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ABSTRACT 

The aiP Rf WhiV bachelRU WheViV iV a SUeSaUaWiRQ aQd SRl\PeUic eQcaSVXlaWiRQ Rf aQWibacWeUial 
biRgeQic QaQRSaUWicleV iQ RUdeU WR eQhaQce WheiU VWabiliW\, UedXce SRVVible c\WRWR[iciW\ 
Zhile PaiQWaiQiQg aQWibacWeUial acWiYiW\. The WheRUeWical SaUW cRQWaiQV aQ RYeUYieZ 
Rf UegeQeUaWiYe PediciQe, cRPPRQl\ XVed QaQRVWUXcWXUeV iQ UegeQeUaWiYe PediciQe, WheiU 
SURSeUWieV, aQd PeWhRdV Rf eQcaSVXlaWiRQ. The e[SeUiPeQWal ZRUk eVSeciall\ fRcXVeV 
RQ VeleQiXP QaQRSaUWicleV V\QWheViV XViQg diffeUeQW PeWhRdV ZiWh VSecific SURWecWiQg ageQWV 
fRllRZed b\ eQcaSVXlaWiRQ Yia QaWXUe-iQVSiUed SRl\PeU. The XVed eQcaSVXlaWiRQ PeWhRdV 
aUe baVed RQ Velf-aVVePbl\ SRl\PeUi]aWiRQ aQd cRaWiQg Rf VelecWed QaWXUal SRl\PeUic adheViYe. 
The chePical aQd Sh\Vical SURSeUWieV Rf SXUe aQd eQcaSVXlaWed VeleQiXP QaQRSaUWicleV, VXch 
aV WheiU cRQceQWUaWiRQ aQd PRUShRlRg\ (Vi]e aQd VhaSe) ZeUe VWXdied XViQg FRXUieU-WUaQVfRUPed 
iQfUaUed VSecWURShRWRPeWU\ aQd VcaQQiQg WUaQVPiVViRQ elecWURQ PicURVcRS\. IW ZaV fRXQd WhaW 
diffeUeQW XVed PeWhRd SURYideV QaQRSaUWicleV ZiWh diffeUeQW Vi]e, VhaSe aQd VWabiliW\. AV a PaiQ 
UeVXlW, aQ RSWiPi]ed PeWhRd Rf VeleQiXP SaUWicleV V\QWheViV, VWabili]aWiRQ aQd eQcaSVXlaWiRQ ZaV 
deYelRSed aQd deVcUibed. NaQRSaUWicleV, V\QWheVi]ed XViQg WhiV PeWhRd, aUe VSheUical ZiWh Vi]e 
UaQgiQg fURP 10.5 WR 101 QP. The Vi]eV Rf PRVW Rf Whe V\QWheVi]ed QaQRSaUWicleV la\ 
ZiWhiQ 10.5 WR 40 QP iQWeUYal. WheQ eQcaSVXlaWed, WheiU Vi]eV iQcUeaVe aQd aUe UaQgiQg 
fURP 74.5 WR 571.5 QP.  

KEYWORDS 

RegeQeUaWiYe PediciQe, eQcaSVXlaWiRQ, VeleQiXP QaQRSaUWicleV, QaQRVWUXcWXUeV, aQWibacWeUial, 
biRgeQic, SRl\PeUi]aWiRQ, Velf-aVVePbl\. 
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ABSTRAKT 

CieĐRP WejWR bakaliUVkej SUice je SUtSUaYa a SRl\PpURYi eQkaSVXlicia aQWibakWeUiilQ\ch 
biRgpQQ\ch QaQRþaVWtc, Wak ab\ Va ]Yêãila VWabiliWa, ]Qtåila c\WRWR[iciWa a bRla ]achRYaQi ich 
aQWibakWeUiilQa akWiYiWa. TeRUeWicki þaVĢ RbVahXje iQfRUPicie R UegeQeUaWtYQej PedictQe, beåQe 
SRXåtYaQêch QaQRãWUXkW~Uach Y UegeQeUaWtYQej PedictQe, ich YlaVWQRVWiach a PeWydach 
eQkaSVXlicie. E[SeUiPeQWilQa þaVĢ SRSiVXje SURceV\ SUtSUaY\ VelpQRYêch QaQRþaVWtc 
]a SRXåiWia U{]Q\ch PeWyd VR ãSecifickêPi VWabili]iWRUPi a SRkUaþXje eQkaSVXliciRX 
dR SUtURdQphR SRl\PpUX. PRXåiWp PeWyd\ eQkaSVXlicie V~ ]alRåeQp Qa VaPRVWaWQej 
SRl\PeUi]icii a SRkUêYaQt Y\bUaQêP, Y SUtURde Va Y\Vk\WXj~ciP SRl\PpURP V adhe]tYQ\Pi 
YlaVWQRVĢaPi. BRli Vk~PaQp chePickp a f\]ikilQe YlaVWQRVWi þiVWêch a eQkaSVXlRYaQêch 
VelpQRYêch QaQRþaVWtc, akR je ich kRQceQWUicia a PRUfRlygia (YeĐkRVĢ a WYaU), bRli Vk~PaQp 
SRPRcRX iQfUaþeUYeQej VSekWURfRWRPeWUie V FRXUieURYRX WUaQVfRUPiciRX a VkeQRYacej 
WUaQVPiVQej elekWUyQRYej PikURVkRSie. BRlR ]iVWeQp, åe U{]Qe PeWyd\ SRVk\WQ~ QaQRþaVWice 
V U{]QRX YeĐkRVĢRX, WYaURP a VWabiliWRX. HlaYQêP YêVledkRP je Y\WYRUeQie a SRStVaQie 
RSWiPali]RYaQej PeWyd\ V\QWp]\ VelpQRYêch þaVWtc, ich VWabili]icia a eQkaSVXlicia. NaQRþaVWice 
V\QWeWi]RYaQp WRXWR PeWydRX Paj~ VfpUickê WYaU a ich YeĐkRVĢ Va SRh\bXje Y UR]Ped]t Rd 10.5 
dR 101 QP. VeĐkRVĢ YlþãiQ\ WakWR V\QWeWi]RYaQêch QaQRþaVWtc leåt Y iQWeUYale Rd 10.5 dR 40 QP. 
EQkaSVXlRYaQp QaQRþaVWice V~ Ylþãie a SRh\bXj~ Va Y hRdQRWich Rd 74.5 dR 571.5 QP. 

KďÒýOVe SLOVÈ 

RegeQeUaWtYQa PedictQa, eQkaSVXlicia, VelpQRYp QaQRþaVWice, QaQRãWUXkW~U\, aQWibakWeUiilQe, 
biRgpQQe, SRl\PeUi]icia, VaPRVWaWQi.  
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1 INTRODUCTION 
RegeQeUaWiYe PediciQe iV a UiViQg PXlWidiVciSliQaU\ field Rf VcieQce fRcXViQg RQ UegeQeUaWiRQ 
RU UeSlacePeQW Rf PalfXQcWiRQed daPaged WiVVXe XViQg QRYel aSSURacheV Rf aSSl\iQg 
biRcRPSaWible PaWeUialV, QaQRWheUaSeXWicV VWUaWegieV, cellXlaU WheUaSieV, aQd SURWeiQ 
VigQali]aWiRQ bRWh alRQe aQd cRPbiQed WR achieYe Vaid SXUSRVe.  

    IQ UeceQW \eaUV, QaQRSaUWicleV becaPe a YeU\ SRSXlaU RbjecWV Rf VWXdieV aPRQgVW UeVeaUcheV 
fRU WheiU XQXVXal SURSeUWieV, VXch aV aQWiPicURbial acWiYiW\. HRZeYeU, WheiU XVe fRU Whe SXUSRVeV 
Rf UegeQeUaWiYe PediciQe iV liPiWed b\ WheiU VWabiliW\ aQd WR[iciW\ iQ a Sh\ViRlRgical 
eQYiURQPeQW. SWabili]aWiRQ Rf QaQRSaUWicleV XViQg eQcaSVXlaWiRQ SURceVVeV iV RQe Rf Whe Za\V 
hRZ WR cRQTXeU WheVe cRPSlicaWiRQV. EQcaSVXlaWiRQ iV QRZada\V Zidel\ XVed iQ cRVPeWicV, dUXg 
deliYeU\ V\VWePV, fRRd iQdXVWU\, SeVWicideV, aQd We[WileV. IQ PaQ\ caVeV, iW caQ iPSURYe 
Whe VWabiliW\ aQd biRcRPSaWibiliW\ Rf QaQRSaUWicleV. 

    ThiV bachelRU WheViV dealV ZiWh Whe VeleQiXP QaQRSaUWicleV V\QWheViV, VWabili]aWiRQ 
aQd eQcaSVXlaWiRQ ZiWh SRl\dRSaPiQe Velf-aVVePbl\. NaQRSaUWicleV Vi]e, PRUShRlRg\ 
aQd VWabiliW\ aUe chaUacWeUi]ed aQd diVcXVVed. 
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2 STATE OF THE ART 
2.1 Regenerative Medicine and Tissue Engineering 
RegeQeUaWiYe PediciQe iV kQRZQ aV a Zide PXlWidiVciSliQaU\ field Rf VcieQce, Zhich iV e[SecWed 
WR cXUe YaUiRXV hXPaQ illQeVVeV. IW eVSeciall\ dealV ZiWh PaiQWeQaQce, UeVWRUaWiRQ, UegeQeUaWiRQ, 
aQd eQhaQcePeQW Rf WiVVXeV. IW iV a SURPiViQg Za\ Rf hRZ WR WUeaW bRWh chURQic diVeaVeV 
aQd acXWe iQjXUieV b\ SURYidiQg VcaffRldiQg PaWeUial RU biRacWiYe VXbVWaQceV WR iQdXce 
UegeQeUaWiRQ.[1],[2] ThXV Whe UegeQeUaWiYe PediciQe iV a SRVVible fXWXUe fRU PediciQe, WUeaWiQg 
Whe WiVVXe daPage ZhilVW aYRidiQg WUaQVSlaQWaWiRQ RU RWheU deVWUXcWiYe PeaQV Rf WUadiWiRQal 
PediciQe.[2] NRZada\V, UegeQeUaWiYe PediciQe iV diYided iQWR WhUee diVWiQcWiYe fieldV - cell 
VigQaliQg, geQe WheUaS\, aQd WiVVXe eQgiQeeUiQg.[3],[4] AV Whe PaiQ field Rf UegeQeUaWiYe 
PediciQe, WiVVXe eQgiQeeUiQg VWUiYeV WR deYelRS fXQcWiRQal PaWeUialV ZiWh UegeQeUaWiYe SRWeQWial 
WhXV cRQQecWiQg all WhUee aUeaV aV Zell aV VWaQdV alRQe aV a gURXS. SXch PaWeUialV caQ be fXWXUe 
fRU QRQ-iQYaViYe WUaQVSlaQWaWiRQ VXUgeU\ aV Zell aV cUeaWe a VXfficieQW eQYiURQPeQW fRU VWXd\iQg 
cellXlaU behaYiRU in vitro.[5] 

2.1.1 Additives to Enhance Regenerative Potential of Biomaterials 
WheQ iW cRPeV WR Whe aSSlicaWiRQ Rf Whe PaWeUial, leYel Rf c\WRWR[iciW\, biRdegUadabiliW\, 
biRcRPSaWibiliW\, acWiYe VXUface aUea aQd dXUabiliW\ deWeUPiQe if Whe PaWeUial haV Whe aSSlicaWiRQ 
SRWeQWial fRU WiVVXe eQgiQeeUiQg.[6] SXiWabiliW\ Rf Whe PaWeUial iV deWeUPiQed b\ Whe W\Se 
Rf Whe UegeQeUaWed WiVVXe aV Zell.  MeWalV, SRl\PeUV, ceUaPicV, aQd cRPSRViWeV 
Rf Whe abRYe PeQWiRQed caQ be XVed fRU WiVVXe UegeQeUaWiRQ. MagQeViXP aQd WiWaQiXP 
aUe cRPPRQl\ XVed PeWalV. ZiUcRQia R[ideV, alXPiQa R[ideV, calciXP ShRVShaWeV, RU biRacWiYe 
glaVV fall ZiWhiQ biRceUaPicV gURXS.[7] PRl\PeUV aUe Zidel\ XVed iQ VcaffRld SUeSaUaWiRQ, 
dXe WR WheiU SUacWical feaWXUeV, VXch aV a laUge VXUface aUea iQ cRPSaUiVRQ WR iWV YRlXPe, aPRXQW 
aQd Vi]e Rf SRUeV, biRcRPSaWibiliW\, eWc. PRl\PeUV caQ be eiWheU QaWXUall\ e[WUacWed RU aUWificiall\ 
SUeSaUed. CRllageQ iV a claVVic e[aPSle Rf a cRPPRQl\ XVed biRSRl\PeU ZiWh Zide QaWXUal 
RccXUUeQce. BeVideV cRllageQ, WheUe aUe PaQ\ QaWXUall\ deUiYed SRl\PeUV, UegXlaUl\ XVed, 
VXch aV gelaWiQe, chiWRVaQ, chiWiQ, cellXlRVe, VWaUch, aQd RWheUV. PRSXlaU aUWificiall\ acTXiUed 
SRl\PeUV aUe SRl\(lacWic acid), SRl\(gl\cRlic acid), SRl\(lacWic-cR-gl\cRlic acid) eWc.[6] 
IQ geQeUal, cRPSRViWe PaWeUialV aUe SUeSaUed aV aQ aUbiWUaU\ cRPbiQaWiRQ Rf SUeYiRXVl\ 
PeQWiRQed PaWeUial gURXSV. FlRZ chaUW fRU Whe claVVificaWiRQ Rf biRPaWeUialV, Zhich 
aUe deVcUibed abRYe, iV VhRZQ iQ FigXUe 1. 
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Figure 1: Flow chart for the classification of biomaterials with e[amples. 

