ninge. Undecane was the major component in
the secretion of L. punctatus. The most abundant compound i D. milutini secretion
was palmitic acid. The adaptation to underground life did not lead to a reduction or
changes of chemical defense mechanism in all analyzed Platyninae and Trechinae taxa.

Keywords: Carabidae, Platyninae, Trechinae, cave-dwelling insects, gas
chromatography-mass spectrometry (GC-MS).
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HIPERMOTORNO PONASANJE VRSTE LAEMOSTENUS PUNCTATUS
(DEJEAN, 1828) (COLEOPTERA: CARABIDAE)
IZAZVANO STATICKIM MAGNETNIM POLJEM

DANICA PAVLOVIC', BRANKA PETKOVIC?, SRECKO CURCIC®, DATANA TODOROVIC?,
NIKOLA VESOVIC®, DEJAN PANTELIC!, VESNA PERIC-MATARUGA?

nstitut za fiziku, Univerzitet u Beogradu, Pregrevica 118, 11080 Zemun, Beograd,
Srbija
E-mail: danica.pavlovic@ipb.ac.rs, dejan.pantelic@ipb.ac.rs
“Institut za biolotka istrazivanja ,,Sini$a Stankovié*, Univerzitet u Beogradu, Bulevar
despota Stefana 142, 11060 Beograd, Srbija
E-mail: vesper@ibiss.bg.ac.rs, dajana@ibiss.bg.ac.rs, janac(@ibiss.bg.ac.rs
*Institut za zoologiju, Univerzitet u Beogradu - Bioloski fakultet, Studentski trg 16,
11000 Beograd, Srbija
E-mail: srecko@bio.bg.ac.rs, nikola.vesovic@bio.bg.ac.rs

Uticaj magnetnog polja na Zive sisteme od velikog je znadaja i predmet je
intenzivnog ispitivanja, narogito poslednjih godina u eri sve veéeg elektromagnetnog
zagadenja. Laemostenus punctatus (Dejean, 1828) je vrsta troglofilnog tvrdokrilca iz
porodice tréuljaka (fam. Carabidae). Cilj ove studije je bio da se ispita efekat statickog
magnetnog polja na razliCite parametre ponaSanja (predeni put, proseéna brzina, pokreti
glave, rotacije tela, vreme kretanja i vreme mirovanja) jedinki L. punctatus. U
eksperimentu su koriS¢ene adultne jedinke (n = 17) ove vrste izlovljene u martu 2015.
godine u Ogoreli€koj pecini, selo Sicevo, u blizini Nisa, jugoistoéna Srbija. Jedinke su
bile podeljene u dve grupe: kontrolna (n = 9) i eksperimentalna (n = 8),
Eksperimentalna grupa jedinki izlagana je statiCkom magnetnom polju (110 mT) u
trajanju od 5 sati. PonaSanje kontrolnih i tretiranih jedinki, neposredno nakon izlaganja,
Jje praceno u ,open field* testu u trajanju od 12 minuta i automatski analizirano
koriS¢enjem Any-maze programa. Rezultati su grafi¢ki prikazani u intervalima od po 4
minuta. Pokazano je da izlaganje statitkom magnetnom polju poveéava motornu
aktivnost (predeni put, prose¢na brzina, pokreti glave, rotacije tela i vreme kretanja) i
stoga smanjuje vreme mirovanja jedinki L. punctatus. Najznadajnije promene za sve
navedene parametre uoCene su u prvih 4 minuta, pri ¢emu je statistiCka znacajnost
utvrdena za sledeéa dva parametra: predeni put i prosedna brzina (p<0,05; Mann-
Whitney U test). Na osnovu dobijenih rezultata moZemo zakljuéiti da stati¢ko magnetno
polje utie na ponasanje adultnih jedinki vrste L. punctatus, odnosno da deluje na centre
odgovorne za kontrolu motorne aktivnosti.
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Structures of biological origin for aptical document security
Dejan Panteli¢, Aleksandar Krmpot, Mihailo Rabasovic, Danica Paviovic, Viadimir Lazovid
Institute of Physics, University of Belgrade. Pregreviea 118 Zenuen, Belgrade, Serbia
Cantact: D). Pantelic (pantelic@ipb.ac,rs)

Abstract. Optically variable devices (OVD) are a common protective element on various
types of documents (e.g. identity cards, passports, visas, bank cards) [1]. Holograms and
other diffractive clements are mainly used, because their protective value is based on
complexity of micron and submicron structures. As a result, a huge number of identical
OVIDs is manufactured, thus facilitating counterieiting,

Here we use a complexity and variability of biological structures to individualize
documents. We show that butterfly wing-scales are good candidates for this way of document
protection. Their internal structure is of micron and submicron complexity (as revealed by
scanning electron microscopy), while the resulting optical effects are strongly variable and
unpredictable (as found by optical microscopy) — see Fig. Ta. We use butterlly scales as
physical one-way functions — ie. as something that is easy to manufacture and use, vet
prohibitively complicated to copy or counterfeit [2]

a) bi
Fig. 1: a) Iridescence of a butterfly scale, showing complex pattern of colored dats. b)
Laser processing of a butterily scale.

We have observed a number of local degrees of freedom of an individual buttertlty scale,

locul spectra. polarization, iridescence, fluorescence, overall shape, to mention just a few of

them. In order to further increase the protective capucity, we use laser processing to mtroduce

artificial, covert and overt, features into the seale. We are able to write arbitrary patten with

microscopic features: letters, symbols, figures, shapes (as in Tig. Thy |3

REFERENCES

(1} Oprical Docuent Security, ed. by R L. Van Renesse. Artech House, (1998).

[2] B Pappu, B. Recht, 1. Tavlor, N. Gershenfeld, “Physical One-Way Functions,” Sciesce 297 (2002), 2026
in

[31 D Pamelic, A Krmpol, M. Rabasovic, V. Lazovic, D Paviovic, PCT  patent apphications
PCT/EP2015081407, PCT/EP2015/08 1400, PCT/EP2015/08 1398
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