    EYeU\ gURXS Rf biRPaWeUialV haV iWV field Rf aSSlicaWiRQ aQd iWV adYaQWageV aQd diVadYaQWageV. 
UVXall\, PaWeUialV XQdeUgR fXUWheU PRdificaWiRQ eiWheU WR WheiU VXUface RU ZhRle YRlXPeV 
WR eQVXUe Whe higheVW c\WRcRPSaWibiliW\ aV SRVVible. AddiWiYeV caQ RffeU PaQ\ SRViWiYe 
iPSURYePeQWV Rf Whe PaWeUial, VXch aV eQhaQciQg adheViRQ, aQWiPicURbial SURSeUWieV, 
aQWi-iQflaPPaWRU\ acWiYiW\, WiVVXe UegeQeUaWiRQ, PiQeUali]aWiRQ, cell SURlifeUaWiRQ, eWc. 
The UigidiW\ Rf PeWalV fiQdV iWV XVe iQ bRQe WiVVXe UecRQVWUXcWiRQ. TR SUeYeQW PeWal¶V WR[ic 
cRUURViYe effecW, Whe VXUface iV PRdified b\ ceUaPic cRaWiQgV. BiRceUaPicV aUe XVed aV Whe WiVVXe 
UeSlacePeQWV, if Whe haUd WiVVXe iV SRllXWed RU daPaged, dXe WR iWV beWWeU WRleUaQce 
ZiWh VXUURXQdiQg WiVVXeV. BiRSRl\PeUV aQd V\QWheWic SRl\PeUV caQ be PRdified b\ V\QWheWic 
addiWiRQ Rf h\dURShilic gURXSV RU b\ VXUface PRdificaWiRQ ZiWh biRacWiYe addiWiYeV.[7] ZiQc caQ 
bUiQg aQWiPicURbial acWiYiW\ WR Whe PaWeUial, VilicRQe bRRVWV cell gURZWh, aQd adheViRQ.[8] 
The fRllRZiQg Wable VXPPaUi]e Whe VSecWUXP Rf XVed addiWiYeV iQ WiVVXe UegeQeUaWiRQ. 
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Table 1: Summarisation of additives used in tissue regeneration. 

MRdificaWiRQ AddiWiYe BiRPaWeUial RefeUeQce 

AdheViRQ 

H\dUR[\SURS\l Sea VWaUch SRlXSlXV� filPV [9] 

UVQic acid 
CaUbR[\PeWh\l cellXlRVe-
SRl\S\UURlidiQe-caUbRSRl 971 
filPV 

[10] 

BiRPechaQicV 

Cla\ PiQeUalV 
 

SRl\(N-iVRSURS\lacU\laPide) 
h\dURgel 

[11] 

FlXRUaSaWiWe-baVed glaVVeV 
PRl\YiQ\lalcRhRl-SRl\XUeWhaQ 
fRaPV 

[12] 

 
WRXQd healiQg 

CalcifeURl (YiWaPiQ D3) 
TeWUaeWh\l RUWhRVilicaWe baVed 
biR-glaVV VcaffRld 

[13] 

SWURQWiXP 
PRl\YiQ\lalcRhRl-SRl\XUeWhaQ 
fRaPV 

[14] 

AQWibacWeUial 
SURSeUWieV 

AQWibacWeUial SeSWideV UUeidRဨS\UiPidiQRQe filPV [15] 

ReVYeUaWURl PRl\YiQ\lalcRhR-chiWRVaQ filPV [16] 

UVQic acid 
CaUbR[\PeWh\l cellXlRVe-
SRl\S\UURlidiQe-caUbRSRl 971 
filPV 

[17] 

 
2.2 Nanostructures and Regenerative Medicine 
NaQRVWUXcWXUed PaWeUialV aUe VWUXcWXUeV, V\VWePV, deYiceV ZiWh XQXVXal, QRYel, RU eQhaQced 
SURSeUWieV caXVed b\ WheiU VPall diPeQViRQV. DiPeQViRQV Rf Whe QaQRVWUXcWXUeV UaQge beWZeeQ 
1 aQd 100 QP.[8] NaQRWechQRlRg\, Whe field Rf VcieQce dealiQg ZiWh QaQRVWUXcWXUeV, aWWePSWV 
eQgiQeeUiQg Rf lRZ-diPeQViRQal VWUXcWXUeV b\ WZR aSSURacheV. The ³bRWWRP-XS´ aSSURach 
fabUicaWeV Whe QaQRVWUXcWXUeV fURP aWRPV RU PRlecXlaU cRQVWiWXeQWV XViQg aVVePbl\ 
RU Velf-aVVePbl\ SURcedXUeV. IQ VRPe UeVRXUceV, Whe WeUP ³PRlecXlaU QaQRWechQRlRg\´ 
RU ³PRlecXlaU PaQXfacWXUiQg´ iV cRPPXWable fRU Whe ³bRWWRP-XS´ aSSURach.[18] 
The ³WRS-dRZQ´ aSSURacheV aUe baVed RQ diViQWegUaWiRQ RU UedXcWiRQ Rf biggeU-Vi]ed VWUXcWXUeV 
WR QaQRVcale aQd VR-SUeSaUed QaQRVWUXcWXUeV XVXall\ PaiQWaiQ WheiU Rld SURSeUWieV.[19] 
IQ QaQRVcale, Whe Sh\Vical, chePical, aQd biRlRgical SURSeUWieV deYiaWe deSeQdiQg 
RQ Whe Vi]e/YRlXPe UaWiR aQd Whe VhaSe Rf Whe QaQRSaUWicleV.[20], [21] NaQRVWUXcWXUeV caQ e[iVW 
iQ PaQ\ diffeUeQW VhaSeV VXch aV VSheUeV, fibeUV, c\liQdeUV, WXbeV, aQd PaQ\ RWheUV [22]. 
The VXUface Rf Whe QaQRVWUXcWXUeV caQ be PRdified aV Zell, WR be beWWeU VXiWed fRU WheiU 
aSSlicaWiRQ. The Vi]e Rf VWUXcWXUeV haV a hXge iPSacW RQ Sh\Vical, elecWURQic, PagQeWic, 
aQd RSWical SURSeUWieV.[23] 
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Figure 2: Schematic illustration of nanostructure shapes [24]. 

        The e[iVWeQce Rf QaQR-Vi]ed PaWeUialV RffeUV QRYel SRVVibiliWieV fRU PaWeUial PRdificaWiRQV 
iPSURYiQg PechaQical, cRQdXcWiYe, RSWical, aQd aQWibacWeUial SURSeUWieV aV Zell aV ZRUk 
aV a cRQWURlled dUXg deliYeU\ V\VWePV.[25]  FRU e[aPSle, a VWXd\ SXbliVhed iQ 2009, aiPed 
WR deVigQ a fXQcWiRQal VcaffRld Zhich cRXld be XVed fRU URWaWRU cXff UeSaUaWiRQ 
aQd aXgPeQWaWiRQ. The URWaWRU cXff iV a YeU\ cRPSlicaWed bRd\ SaUW, cRQViVWiQg Rf fRXU PXVcleV 
aQd WeQdRQV. MRVW VhRXldeU iQjXUieV aUe lRcaWed heUe. BecaXVe Rf iWV cRPSle[ aQaWRP\, iW iV YeU\ 
difficXlW WR UeSaiU. ThiV VWXd\ diVcXVVeV SRVVible Za\V Rf QaQRfibeU iQcRUSRUaWiRQ iQWR a VcaffRld, 
WR SURYide beWWeU PechaQical SURSeUWieV. IQ cRQclXViRQ, Whe aligQed aQd XQaligQed QaQRfibeU 
VcaffRld Pade a big chaQge iQ URWaWRU cXff fibURblaVW UeVSRQVe aQd caQ chaQge Whe URWaWRU cXff 
healiQg SURceVVeV. The aligQed VcaffRld, XVed in vitro, PaiQWaiQed iWV PechaQical SURSeUWieV.[26] 

 
Figure 3: SE images of aligned (A) and unaligned (B) nanofiber scaffolds [26]. 

    AQRWheU VWXd\, b\ QiaQ et al, alVR dealV ZiWh VcaffRldV XVed iQ UegeQeUaWiYe PediciQe. IW aiPV 
WR cUeaWe aQ elecWURSh\ViRlRgical caUbRQ QaQRWXbe gel VcaffRld Yia Whe VSecific SaiUiQg 
Rf fXQcWiRQali]ed QXcleRbaVeV, Zhich caQ be aSSlied iQ dUXg deliYeU\ aQd caQ VSeed XS in vitro 
RVWeRgeQeViV. The gel VcaffRld ZaV achieYed b\ Whe WaWVRQ-CUick baVe SaiUiQg beWZeeQ Wh\PiQe 
aQd adeQiQe, Zhich iV fRUPed Yia h\dURgeQ bRQdiQg. FRU Whe SaiUiQg heSaUiQ, a QegaWiYel\ 
chaUged gl\cRVaPiQRgl\caQ ZaV fXQcWiRQali]ed ZiWh adeQiQe aQd Wh\PiQe. The SUeSaUaWiRQ 
SURceVV iV deVcUibed iQ FigXUe 4.  IW iV cRPPRQl\ XVed aV aQ aQWicRagXlaQW. IW ZaV RbVeUYed WhaW, 
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ZheQ added iQWR a biRSRl\PeU, Whe caUbRQ QaQRWXbe gel VcaffRld VigQificaQWl\ affecWed 
Whe elecWURSh\ViRlRgical aQd PechaQical SURSeUWieV. ScaffRld cRQdXcWiYiW\, cRPSUeVViRQ 
PRdXlXV, aQd biRcRPSaWibiliW\ ZeUe deSeQdeQW RQ Whe cRQceQWUaWiRQ Rf caUbRQ QaQRWXbe gel. 
The VcaffRldV iQ cRPbiQaWiRQ ZiWh elecWUical VWiPXlaWe SURYided VSRQWaQeRXV aQd VWURQg 
RVWeRgeQeViV.[27] 

 
Figure 4: Schematic illustration of the carbon nanotube gel scaffold preparation [27]. 

    The SWXd\ Rf Gaba\ et al dealV ZiWh eQgiQeeUiQg, elecWUicall\ cRQdXcWiYe QeXURQal QeWZRUkV, 
Zhich aUe fRUPed b\ gaQgliRQ-like clXVWeUV Rf QeXURQV. IQ WhiV VWXd\, high-deQViW\ caUbRQ 
QaQRWXbe WePSlaWeV ZeUe XVed, WR eQhaQce VSRW adheUeQce SURSeUWieV aQd WR fRUP Zell defiQed, 
cXlWXUed QeXURQal clXVWeUV RQ iW. ThiV iV SeUfRUPed b\ ShRWRliWhRgUaSh\, PicUR-cRQWacW SUiQWiQg, 
aQd QaQRWXbe chePical YaSRU deSRViWiRQ WechQiTXeV. The caUbRQ QaQRWXbe iVlaQdV aUe VhRZQ 
iQ FigXUe 5. The QeXURQ cell PRYeV RQ lRZ-affiQiW\ VXbVWUaWe WR VSRWV ZiWh higheU affiQiW\, 
Zhich aUe SURYided b\ caUbRQ QaQRWXbeV. The QeXURQ cellV VWick WR Whe VSRW aQd gaWheU WheUe.  
The SURceVV iV QRW difficXlW aQd RffeU a Zide UaQge Rf VXbVWUaWeV, WhaW caQ be XVed. The QeXURQ 
clXVWeU fRUPaWiRQ iV VWable, XViQg WhiV Velf-aVVePbl\ PeWhRd.[28] The SURgUeVV Rf QeXURQal 
V\VWePV fRUPaWiRQ iV VhRZQ iQ FigXUe 6.  

 
Figure 5: Optical image islands of carbon nanotubes (a). SEM image of island coated b\ nanotubes 

(b).[28] 
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Figure 6: Inverted microscope images of on carbon nanotube islands organi]ed neuronal s\stem. 
Cluster formations were studied after 96 hours (a), 128 hours (b), and 150 hours (c). With time, 

the islands became more connected.[28] 

    IQ Whe VWXd\ Rf KZaQ et al, VilYeU QaQRSaUWicleV VSed XS Whe healiQg SURceVV Rf VkiQ iQjXUieV. 
The SUeVeQce Rf VilYeU QaQRSaUWicleV acceleUaWeV Whe SURceVV Rf WXUQiQg fibURblaVWV 
iQWR P\RfibURblaVWV, Zhich caXVeV Whe iQjXU\ WR heal faVWeU. The healed VkiQ XViQg VilYeU 
QaQRSaUWicleV accRPSliVhed beWWeU UeVXlWV Rf WeQVile WeVWV WhaQ Whe VkiQ, Zhich ZaV 
QRW WUeaWed.[29] GRRd cRQdXcWiYe SURSeUWieV ZeUe RbVeUYed iQ QaQRSaUWicleV Rf gRld, cadPiXP 
VeleQide, PeUcXUic VeleQide, ]iQc R[ide, RU ]iQc VXlfide.[23] HeaW cRQdXcWiYiW\ Rf gRld 
QaQRSaUWicleV haV beeQ XVed fRU WUeaWiQg caQceU. IQjecWed gRld QaQRSaUWicleV SaVViYel\ lRcali]e 
Whe WXPRU. UViQg QeaU-iQfUaUed lighW RU UadiR ZaYeV aV aQ e[ciWaWiRQ VRXUce WRgeWheU 
ZiWh Whe cRQdXcWiYe abiliW\ Rf gRld QaQRSaUWicleV iQcUeaVeV Whe WePSeUaWXUe iQ Whe clRVe 
VXUURXQdiQg Rf gRld QaQRSaUWicleV aQd diVUXSWV PePbUaQeV Rf WXPRU cellV.[30] ReceQWl\, 
deYelRSPeQW iQ QaQRWechQRlRg\ haV PaQaged WR Whe iQYeVWigaWiRQ Rf PagQeWic QaQRSaUWicleV 
fRU PaWeUialV ZiWh PagQeWRWheUPall\-UeVSRQViYe SURSeUWieV. ThiV abiliW\ cRXld be ePSlR\ed 
iQ deliYeU\ aQd WheUaSeXWic V\VWePV fRU caQceU WUeaWPeQW aV Zell.[31] NaQRSaUWicleV haYe a hXge 
SRWeQWial WR SURYide in vivo iPagiQg ZiWhRXW daPagiQg Whe cell RU WiVVXe. The SRWeQWial 
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fRU biRiPagiQg cRPeV fURP Whe lXPiQeVceQW abiliWieV Rf QaQRSaUWicleV gaiQed fURP WheiU lRZ 
diPeQViRQV.[32] AUgXabl\ Whe PRVW iPSRUWaQW feaWXUe Rf QaQRSaUWicleV XVed fRU WiVVXe 
UegeQeUaWiRQ aUe WheiU aQWiPicURbial SURSeUWieV. MRVW PaWeUialV aUe PiVViQg aQWiPicURbial 
acWiYiW\, WhXV beiQg iQeffecWiYe fRU lRQgeU XVe iQ Whe ZRXQd aV Zell aV cUeaWe a SRWeQWiall\ 
VXiWable eQYiURQPeQW fRU SaWhRgeQV gURZWh.[33] 

2.3 Antibacterial Nanoparticles 
AQWibacWeUial QaQRSaUWicleV VeUYe aV a QRYel alWeUQaWiYe WR WUadiWiRQall\ XVed aQWibiRWicV 
(e.g. SeQicilliQ, ceShalRVSRUiQV, VXlShRQaPideV) ViQce WheiU effecWiYeQeVV decliQed iQ Whe SaVW 
\eaUV dXe WR e[ceVViYe RYeUXVe iQ bRWh hXPaQ aQd aQiPal PediciQe. The RYeUXVe leadV 
WR Whe cUeaWiRQ Rf VecRQdaU\ UeViVWaQW bacWeUia RfWeQ UefeUUed WR aV a VXSeUbXg, Zhich iV a big 
SURbleP iQ Whe Pedical field.[33] The bacWeUia deYelRS dUXg UeViVWaQce b\ alWeUiQg WheiU cell 
VWUXcWXUe aV a UeVSRQVe WR VWUeVV cRQdiWiRQV.[34] The ke\ WR acTXiUiQg VecRQdaU\ UeViVWaQce lieV 
iQ Whe PechaQiVP Rf aQWibacWeUial effecW. The diffeUeQce beWZeeQ Whe PechaQiVP 
Rf Whe aQWibacWeUial effecW Rf QaQRSaUWicleV aQd aQWibiRWicV lieV iQ Whe iPSacW RQ bacWeUial cellXlaU 
VWUXcWXUe. AQWibiRWicV XVXall\ haYe a VSecific effecW WR RQe cRPSRQeQW Rf bacWeUia VWUXcWXUe. 
FRU e[aPSle, SeQicilliQ ZeakeQV Whe bacWeUial cell Zall, aQd bacWeUia caQ adaSW WR Whe effecW 
b\ PRdif\iQg WheiU cell Zall WR becRPe PRUe aQWibiRWic-UeViVWaQW. OQ Whe cRQWUaU\ WR aQWibiRWicV, 
dXe WR Whe VPalleU Vi]eV, QaQRSaUWicleV affecW PXlWiSle VWUXcWXUal cRPSRQeQWV Rf bacWeUia cell 
aW a WiPe. FRU VXch aQ XQVSecific aQWibacWeUial effecW, iW iV haUdeU WR adaSW. The PechaQiVP 
Rf QaQRSaUWicle aQWibacWeUial acWiYiW\ iV baVed RQ elecWURVWaWic iQWeUacWiRQ 
beWZeeQ Whe QaQRSaUWicleV aQd bacWeUia cell ZallV. IW iV fRllRZed b\ bUeachiQg Whe diVWXUbed 
bacWeUia cell Zall. NaQRSaUWicleV aQd WheiU iRQV caQ fRUP fUee UadicalV, Zhich iQdXce R[idaWiYe 
VWUeVV iQVide Whe bacWeUia cell. ThiV caQ iUUeYeUVibl\ deVWUXcW bacWeUia aQd caXVe WheiU deaWh.[35] 
NRZada\V, VilYeU R[ide aQd ]iQc R[ide QaQRSaUWicleV aUe cRQVideUed SURPiViQg caQdidaWeV 
fRU WhiV aSSlicaWiRQ.[34] AQRWheU adYaQWage Rf iQRUgaQic aQWiPicURbial QaQRVi]ed ageQWV iV 
Whe abiliW\ WR deVWUR\ bacWeUia ZiWhRXW hXUWiQg aPbieQW cellV.[33] AQWibacWeUial QaQRSaUWicleV caQ 
be aSSlied iQ PaQ\ fieldV. IW iV cRPPRQl\ XVed iQ deQWiVWU\ aV a SaUW Rf deQWal filleUV, face 
cUeaPV, aV Zell aV iQ dUiQkiQg ZaWeU aQd ZaVWeZaWeU WUeaWPeQW. IW iV Zidel\ XVed iQ PediciQe 
aV a SaUW Rf Whe ZRXQd dUeVViQg, WR VSeed XS Whe healiQg SURceVV. IW caQ be fRXQd iQ Whe fRUP 
Rf dUXg caUUieUV RU diViQfecWiQg VXUface cRaWiQgV. AQWibacWeUial QaQRSaUWicleV helS ZiWh fRRd 
SUeVeUYaWiRQ aQd VXUface SURWecWiRQ.[36] 

2.3.1 Traditionall\ Used Antibacterial Nanoparticles 
MaQ\ diffeUeQW QaQRSaUWicle claVVeV, iQ WeUPV Rf chePical cRPSRViWiRQ, caQ SURYide 
aQWibacWeUial SURSeUWieV [36]. The PRVW Zidel\ XVed claVVeV Rf aQWibacWeUial QaQRSaUWicleV 
aUe VhRZQ iQ  FigXUe 7. 
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Figure 7: The classification of antibacterial nanoparticles in terms of chemical composition [36]. 

    The fiUVW e[aPSle Rf cRPPRQl\ XWili]ed aQWibacWeUial QaQRSaUWicleV iV cRSSeU QaQRSaUWicleV. 
CRSSeU iV eaVil\ aSSURachable PeWal aQd iW iV RQe Rf Whe eVVeQWial elePeQWV iQ Whe hXPaQ bRd\. 
TR[iciW\ PechaQiVPV Rf cRSSeU QaQRSaUWicleV WRZaUdV bacWeUia cellV diffeU aQd deSeQd 
RQ VeYeUal facWRUV, VXch aV WePSeUaWXUe, SH leYel, Whe cRQceQWUaWiRQ Rf QaQRSaUWicleV, eWc. 
ThaQkV WR elecWURVWaWic iQWeUacWiRQV RQe Rf cRSSeU QaQRSaUWicle WR[ic PechaQiVPV, VWaUWV 
ZiWh Whe adheViRQ Rf QaQRSaUWicle RQ Whe cell Zall Rf GUaP-QegaWiYe bacWeUia. The QaQRSaUWicle 
caQ alVR affecW Whe VWUXcWXUe Rf SURWeiQV iQ Whe cell Zall, eYeQ caXVe Whe deQaWXUaWiRQ SURceVV. 
AlWeUQaWiYel\, iW caQ aWWack SaUWV Rf Whe cell, Zhich cRQWaiQ ShRVShRUXV RU VXlShXU, VXch aV DNA. 
TheQ Whe bacWeUial cell l\ViV fRllRZV.[37] The VWXd\ fURP 2018, aiPed WR cRPSaUe diffeUeQW 
effecWV Rf VRdiXP h\dUR[ide addiWiRQ RQ WR[iciW\ PechaQiVPV Rf cRSSeU QaQRSaUWicleV 
WRZaUdV GUaP-QegaWiYe Escherichia coli aQd GUaP-SRViWiYe Staph\lococcus aureus. 
NaQRSaUWicleV ZeUe SUeSaUed b\ a facile h\dURWheUPal PeWhRd Zhile XViQg YaUiRXV 
cRQceQWUaWiRQV Rf VRdiXP h\dUR[ide VRlXWiRQ. UViQg a higheU cRQceQWUaWiRQ Rf VRdiXP 
h\dUR[ide bURXghW higheU WR[iciW\ WRZaUdV bacWeUia. FiUVWl\, CX(II)-SeSWide cRPSle[eV aUe 
fRUPed, WheQ Whe\ aWWack Whe QegaWiYel\ chaUged bacWeUial cell PePbUaQeV. IW caXVeV Whe cell Zall 
WR ZUiQkle, Zhich leadV WR cell fUagPeQWV aQd debUiV fRUPaWiRQ, aV VhRZQ iQ FigXUe 8.[38] 
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Figure 8: Schematic illustration of antibacterial mechanism of copper nanoparticles to bacteria [38].  

    SilYeU QaQRSaUWicleV aUe Whe RbjecWV Rf UeVeaUch Rf PaQ\ labRUaWRUieV, fRU Whe Vake Rf WheiU 
aQWibacWeUial SURSeUWieV. BecaXVe Rf WhiV TXaliW\, Whe\ aUe Zidel\ XVed iQ biRPedical 
aSSlicaWiRQV, SXUificaWiRQ Rf aiU aQd ZaWeU, fRRd RXWSXW, We[Wile SURdXcWiRQ, cRVPeWicV, PaQ\ 
deWeUgeQWV, aQd hRXVehRld SURdXcWV.[39] SilYeU QaQRSaUWicleV haYe VhRZQ WR be effecWiYe 
agaiQVW PaQ\ geUPV VXch aV Escherichia coli, Staph\lococcus aureus, aQd Staph\lococcus 
epidermis, Bacillus subtilis aPRQg PaQ\ RWheUV.[39],[40]  

    GRld QaQRSaUWicleV aUe XWili]ed iQ cRQWURlled dUXg deliYeU\, biRPedical iPagiQg, 
aQd diagQRViV, ShRWRWheUPal aQd geQe WheUaS\. IQ UeceQW \eaUV WheiU PRVW VWXdied aQd PRVW 
Qeeded SRVVible aSSlicaWiRQ iV iQ caQceU WUeaWPeQW. The adYaQWage aSSeaUV fURP Whe abiliW\ 
WR SURYide lRcali]ed, WaUgeWed WheUaS\, Zhich haV high efficieQc\, a UedXced QXPbeU Rf Vide 
effecWV aQd eQhaQceV SaWieQW�V life iQ geQeUal.[41] The aQWibacWeUial acWiYiW\ Rf gRld 
QaQRSaUWicleV iV Zidel\ XWili]ed. IWV abiliW\ WR UeVWUaiQ Whe bacWeUial cell gURZWh aQd acWiYiW\ haV 
beeQ UeSRUWed aV efficieQW ZiWh bRWh gUaP-QegaWiYe aQd gUaP-SRViWiYe bacWeUia. The aSRSWRViV 
iV caXVed b\ QaQRSaUWicle adheViRQ WR Whe cell Zall, Zhile iQhibiWiQg life-iPSRUWaQW SURceVVeV, 
VXch aV UeVSiUaWiRQ RU SeUPeabiliW\. The adheViRQ abiliW\ deSeQdV RQ Whe QaQRSaUWicle Vi]e, 
VPalleU QaQRSaUWicleV SURYide biggeU VXUface aUea aQd WhaW PakeV WheP PRUe effecWiYe.[42] 
The Za\ Whe gRld QaQRSaUWicleV iQhibiW Whe cell gURZWh aQd caXVe cell aSRSWRViV caQ be eQhaQced 
b\ VXUface PRdificaWiRQ Rf Whe QaQRSaUWicleV. FRU e[aPSle, Whe QaQRSaUWicle caSSed 
b\ SRl\elecWURl\We (PAH) caXVeV a YeU\ effecWiYe l\ViV Rf Escherichia coli.[43] 
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Figure 9: The impact of gold nanoparticles capped b\ PAH on bacterial cell [43](modified).  

    C\WRWR[iciW\ aVVigQV WR aQ\ W\Se Rf haUPfXl effecWV WR cellV, WhaW caQ be faYRUable 
WRZaUdV geUPV aQd caQceURXV cellV aV Zell aV diVadYaQWaged if led WR daPage hXPaQ cellV.[39] 
SilYeU QaQRSaUWicleV haYe VhRZQ WR[iciW\ WR higheU RUgaQiVPV, iQ PaQ\ SUeYiRXV VWXdieV.[44] 
IW ZaV SURYeQ WhaW VilYeU QaQRSaUWicleV caQ iQdXce iQflaPPaWiRQ iQ Whe lXQgV Rf Whe e[aPiQed 
UaWV.[45],[39] SilYeU QaQRSaUWicleV decUeaVe PiWRchRQdUial fXQcWiRQ aQd bRRVW PePbUaQe 
leakage Rf PRXVe VSeUPaWRgRQial VWeP cellV aV Zell.[46]  

2.3.2 Biogenic Antibacterial Nanoparticles 
BiRgeQic elePeQWV aUe SUeVeQWed iQ Whe liYiQg RUgaQiVPV QaWXUall\. ThXV, Whe XVe Rf biRgeQic 
QaQRSaUWicleV iQ liYiQg RUgaQiVPV caQ be leVV iQYaViYe, ZiWh SRWeQWial UeXVe Rf WheVe elePeQWV 
iQ PeWabRlic SaWhZa\V. OYeUall, biRgeQic QaQRSaUWicleV haYe biRdegUadable SRWeQWial 
aQd aUe beWWeU acceSWed b\ Whe hXPaQ bRd\.[47]  

    MgO QaQRSaUWicleV fXll\ PeeW Whe cUiWeUia Rf beiQg biRcRPSaWible, lighW PeWal R[ide 
QaQRSaUWicleV ZiWh aQWiPicURbial SURSeUWieV. The MgO QaQRSaUWicleV caQ be fXll\ PeWabRli]ed 
aQd UeXVed b\ Whe hXPaQ bRd\. IQ Whe VWXd\ fURP 2018, diffeUeQW dRVeV Rf MgO QaQRSaUWicleV 
ZeUe XVed agaiQVW YaUiRXV bacWeUia, biRfilPV, aQd \eaVWV, WR VWXd\ iWV aQWiPicURbial acWiYiW\. 
The UeVeaUch cRQclXded WhaW, XViQg MgO QaQRSaUWicleV ZiWh UiViQg cRQceQWUaWiRQ iQhibiWV 
Whe gURZWh Rf gUaP-SRViWiYe bacWeUia, VXch aV Staph\lococcus epidermidis RU Staph\lococcus 
aureus. IW becRPeV leWhal fRU gUaP-QegaWiYe bacWeUia, fRU e[aPSle, Escherichia coli 
RU Pseudomonas aeruginosa. NeYeUWheleVV, QR gURZWh iQhibiWiRQ RU leWhal effecW WRZaUdV \eaVW, 
VXch aV Candida albicans, ZaV RbVeUYed eYeQ ZheQ XViQg Whe higheVW cRQceQWUaWiRQ. 
The QXPbeU Rf Yiable cellV VWa\ed Whe VaPe. WheQ XVed agaiQVW dUXg-UeViVWaQW \eaVW, VXch 
aV Candida glabrata, MgO QaQRSaUWicleV SURYided a fXQgicidal effecW.[48] 
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Figure 10: SEM images of Escherichia coli, showing its morpholog\ after cultured with 0-1.2 mg/ml 

of MgO nanoparticles for 24 hours [48]. 

    ZQO QaQRSaUWicleV haYe VhRZQ SRZeUfXl aQWiPicURbial SURSeUWieV agaiQVW PaQ\ W\SeV 
Rf bacWeUia. The iQWeUacWiRQ beWZeeQ ZQO QaQRSaUWicle aQd bacWeUial VXUface RU bacWeUial cRUe 
VWaUWV Whe bacWeUicidal SURceVV. ZQO QaQRSaUWicleV haYe beeQ Zidel\ VWXdied fRU aSSlicaWiRQ 
iQ YaUiRXV VcieQce fieldV. OZiQg WR WheiU ShRWRcaWal\Wic feaWXUe, Whe\ aUe XVed fRU decUeaViQg 
ZaWeU SRllXWiRQ. SeeiQg WhaW ZQO QaQRSaUWicleV caQ abVRUb UV UadiaWiRQ, Whe\ aUe fUeTXeQWl\ 
XVed aV a cRPSRQeQW iQ cRVPeWicV, VXch aV da\ cUeaPV aQd VXQVcUeeQV. ZQO QaQRSaUWicleV 
aUe highl\ VWable aQd e[hibiW iPSliciW ShRWRlXPiQeVceQce feaWXUeV, Zhich aUe adYaQWageRXV 
iQ biRiPagiQg aSSlicaWiRQV. The\ aUe alVR SURPiViQg WR be biRVeQVRUV fRU diabeWeV, 
h\SeUliSaePia, aQd high chRleVWeURl WUeaWPeQW. LaWel\, Whe\ haYe beeQ VWXdied PRVWl\ fRU WheiU 
SRVVible XVe iQ caQceU WUeaWPeQW. AV iW iV PeQWiRQed befRUe, WheiU SURSeUWieV diffeU fURP Vi]e 
WR Vi]e. The VaPe aSSlieV WR WheiU biRdegUadable SURSeUW\. ZQO QaQRSaUWicle haV WR be biggeU 
RU eTXal WR 100 QP, iQ Vi]e WR becRPe WR VRPe e[WeQW biRcRPSaWible.[49] TheVe QaQRSaUWicleV 
caQ be QaWXUall\ fRXQd iQ hXPaQ cell SURWeiQV aQd biRPRlecXleV [50]. 

2.4 Selenium Nanoparticles 
SeleQiXP aV a QRQ-PeWal elePeQW iV a YeU\ iPSRUWaQW SaUW Rf Whe hXPaQ dieW. IW iV QeceVVaU\ 
fRU healWh\ life WR cRQVXPe Whe SURSeU aPRXQW Rf VeleQiXP. IW iV PRVWl\ fRXQd iQ SURWeiQV.[51] 
SeleQiXP QaQRSaUWicleV SURYide beWWeU biRcRPSaWibiliW\ iQ cRPSaUiVRQ WR RWheU PeWal 
QaQRSaUWicleV VXch aV gRld, VilYeU, aQd RWheUV. SeleQiXP QaQRSaUWicleV haYe e[hibiWed 
aQWicaQceURXV aQd aQWiR[idaQW SURSeUWieV.[52] IW ZaV SURYeQ WhaW eYeQ a Ueall\ VPall aPRXQW 
Rf VeleQiXP QaQRSaUWicleV caQ decUeaVe Whe SURlifeUaWiRQ aQd iQcUeaVe Whe SRVVibiliW\ Rf cell 
deaWh iQ caQceU cellV.[52],[53] SeleQiXP iV kQRZQ fRU haYiQg a high leYel Rf aQWibacWeUial 
acWiYiW\, becaXVe Rf WhiV facW iWV UaQge Rf aSSlicaWiRQ SRVVibiliWieV haV UaSidl\ gURZQ iQ UeceQW 
\eaUV. FRU e[aPSle, VeleQiXP QaQRSaUWicleV aUe feaWXUed iQ aQWiPicURbial cRaWiQgV fRU fRRd 
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ZUaSSeUV, Zhich VeUYe Whe SXUSRVe Rf keeSiQg Whe Peal fUeVh fRU a lRQgeU SeUiRd. IQ VRPe caVeV, 
VeleQiXP QaQRSaUWicleV ZeUe able WR deVWUR\ PicURbeV lRcall\, ZiWhRXW daPagiQg 
Whe VXUURXQdiQg WiVVXe.[53],[55] BeVideV Whe XWili]aWiRQ iQ WiVVXe eQgiQeeUiQg aQd fRRd VcieQce, 
WheVe QaQRSaUWicleV aUe XVed iQ elecWURQicV, fRU e[aPSle iQ ShRWRcRSieUV [56].  

 
Figure 11: Scheme describing the main effects of selenium nanoparticles [57]. 

2.4.1 Preparation of Selenium Nanoparticles 
TheUe aUe PaQ\ Za\V hRZ WR SUeSaUe VeleQiXP QaQRSaUWicleV. CRPPRQl\ a bRWWRP-XS aSSURach 
iV XVed. The SURceVV begiQV ZiWh a chePical UedXcWiRQ Rf VeleQiXP ValW, fRU e[aPSle, VeleQiXP 
WeWUachlRUide, iQdXced b\ UedXciQg ageQWV, VXch aV aVcRUbic acid. BeVideV WheVe, a SURWecWiQg 
ageQW iV XVed WR VWabili]e Whe fiQal SURdXcW. DiffeUeQW kiQdV Rf SURWecWiQg ageQWV caQ be XWili]ed, 
VXch aV SRl\ (VRdiXP 4-VW\UeQe VXlfRQaWe). The SUeSaUaWiRQ PeWhRd XVXall\ defiQeV Whe Vi]e 
aQd VhaSe Rf Whe fiQal QaQRSaUWicleV.[58] PUeSaUaWiRQ PeWhRdV XVXall\ diffeU iQ kiQd 
Rf SUecXUVRU, UedXciQg ageQW RU VWabili]eU, Zhich ZaV XVed iQ Whe SURceVV Rf SUeSaUiQg. 
The UedXcWiRQ caQ be SURYided b\ chePical UedXciQg ageQWV, VXch aV alUead\ PeQWiRQed 
aVcRUbic acid, RU bacWeUial eQ]\PeV. WheQ eQ]\PeV RU chePicalV e[WUacWed fURP SlaQWV aUe XVed, 
VXch aV fURP Whe leaYeV Rf TeUPiQalia aUjXQa, Whe SURdXcWiRQ iV cRQVideUed aQ ecR-fUieQdl\ Za\. 
IW iV SURYed WhaW VPalleU Vi]ed SeNPV haYe higheU biRlRgical acWiYiW\ WheQ biggeU Vi]ed RQeV. 
BecaXVe Rf WheiU biRlRgical acWiYiW\, lRZ WR[iciW\ aQd high biRdegUadabiliW\ SeNPV aUe SURPiViQg 
WR be XVed iQ PaQ\ aSSlicaWiRQV. TheiU high biRdegUadabiliW\ leYel allRZV WheP WR be QXWUieQW 
WR hXPaQ cellV aV Zell aV WR be aQ aQWiSURlifeUaWiYe PediXP fRU PaQ\ kiQdV Rf WXPRU cellV. TheUe 
aUe PaQ\ SRVVibiliWieV WR XVe SeNPV WR deVWUR\ WXPRU cellV WhURXgh eQdRc\WRViV. ASRSWRViV, aV iW 
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iV PeQWiRQed befRUe caQ be accRPSliVhed b\ PiWRchRQdUial RU DNA daPage. OWheU aSSlicaWiRQ 
XVe Rf SeNPV aV dUXg deliYeU\ YehicleV. IQ Whe fXWXUe, SeNPV caQ be XVed aV aQWibiRWicV becaXVe 
Rf WheiU lRZ WR[iciW\ WR hXPaQ cellV aQd Whe high abiliW\ WR daPage RWheUV. The SeNPV haYe alVR 
VhRZQ iPPXQRVWiPXlaWRU\ effecWV.[52] 

2.4.2 Potential C\toto[icit\ of Selenium Nanoparticles 
SeleQiXP QaQRSaUWicleV haYe VhRZQ WR be bRWh c\WRcRPSaWible aQd c\WRWR[ic. The VWXd\ 
deVcUibiQg Whe aQWicaQceURXV SURSeUWieV Rf VeleQiXP QaQRSaUWicleV haV QRW UeSRUWed c\WRWR[iciW\ 
WRZaUdV QRUPal cellV. The c\WRWR[iciW\ Rf SXUe VeleQiXP bXlk ZaV SURYeQ WR be PXch higheU, 
WhaQ Whe c\WRWR[iciW\ Rf VeleQiXP QaQRSaUWicleV aW Whe VaPe cRQceQWUaWiRQ. IQ cRPSaUiVRQ 
beWZeeQ QRQ-biRgeQic aQd biRgeQic QaQRSaUWicleV, Ze caQ aVVXPe WhaW iQ geQeUal, biRgeQic 
QaQRSaUWicleV aUe PaQifeVWiQg lRZeU WR[iciW\ WhaQ QRQ-biRgeQic QaQRSaUWicleV. TR SUeYeQW 
XQfaYRUable c\WRWR[ic effecWV RQ hXPaQ cellV, VeleQiXP QaQRSaUWicleV caQ be VWabili]ed 
iQ biRSRl\PeUV RU eQcaSVXlaWed.[53] 

2.5 Encapsulation as a Method for Designing Nanoparticles with Specific 
Parameters 

EQcaSVXlaWiRQ iV a PeWhRd iQ Zhich Whe VXbVWaQce iV cRaWed ZiWh aQRWheU PaWeUial. 
IQVide Whe caSVXle, Whe VXbVWaQce iV SURWecWed agaiQVW Whe eQYiURQPeQW aQd Yice YeUVa. ThXV, 
Whe eQcaSVXlaWiRQ SURceVV iV PaiQl\ XVed fRU lRZeUiQg Whe c\WRWR[iciW\ dRZQ RU WR chaQge 
Whe UeleaVe SURfile Rf eQcaSVXlaWe, Zhich iV VlRZed dRZQ b\ Whe degUadaWiRQ Rf Whe caSVXle. 
MRUeRYeU, Whe cRaWiQg PaWeUial caQ add addiWiRQal SURSeUWieV WR Whe VXbVWaQce iQVide. 
IQ Whe VWXd\ Rf LiRQg eW al, Whe eQcaSVXlaWiRQ Rf VilYeU QaQRSaUWicleV iQVide PeVRSRURXV Vilica 
QaQRSaUWicleV led WR a VlRZeU UeleaVe Rf aQWibacWeUialV VilYeU.[59] The VWXd\ Rf ThRUaW eW al haYe 
VhRZQ, Whe eQcaSVXlaWiRQ aV a PeWhRd fRU beWWeU WaUgeW deliYeU\ aV Zell aV Whe VWabiliW\ 
Rf VXSUaPagQeWic PaWeUialV.[60] AQRWheU adYaQWage Rf eQcaSVXlaWed PaWeUial iV iWV higheU 
c\WRcRPSaWibiliW\ aQd VWabiliW\ iQ cRPSaUiVRQ WR QRW eQcaSVXlaWed PaWeUial.[61]  

2.5.1 Methods of Encapsulation 
EQcaSVXlaWiRQ PeWhRdV aUe diYided iQWR WZR PaiQ gURXSV, b\ Whe W\Se Rf XWili]ed SURceVV. 
EQcaSVXlaWiRQ caQ be eiWheU Sh\Vical RU chePical. Ph\Vical eQcaSVXlaWiRQ fRcXVeV RQ PeWhRdV, 
aWWaiQPeQWV, aQd kQRZledge Rf Sh\Vical chePiVWU\. MaQ\ cRQcUeWe WechQiTXeV aUe allied 
WR Sh\Vical eQcaSVXlaWiRQ, fRU e[aPSle, adVRUSWiRQ RQ a Veed, iQ Zhich Whe eQcaSVXlaWiQg ageQW 
la\eUV aUe adVRUbed RQ aQ RSSRViWel\ chaUged Veed. ThiV PeWhRd iV SURYided b\ elecWURVWaWic 
iQWeUacWiRQV. OWheU e[aPSleV Rf Sh\Vical eQcaSVXlaWiRQ aUe heWeURgeQeRXV SRl\PeUi]aWiRQ 
RU dRXble ePXlViRQ-like SURceVV.[62] The VecRQd W\Se Rf eQcaSVXlaWiRQ WechQiTXeV iV chePical 
eQcaSVXlaWiRQ, VXch aV ViPSle RU cRPSle[ cRaceUYaWiRQ. A cRaceUYaWe iV a YeU\ VPall dURSleW, 
Zhich iV faVWeQed b\ h\dURShRbic bRQdV. The cRaceUYaWiRQ PeWhRd iV baVed RQ Whe SaUWiWiRQ 
Rf h\dURcRllRidV fURP Whe ePXlViRQ aQd lRcali]aWiRQ Rf SURdXced cRaceUYaWe aURXQd Whe acWiYe 
ageQW.[63] La\eU b\ la\eU deSRViWiRQ PeWhRd iV XVXall\ XVed fRU cUeaWiQg PXlWi-la\eUed VhellV 
fRU eQcaSVXlaWiRQ. IW iV baVed RQ Whe idea Rf cRQVecXWiYe la\eUiQg Rf eQcaSVXlaWiQg Pedia 
RQ Whe VXUface Rf Whe eQcaSVXlaWed PaWeUial. The aPRXQW aQd VhaSe Rf la\eUV caQ be cRQWURlled, 



  
 

 
22 

 

ZheQ XViQg WhiV PeWhRd.[64] SSUa\ dU\iQg iV a YeU\ lRZ-cRVW, fle[ible, aQd e[WeQded 
eQcaSVXlaWiRQ PeWhRd. ThiV PeWhRd iV baVed RQ iQVeUWiQg Whe hRPRgeQi]ed eQcaSVXlaWiQg ageQW 
iQWR a VSUa\ dU\eU aQd aWRPi]iQg iW ZiWh jeW RU Zheel. UVXall\, SURdXced VSheUical SaUWicleV fall 
WR Whe gURXQd Rf dUieU.[63] 

2.6 Dopamine 
DRSaPiQe (4-(2-aPiQReWh\l)beQ]eQe-1,2-diRl) iV a biRgeQic aPiQe, WhaW iV a Zell-kQRZQ 
iQWeUPediaWe iQ Whe V\QWheViV Rf QRUeSiQeShUiQe aQd eSiQeShUiQe [65]. FURP a chePical VWUXcWXUe 
SRiQW Rf YieZ, dRSaPiQe belRQgV WR Whe gURXS Rf ȕ-AU\leWh\laPiQeV alRQgVide PaQ\ RWheU 
Zell-kQRZQ UeSUeVeQWaWiYeV, VXch aV WU\SWaPiQe, hiVWaPiQe, VeURWRQiQ, aQd SheQ\leWh\laPiQe. 
The ȕ-AU\leWh\laPiQeV RccXU QaWXUall\, aV a SaUW Rf Whe hXPaQ aQd aQiPal bRd\ QeUYRXV V\VWeP, 
haYiQg Whe URle Rf QeXURWUaQVPiWWeUV aQd hRUPRQeV. NaWXUall\, dRSaPiQe aQd iWV deUiYaWeV 
aUe fRUPed b\ Į-aPiQR acidV decaUbR[\laWiRQ. NeYeUWheleVV, fRU Whe SUacWical XVe, Whe dRSaPiQe 
iV SURdXced b\ Whe UedXcWiRQ Rf aU\l aceWRQiWUileV. [66]  

2.6.1 Self-pol\meri]ation of Dopamine 
PRl\dRSaPiQe iV SURdXced aV a UeVXlW Rf dRSaPiQe R[idaWiRQ, Zhich iV UegaUded aV UelaWiYel\ 
TXick aQd ViPSle SRl\PeUi]aWiRQ. IQ RWheU ZRUdV, dRSaPiQe caQ be eaVil\ WXUQed 
iQWR SRl\dRSaPiQe, becaXVe Rf iWV abiliW\ WR XQdeUgR Velf-aVVePbl\ SRl\PeUi]aWiRQ 
SURceVVeV.[66] PRl\dRSaPiQe, fRUPed b\ aXWR[idaWiRQ, ZaV fiUVWl\ deVcUibed iQ 1970 aV a black 
PaWeUial [67].  

 

 

 

 

                     

    DiVVRciaWiRQ Rf Whe -OH gURXSV iQ SRl\dRSaPiQe deSeQdV RQ Whe SH leYel Rf Whe VXUURXQdiQg 
PediXP [68]. The effecWV Rf diffeUeQW SH leYelV RQ Whe SRl\dRSaPiQe PRlecXle aUe VhRZQ 
iQ FigXUe 13. 

Figure 12: Dopamine auto[idation scheme. 
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Figure 13: Impact of different pH levels on pol\dopamine. 

    The fRllRZiQg iPSRUWaQW VWXd\ UeSRUW ZaV UeleaVed iQ 2007, cRQWaiQiQg Whe diVcRYeU\ 
Rf SRl\dRSaPiQe abiliW\ WR adheUe WR all kiQdV Rf VXUfaceV. IW caQ cRYeU hXge aUeaV aV Zell aV YeU\ 
VPall RQeV, VXch aV QaQR-Vi]ed VXUfaceV. IW iV alVR able WR VWick WR Whe VXUfaceV, Zhich 
aUe SeUPaQeQWl\ XQdeUZaWeU.[69] SiQce WheQ, SRl\dRSaPiQe iV WUeaWed aV a XQiTXe PaWeUial. 
TheUe haYe beeQ PaQ\ VXcceVVfXl aWWePSWV Rf iWV XWili]aWiRQ iQ biRPediciQe, eQeUg\ iQdXVWU\, 
eYeQ iQ Whe PiliWaU\ aQd RWheU fieldV. The Zide UaQge Rf iWV XWili]aWiRQ SRVVibiliWieV RUigiQaWeV 
fURP RUigiQaWeV iQ Whe YaUiabiliW\ aQd ViPSliciW\ Rf iWV SURdXcWiRQ aQd fRllRZiQg XVe. NRZada\V 
SRl\dRSaPiQe iV XVed PaiQl\ fRU PaWeUial VXUface PRdificaWiRQ, Zhich eQhaQceV RU chaQgeV iWV 
SURSeUWieV. MaQ\ Rf WheVe SURSeUWieV, Zhich caQ be fRXQd iQ SRl\dRSaPiQe cRaWiQgV, SURYide 
SRl\dRSaPiQe cRaWiQgV a hXge adYaQWage RYeU RWheU cRaWiQg PaWeUialV, XVed fRU VXUface 
PRdificaWiRQ. OQe Rf Whe diffeUeQceV, Zhich allRZV SRl\dRSaPiQe WR WRS RWheU cRaWiQg PeWhRdV, 
iV Whe abiliW\ WR cRYeU aQ\ geRPeWUic VhaSe Rf Whe VXUface, Zide UaQge Rf Vi]eV, RUgaQic 
aQd iQRUgaQic VXUfaceV XViQg a ViPSle diS-cRaWiQg WechQiTXe RU iQ WhiV caVe Velf-aVVePbl\ 
cRaWiQg PeWhRd. The XWili]aWiRQ Rf SRl\dRSaPiQe iQ biRPediciQe haV geQeUaWed a big iQWeUeVW 
aPRQg VcieQWiVWV iQ UeceQW \eaUV dXe WR iWV biRcRPSaWibiliW\ aV a QaWXUal iQ Whe bRd\ RccXUUiQg 
VXbVWaQce. ThiV feaWXUe caQ be XVed iQ dUXg cRaWiQg RU WhiV caVe, eQcaSVXlaWiRQ Rf SaUWicleV 
ZiWh aQWiPicURbial effecWV WR cRQWURl WheiU iQWeUacWiRQV ZiWh cellV.[70]   

2.6.2 Encapsulation of Nanoparticles in Pol\dopamine 
A VWXd\ fURP 2016 aiPed WR SUeSaUe aQd chaUacWeUi]e Fe3O4 QaQRSaUWicleV eQcaSVXlaWed 
iQ SRl\dRSaPiQe, Zhich ZRUkV aV a ShRWRWheUPal cRQYeUViRQ ageQW. TheVe QaQRSaUWicleV 
aUe PagQeWic aQd iQ cRPbiQaWiRQ ZiWh 2-SheQ\leWh\QeVXlfRQaPide, cRQVideUed a SRVVible 
iPSURYePeQW Rf ShRWRWheUPal WUeaWPeQW, Zhich iV a PeWhRd Rf bacWeUial cell gURZWh 
iQWeUUXSWiRQ. WheQ QeaU-iQfUaUed lighW laQd RQ Whe QaQRSaUWicle, Whe WePSeUaWXUe UiVeV aQd bRQd 
VWUeQgWh decUeaVeV. BecaXVe Rf WhaW, 2-SheQ\leWh\QeVXlfRQaPide iV UeleaVed. IW lRZeUV 
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Whe acWiYiW\ Rf heaW VhRck SURWeiQ 70 iQ bacWeUia, Whe WePSeUaWXUe WhaW caQ be haQdled b\ bacWeUia 
iV decUeaVed aQd iW eQdV iQ bacWeUia cell deaWh. AfWeU Whe WheUaS\, Whe PagQeWic SURSeUWieV 
Rf Fe3O4 aUe XVed WR UeVWRUe QaQRSaUWicleV. ThiV WheUaS\ SURYideV Whe adYaQWage Rf UeXVable 
PaWeUial ZiWhRXW VecRQdaU\ cRQWaPiQaWiRQ. TR eQcaSVXlaWe, SUeSaUed Fe3O4 QaQRSaUWicleV 
ZeUe diVSeUVed iQ 10 PM TUiV-HCl bXffeU VRlXWiRQ, ZiWh a SH Rf 8.5. AfWeU WhaW dRSaPiQe 
h\dURchlRUide aQd FeCl3.6H2O ZeUe added WR Whe Pi[WXUe. WiWhiQ 4 hRXUV Rf cRQWiQXRXV 
VWiUUiQg, QaQRSaUWicleV ZeUe VXcceVVfXll\ eQcaSVXlaWed aQd lRaded 
ZiWh 2-SheQ\leWh\QeVXlfRQaPide.[71] 

 
Figure 14: Nanoparticle preparation and encapsulation [71](modified). 

    The VWXd\ Rf SXQ et al, SXbliVhed iQ 2017, aWWePSWed WR XVe gRld QaQRURdV eQcaSVXlaWed 
iQ SRl\dRSaPiQe aV ageQWV ZiWh PXlWiSle fXQcWiRQV fRU VXUface-eQhaQced RaPaQ VcaWWeUiQg 
iPagiQg-gXided Ueal-WiPe ShRWRWheUPal caQceU WUeaWPeQW PeWhRd. The SURceVV Rf gRld QaQRURdV 
V\QWheViV ZaV fRllRZed b\ WheiU diVSeUViRQ iQ 10 PM TUiV-HCl bXffeU VRlXWiRQ, ZiWh a SH Rf 8.5. 
AfWeU WhaW, 1 Pg/Pl dRSaPiQe h\dURchlRUide ZaV added. The UeacWiRQ cRQWiQXed 
WhURXgh Whe QighW aW a VWable WePSeUaWXUe Rf 37 �C, aQd cRQWiQXRXV VhakiQg. EQcaSVXlaWiRQ ZaV 
VXcceVVfXl aQd QaQRURdV ZeUe Uead\ fRU fXUWheU PRdificaWiRQ, WR be VXiWable fRU WhiV aSSlicaWiRQ. 
NaQRURdV PaiQWaiQed VXUface-eQhaQced RaPaQ VcaWWeUiQg efficieQc\ aQd ZeUe able WR XQdeUgR 
ShRWRWheUPal cRQYeUViRQ effecW. IQ cRQclXViRQ, QaQRURdV SUeSaUed WhiV Za\ aUe cRQVideUed 
VXiWable ageQWV fRU WhiV WheUaS\ PeWhRd.[72] 

 
Figure 15: Encapsulation of gold nanorods in pol\dopamine and its utili]ation in cancer 

treatment [72](modified). 

    AQRWheU VWXd\ fURP 2018, dealV ZiWh V\QWheViV, eQcaSVXlaWiRQ, aQd chaUacWeUi]aWiRQ 
Rf flXRUeVceQW QaQRdiaPRQdV eQcaSVXlaWed iQ SRl\dRSaPiQe. FlXRUeVceQW QaQRdiaPRQdV haYe 
aPa]iQg RSWical SURSeUWieV WhaW caQ be XWili]ed iQ biRiPagiQg. The\ aUe alVR biRcRPSaWible, 
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bXW eaVil\ aggUegaWiQg iQ Sh\ViRlRgical ValW VRlXWiRQV. ThiV SURbleP caQ be eaVil\ UePRYed 
b\ eQcaSVXlaWiRQ iQ SRl\dRSaPiQe. NaQRdiaPRQdV ZeUe VXcceVVfXll\ eQcaSVXlaWed 
iQ SRl\dRSaPiQe, XViQg bXffeU VRlXWiRQ (SH Rf 8.5), b\ R[idaWiRQ aQd Velf-SRl\PeUi]aWiRQ 
Rf dRSaPiQe h\dURchlRUide. OUigiQall\, QaQRdiaPRQdV had aV\PPeWUical VhaSeV, VhaUS edgeV, 
aQd Zide UaQge Rf Vi]eV. WheQ eQcaSVXlaWed, edgeV Rf fiQal QaQRVWUXcWXUeV ZeUe VPRRWh, 
abVRUSWiRQ abiliWieV iQcUeaVed. The PeWhRd iV deVcUibed aV eaVil\ UeSURdXcible aQd URbXVW.[73]  

    OQe Rf Whe laWeVW VWXdieV Rf ZhX et al, SXbliVhed iQ 2020, dealV ZiWh QaQRVWUXcWXUeV cRQWaiQiQg 
SeUflXRURcaUbRQ eQcaSVXlaWed iQ SRl\dRSaPiQe fRU SRVVible XWili]aWiRQ iQ XlWUaVRXQd cRQWUaVW 
iPagiQg aQd ShRWRWheUPal WheUaS\. The fiUVW VWeS Rf Whe eQcaSVXlaWiRQ SURceVV ZaV Whe Pi[WXUe 
Rf deiRQi]ed ZaWeU, eWhaQRl, aQd aPPRQia SUeSaUaWiRQ. The Pi[WXUe ZaV cRQWiQXRXVl\ VWiUUed 
fRU 30 PiQXWeV, WheQ dRSaPiQe h\dURchlRUide ZaV added. The Pi[WXUe ZaV leW WR XQdeUgR 
Whe SRl\PeUi]aWiRQ UeacWiRQ fRU 24 hRXUV. PeUflXRURcaUbRQ ZaV added iQ a fRUP Rf QaQRdURSleW 
aQd ZaV cRaWed iQ SRl\dRSaPiQe. AfWeU eQcaSVXlaWiRQ QaQRV\VWePV ZeUe PRdified 
aQd VWabili]ed b\ SRl\eWh\leQe gl\cRl. SR SUeSaUed QaQRV\VWePV ZeUe highl\ biRcRPSaWible, 
dXUable, aQd ShRWRWheUPal cRQYeUViRQ efficieQW. The VWXd\ cRQfiUPed WhaW WheVe QaQRV\VWePV 
caQ be SRVVibl\ XVed iQ XlWUaVRXQd iPagiQg aQd ShRWRWheUPal caQceU WUeaWPeQW.[74] 

 
Figure 16: Perfluorocarbon nanodroplets encapsulated in pol\dopamine, stabili]ed b\ pol\eth\lene 

gl\col [74](modified). 
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3 GOAL OF THE WORK 
The gRal Rf WhiV ZRUk iV WR SUeSaUe VWable aQWibacWeUial VeleQiXP QaQRSaUWicleV aQd fiQd a Za\ 
WR eQcaSVXlaWe WheP Zhile PaiQWaiQiQg WheiU aQWibacWeUial acWiYiW\. IW aiPV WR XVe dRSaPiQe¶V 
iQheUeQW abiliW\ WR Velf-SRl\PeUi]e iQ a baVic eQYiURQPeQW, adheUe aQd cRYeU aQ\ kiQd Rf VXUface. 
AQRWheU gRal Rf WhiV WheViV iV WR VWXd\ Whe iPSacW Rf eQcaSVXlaWiRQ WR Whe Sh\Vical aQd chePical 
SURSeUWieV Rf biRgeQic VeleQiXP QaQRSaUWicleV. 

The e[SeUiPeQWal ZRUk iQclXdeV fRllRZed VWeSV: 

x  SeleQiXP QaQRSaUWicleV (SeNPV) V\QWheViV aQd VWabili]aWiRQ Yia diffeUeQW SRl\PeUV 
x  OSWiPi]aWiRQ Rf SeNPV eQcaSVXlaWiRQ ZiWh SRl\dRSaPiQe Velf-aVVePbl\ 
x  ChePical VWUXcWXUe chaUacWeUi]aWiRQ iQ WeUPV Rf ATR-FTIR 
x  MRUShRlRg\ aQd SeNPV Vi]e chaUacWeUi]aWiRQ XViQg STEM 
x  DaWa eYalXaWiRQ aQd diVcXVViRQ   
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4 EXPERIMENTAL PART 
4.1 Material and equipment 
4.1.1 Chemicals 

x UlWUa-SXUe ZaWeU W\Se II accRUdiQg WR ISO 3696. 
x DRSaPiQe h\dURchlRUide g.U. (SigPa AldUich, GeUPaQ\) 
x TUiV(h\dUR[\aPiQR)PeWhaQe g.U. (SigPa AldUich, GeUPaQ)  
x EWhaQRl 98% g.U. (PENTA, C]ech ReSXblic) 
x H\dURchlRUic acid 35% g.U. (lach:QeU, C]ech ReSXblic) 
x IVRSURS\l alcRhRl g.U. (PENTA, C]ech ReSXblic) 
x SeleQiXP WeWUachlRUide g.U. (SigPa AldUich, GeUPaQ\) 
x AVcRUbic acid g.U. (CaUl RRWh�, GeUPaQ\) 
x PRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) g.U. (SigPa AldUich, GeUPaQ\), MZ a 70 000  
x SXlfXUic acid 96% g.U. (PENTA, C]ech ReSXblic) 
x O[alic acid dih\dUaWe (PENTA, C]ech ReSXblic) 
x PRWaVViXP SeUPaQgaQaWe g.U. (PENTA, C]ech ReSXblic) 
x APPRQiXP h\dUR[ide 25% g.U. (CaUl RRWh�, C]ech ReSXblic) 

4.1.2 Instruments 
x SH PeWeU H138 MiQilab (Hach�, USA) 
x CeQWUifXge 5804 R (ESSeQdRUf, GeUPaQ\). 
x MagQeWic VWiUUeU RET cRQWURl-YiVc (IKA�, GeUPaQ\). 
x VacXXP dU\eU VacXcell 55 cRPfRUW (BMM gURXS, GeUPaQ\). 
x FRXUieU-WUaQVfRUPed iQfUaUed VSecWURShRWRPeWeU VeUWe[ 70/70Y (BUXkeU, UQiWed SWaWeV 

Rf APeUica). 
x ScaQQiQg elecWURQ PicURVcRSe ZiWh VcaQQiQg WUaQVPiVViRQ elecWURQ PicURVcRS\ iPagiQg 

MIRA3 (TeVcaQ, C]ech ReSXblic). 
x AQal\Wical balaQce AV264C (OHAUS, UQiWed SWaWeV Rf APeUica). 
x V-730 UV-ViVible/NIR VSecWURShRWRPeWeU (JASCO, GeUPaQ\). 

4.2 Preparation of selenium nanoparticles 
TZR W\SeV Rf VeleQiXP QaQRSaUWicleV, diffeUiQg iQ Whe biRSRl\PeU VXbVWaQce WhaW Whe\ ZeUe 
aQchRUed iQ, ZeUe XVed iQ WhiV ZRUk ± VeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ 
aQd VeleQiXP QaQRSaUWicleV VWabili]ed b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe).  

4.2.1 Selenium nanoparticles stabili]ed b\ chitosan 
The Sale RUaQge VRlXWiRQ Rf SeleQChiWRVaQ (SeCh) ZaV V\QWheVi]ed iQ cRllabRUaWiRQ 
ZiWh MeQdel UQiYeUViW\. SeCh iV a QaQR-Vi]ed V\VWeP cRQViVWiQg Rf VeleQiXP QaQRSaUWicleV 
aQd chiWRVaQ. The SUeSaUaWiRQ SURceVV Rf SeCh QaQRSaUWicleV ZaV baVed RQ Whe UedXcWiRQ 
Rf Na2SeO3 XViQg PeUcaSWRSURSiRQic acid. The addiWiRQ Rf chiWRVaQ aW Whe eQd Rf Whe UedXcWiRQ 
VWabili]ed Whe UedXced VeleQiXP (0) iQ Whe fRUP Rf QaQRSaUWicleV aQd SUeYeQW Whe QaQRSaUWicleV 
agaiQVW R[idaWiRQ aQd agglRPeUaWiRQ. 
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4.2.2 Selenium nanoparticles stabili]ed b\ pol\ (sodium 4-st\renesulfonate) 
SeleQiXP QaQRSaUWicleV ZeUe SUeSaUed b\ Whe bRWWRP-XS aSSURach, Whe chePical UedXcWiRQ 
Rf VeleQiXP WeWUachlRUide ZaV XVed accRUdiQg WR Whe SUeYiRXVl\ PeQWiRQed VWXd\ [58]. SeleQiXP 
WeWUachlRUide ZaV diVSeUVed iQ XlWUa-SXUe ZaWeU, SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) ZaV added 
aV a SURWecWiQg ageQW. The UedXcWiRQ ZaV WUiggeUed b\ aVcRUbic acid, a UedXcWiRQ ageQW, 
aQd WePSeUaWXUe iQcUeaVe WR 160 �C.  

4.2.3 Washout and re-dispersion of selenium nanoparticles 
The ZaVhRXW SURcedXUe WRRk Slace 24 hRXUV afWeU Whe V\QWheViV Rf VeleQiXP QaQRSaUWicleV. 
FiUVWl\, Whe Pi[WXUe Rf Whe V\QWheViV SURdXcWV ZaV ceQWUifXged (5804 R ceQWUifXge ESSeQdRUf, 
GeUPaQ\) aW 10 �C. The VXSeUQaWaQW ZaV diVSeUVed iQ abRXW 50 Pl Rf XlWUaSXUe ZaWeU 
aQd ceQWUifXged agaiQ aW 10 �C. The VXSeUQaWaQW ZaV cRllecWed, aQd 2 PRUe WiPeV diVSeUVed 
iQ abRXW 50 Pl ZaWeU aQd ceQWUifXged aW 10 �C. AfWeU laVW ceQWUifXgaWiRQ, Whe SUeciSiWaQW 
Rf ZaVhRXW VeleQiXP QaQRSaUWicleV ZaV cRllecWed fRU fXUWheU aQal\ViV. 

4.3 Ph\sicochemical characteri]ation of selenium nanoparticles 
4.3.1 Concentration determination of selenium nanoparticles stabili]ed b\ chitosan 
The cRQceQWUaWiRQ Rf VeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ ZaV deWeUPiQed SURYided 
b\ MeQdel XQiYeUViW\.  

4.3.2 Concentration determination of selenium nanoparticles stabili]ed b\ 
pol\ (sodium 4-st\renesulfonate) 

The cRQceQWUaWiRQ Rf VeleQiXP QaQRSaUWicleV VWabili]ed b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) 
ZaV deWeUPiQed XViQg WiWUaWiRQ iQ cRPbiQaWiRQ ZiWh calibUaWiRQ cXUYe PeWhRd aSSlied RQ daWa 
acTXiUed fURP UV/VIS VSecWURVcRS\.  

    The WiWUaWiRQ ZaV e[ecXWed accRUdiQg fRllRZiQg SURcedXUe. ATXeRXV VRlXWiRQ Rf 0.02 M 
SRWaVViXP SeUPaQgaQaWe VRlXWiRQ ZaV XWili]ed aV WiWUaQW. PUiRU WR Whe WiWUaWiRQ, Whe VRlXWiRQ 
Rf SRWaVViXP SeUPaQgaQaWe ZaV VWaQdaUdi]ed WR R[alic acid dih\dUaWe fRllRZiQg UeacWiRQ: 

 5 (COOH)2 + 2 MQO4
- + 6 H+ ĺ 10 CO2 + 8 H2O +2 MQ2+ 

 
(1) 

SWaQdaUdi]ed 0.02 M SRWaVViXP SeUPaQgaQaWe R[idi]ed acidified VRlXWiRQ Rf VeleQiXP 
QaQRSaUWicleV accRUdiQg WR Whe UeacWiRQ: 

 6 Se + 10 KMQO4 + 5 H2SO4 ĺ 6 HSeO3 + 10 MQO2 + 5 K2SO4 +2 H2O 
 

(2) 

The VRlXWiRQ Rf acidified VeleQiXP QaQRSaUWicleV ZaV WiWUaWed b\ VWaQdaUdi]ed SRWaVViXP 
SeUPaQgaQaWe VRlXWiRQ XQWil a VWable SiQk WiQW ZaV RbVeUYed. TiWUaWiRQ ZaV UeSeaWed WhUee WiPeV, 
afWeUZaUd e[acW cRQceQWUaWiRQ Rf VeleQiXP QaQRSaUWicleV ZaV calcXlaWed aSSl\iQg VWRichiRPeWUic 
cRefficieQWV accRUdiQg WR eTXaWiRQ (2).    

       ASSl\iQg Whe UeVXlWV fURP Whe SUeYiRXVl\ PeQWiRQed WiWUaWiRQ, Whe calibUaWiRQ liQe 
fRU VeleQiXP QaQRSaUWicleV ZaV PeaVXUed RQ a UV-VIS VSecWURPeWeU (V-730 UV-ViVible/NIR 
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VSecWURShRWRPeWeU JASCO, GeUPaQ\). The ZaYeleQgWh iQWeUYal ZaV VeW fURP 800 QP WR 250 QP 
aQd a halRgeQ laPS ZaV XVed fRU WheVe PeaVXUePeQWV. PUiRU WR Whe PeaVXUePeQW, Whe cXYeWWe 
ZiWh XlWUaSXUe ZaWeU ZaV PeaVXUed aV a baVeliQe. The VWRck VRlXWiRQ Rf VeleQiXP QaQRSaUWicleV 
ZaV dilXWed WR fiQd Whe QaQRSaUWicle XlWUa-SXUe ZaWeU UaWiR Zhich ZRXld SURYide a VWable aQd Zell 
deWecWable Seak. ThiV ZaV fRllRZed b\ Whe SUeSaUaWiRQ Rf 5 VaPSleV ZiWh a kQRZQ 
cRQceQWUaWiRQ - 150, 125, 100, 75, aQd 50 QM. The abVRUSWiRQV Rf WheVe VaPSleV ZeUe PeaVXUed. 
(deWeUPiQed b\ WiWUaWiRQ aQd calcXlaWed). The abVRUbaQce Rf WheVe VaPSleV ZaV PeaVXUed 
aW Whe higheVW SRiQWV Rf WheiU SeakV. The calibUaWiRQ liQe ZaV VeW, aQd Whe calibUaWiRQ eTXaWiRQ 
ZaV calcXlaWed iQ MS E[cel. 

4.3.3 Morpholog\ and si]e evaluation 
SWUXcWXUe, PRUShRlRg\ aQd Vi]e diVWUibXWiRQ Rf VeleQiXP QaQRSaUWicleV ZeUe deWeUPiQed XViQg 
VcaQQiQg elecWURQ PicURVcRSe ZiWh VcaQQiQg WUaQVPiVViRQ elecWURQ PicURVcRS\ iPagiQg (SEM, 
MIRA3, TeVcaQ, C]ech ReSXblic). A VPall dURSleW (20 �l) Rf highl\ dilXWed QaQRSaUWicleV 
ZeUe aSSlied RQ cRSSeU PeVh ZiWh caUbRQ filP (S160, agaU VcieQWific, UQiWed KiQgdRP) 
aQd ZeUe leW dUied iQ deViccaWRU RYeUQighW. IPageV ZeUe acTXiUed aW PagQificaWiRQV UaQgiQg 
fURP 5 k[ ± 75 k[ XViQg deWecWRUV Rf VecRQdaU\ elecWURQV aQd WUaQVPiWWed elecWURQV. The iPageV 
ZeUe chaUacWeUi]ed XViQg VRfWZaUe IPage J. The Vi]eV Rf QaQRSaUWicleV ZeUe PeaVXUed, 
aSSUR[iPaWed WR ciUcle aQd WheiU VXUfaceV ZeUe calcXlaWed.  

4.3.4 Chemical structure characterisation 
ChePical VWUXcWXUe Rf VeleQiXP QaQRSaUWicleV ZaV eYalXaWed XViQg FRXUieU-WUaQVfRUPed iQfUaUed 
VSecWURShRWRPeWeU ZiWh aWWeQXaWed WRWal UeflecWaQce eTXiSSed ZiWh diaPRQd cU\VWal 
(ATR-FTIR, VeUWe[ 70/70Y, BUXkeU, GeUPaQ\). PUiRU WR Whe PeaVXUePeQW, QaQRSaUWicleV ZeUe 
dUied RXW XViQg a YacXXP dU\eU (VacXcell 55 cRPfRUW YacXXP dU\eU BMM gURXS, GeUPaQ\) 
fRU 16 hRXUV aW 35 �C. FRllRZiQg PeaVXUePeQW SaUaPeWeUV ZeUe VeW 1.01 hPa SUeVVXUe leYel, 
4000 ± 700 cP-1 VSecWUal UaQge, 64 VcaQV ZiWh UeVRlXWiRQ 4 cP-1. ReVXlWV ZeUe e[SRUWed 
aQd eYalXaWed. 

4.4 Encapsulation b\ pH-induced self-pol\meri]ation of dopamine 
NaQRSaUWicleV ZeUe eQcaSVXlaWed b\ Velf-SRl\PeUi]aWiRQ Rf dRSaPiQe iQ Whe SUeVeQce 
Rf aQ alkaliQe PediXP. MRUe PeWhRdV aQd cRQdiWiRQV ZeUe SeUfRUPed WR fiQd Whe PRVW efficieQW 
cRPbiQaWiRQ. 

4.4.1 Encapsulation method I 
IQ Whe eQcaSVXlaWiRQ PeWhRd I VeleQiXP QaQRSaUWicleV aQd eQcaSVXlaWiRQ aUe WZR VeSaUaWed 
SURceVVeV. EQcaSVXlaWiRQ Wake Slace afWeU Whe chePical UedXcWiRQ Rf VeleQiXP ValWV WR VeleQiXP 
QaQRSaUWicleV. AfWeUZaUdV, VeleQiXP QaQRSaUWicleV aUe iQWURdXced WR baVic SH Rf 0.1 M TUiV-HCl 
(SH 8.5) ZiWh dRSaPiQe, ZheUe dRSaPiQe VlRZl\ SRl\PeUi]e WR SRl\dRSaPiQe, Zhich 
fabUicaWeV Vhell aURXQd QaQRSaUWicleV. The SRl\PeUi]aWiRQ iV dUiYeQ b\ Whe e[iVWeQce Rf R[\geQ 
iQ VXUURXQdiQg aQd laVW 24 hRXUV. The VchePaWic UeSUeVeQWaWiRQ Rf Whe eQcaSVXlaWiRQ PeWhRd I 
iV deSicW iQ FigXUe 17. 
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Figure 17: Schematic description of nanoparticle preparation and encapsulation method I 
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Table 2: Sample preparation description. SeCh ± selenium nanoparticles stabili]ed b\ chitosan, 
SePSSS ± selenium nanoparticles stabili]ed b\ pol\ (sodium 4-st\renesulfonate). 

SaPSle 
 

SeleQiXP 
QaQRSaUWicleV 

SeleQiXP 
QaQRSaUWicleV 
[Pl] 

EWhaQRl 
[Pl] 

XlWUa-SXUe 
ZaWeU [Pl] 

DRSaPiQe 
[Pg] 

TUiV-HCl 
[Pl] 

DRSaPiQe SRl\PeUi]aWiRQ 
ZaWeU 

- - - 35 40 10 

SeCh eQcaSVXlaWiRQ 
PeWhRd I ZaWeU 

SeCh 15 - 35 40 10 

DRSaPiQe SRl\PeUi]aWiRQ 
eWhaQRl 

- - 20 15 40 10 

SeCh eQcaSVXlaWiRQ 
PeWhRd I eWhaQRl 

SeCh 15 20 15 40 10 

DRSaPiQe SRl\PeUi]aWiRQ 
ZaWeU 

- - - 35 40 10 

SeCh eQcaSVXlaWiRQ 
PeWhRd I ZaWeU 

SeCh 15 - 35 40 10 

TSeCh eQcaSVXlaWiRQ 
PeWhRd I lRZeUed ZaWeU 
cRQWeQW 

SeCh 15 - 20 40 10 

SePSSS eQcaSVXlaWiRQ 
PeWhRd I ZaWeU 

SePSSS 20 - 35 40 10 

SePSSS eQcaSVXlaWiRQ 
PeWhRd I lRZeUed ZaWeU 
cRQWeQW 

SePSSS 20 - 15 40 10 

 

4.4.2 Encapsulation method II 
IQ Whe eQcaSVXlaWiRQ PeWhRd II bRWh SURceVVeV Rf QaQRSaUWicleV V\QWheViV aQd eQcaSVXlaWiRQ 
aUe iQ SURgUeVV ViPXlWaQeRXVl\, aV iW iV deVcUibed iQ FigXUe 18. SeleQiXP ValWV WRgeWheU 
ZiWh dRSaPiQe aUe iQWURdXced WR baVic eQYiURQPeQW Rf 0.01 M TUiV-HCl (SH 8.5). The R[idaWiYe 
Velf-SRl\PeUi]aWiRQ Rf dRSaPiQe WR SRl\dRSaPiQe cUeaWeV UedXcWiYe eQYiURQPeQW fRU VeleQiXP 
QaQRSaUWicleV fRUPaWiRQ. The SRl\PeUi]aWiRQ iV dUiYeQ b\ Whe e[iVWeQce Rf R[\geQ 
iQ VXUURXQdiQg aQd laVW 24 hRXUV. The VchePaWic UeSUeVeQWaWiRQ Rf Whe eQcaSVXlaWiRQ PeWhRd I 
iV deSicW iQ FigXUe 18. 
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Figure 18: Schematic description of nanoparticle preparation and encapsulation method II. 

    A VaPSle, Zhich UeSUeVeQWV Whe eQcaSVXlaWiRQ PeWhRd II ZiWhRXW XViQg aVcRUbic acid ZaV 
SUeSaUed b\ Pi[iQg 15 Pl Rf VeleQiXP WeWUachlRUide, 40 Pg Rf dRSaPiQe, aQd 75 �l Rf 25 % 
aPPRQiXP h\dUR[ide. The laVW VaPSle, Zhich UeSUeVeQWV Whe eQcaSVXlaWiRQ PeWhRd II, Zhile 
XViQg aVcRUbic acid ZaV SUeSaUed b\ cRPbiQiQg 15 Pl VeleQiXP WeWUachlRUide ZiWh 40 Pg 
Rf dRSaPiQe aQd 75 ȝl 25 % aPPRQiXP h\dUR[ide. AfWeU 24 hRXUV 2.5 Pl Rf 100 PM aVcRUbic 
acid VRlXWiRQ ZaV added. The Pi[ ZaV VWiUUed XQdeU 150 USP aQd heaWed WR 160 �C fRU WZR 
PiQXWeV jXVW like SePSSS ZaV SUeSaUed. 

Table 3: Preparation of last two samples. 

SaPSle 
SeleQiXP 
WeWUachlRUide [ml΁ 

DRSaPiQe 
[Pg΁ 

APPRQiXP 
h\dUR[ide [�l΁ 

AVcRUbic 
acid [ml΁ 

EQcaSVXlaWiRQ PeWhRd II 
ZiWhRXW AA 

15 40 75 - 

EQcaSVXlaWiRQ PeWhRd II 
ZiWh AA 

15 40 75 2.5 

   

  All VaPSleV ZeUe ceQWUifXgaWed fRU 10 PiQXWeV aW 4200 USP aQd ZaVhed b\ XlWUa-SXUe ZaWeU. 
ThiV SURceVV ZaV UeSeaWed aW leaVW WZR WiPeV iQ a URZ. 

4.4.3 Washout and re-dispersion of encapsulated selenium nanoparticles 
IPPediaWel\ afWeU fiQiVhiQg Whe eQcaSVXlaWiRQ iQ dRSaPiQe, Whe Pi[WXUe Rf Whe V\QWheViV 
SURdXcWV ZaV ceQWUifXged (5804 R ceQWUifXge ESSeQdRUf, GeUPaQ\) aW 10 �C. The SUeciSiWaQW 
ZaV diVSeUVed 3 WiPeV iQ abRXW 50 Pl Rf XlWUaSXUe ZaWeU ceQWUifXged aW 10 �C. AfWeU laVW 
ceQWUifXgaWiRQ, Whe SUeciSiWaQW Rf ZaVhRXW eQcaSVXlaWed VeleQiXP QaQRSaUWicleV ZaV cRllecWed 
fRU fXUWheU aQal\ViV. 
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4.5 Ph\sicochemical characteri]ation of encapsulated selenium nanoparticles 
4.5.1 Morpholog\ and si]e evaluation 
SWUXcWXUe, PRUShRlRg\ aQd Vi]e diVWUibXWiRQ Rf VeleQiXP QaQRSaUWicleV ZeUe deWeUPiQed XViQg 
VcaQQiQg elecWURQ PicURVcRSe ZiWh VcaQQiQg WUaQVPiVViRQ elecWURQ PicURVcRS\ iPagiQg (SEM, 
MIRA3, TeVcaQ, C]ech ReSXblic). A VPall dURSleW (20 �l) Rf highl\ dilXWed QaQRSaUWicleV 
ZeUe aSSlied RQ cRSSeU PeVh ZiWh caUbRQ filP (S160, agaU VcieQWific, UQiWed KiQgdRP) 
aQd ZeUe leW dUied iQ deViccaWRU RYeUQighW. IPageV ZeUe acTXiUed aW PagQificaWiRQV UaQgiQg 
fURP 5 k[ ± 75 k[ XViQg deWecWRUV Rf VecRQdaU\ elecWURQV aQd WUaQVPiWWed elecWURQV. The iPageV 
ZeUe chaUacWeUi]ed XViQg VRfWZaUe IPage J. The Vi]eV Rf QaQRSaUWicleV ZeUe PeaVXUed, 
aSSUR[iPaWed WR ciUcle aQd WheiU VXUfaceV ZeUe calcXlaWed.  

4.5.2 Chemical structure characteri]ation 
ChePical VWUXcWXUe Rf VeleQiXP QaQRSaUWicleV ZaV eYalXaWed XViQg FRXUieU-WUaQVfRUPed iQfUaUed 
VSecWURShRWRPeWeU ZiWh aWWeQXaWed WRWal UeflecWaQce eTXiSSed ZiWh diaPRQd cU\VWal 
(ATR-FTIR, VeUWe[ 70/70Y, BUXkeU, GeUPaQ\). PUiRU WR Whe PeaVXUePeQW, QaQRSaUWicleV ZeUe 
dUied RXW XViQg a YacXXP dU\eU (VacXcell 55 cRPfRUW YacXXP dU\eU BMM gURXS, GeUPaQ\) 
fRU 16 hRXUV aW 35 �C. FRllRZiQg PeaVXUePeQW SaUaPeWeUV ZeUe VeW 1.01 hPa SUeVVXUe leYel, 
4000 ± 700 cP-1 VSecWUal UaQge, 64 VcaQV ZiWh UeVRlXWiRQ 4 cP-1. ReVXlWV ZeUe e[SRUWed 
aQd eYalXaWed. 
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5 RESULTS AND DISCUSSION 
5.1 Characteri]ation of selenium nanoparticles 
5.1.1 Concentration determination of selenium nanoparticles stabili]ed b\ chitosan 
The cRQceQWUaWiRQ Rf VeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ ZaV deWeUPiQed aW MeQdel 
UQiYeUViW\ iQ BUQR. The e[acW cRQceQWUaWiRQ Rf QaQRSaUWicle VRlXWiRQ ZaV 7.9867 PM.[75] 

5.1.2 Concentration determination of selenium nanoparticles stabili]ed b\ 
pol\ (sodium 4-st\renesulfonate) 

The cRQceQWUaWiRQ Rf VeleQiXP QaQRSaUWicleV VWabili]ed b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) 
ZaV deWeUPiQed b\ WiWUaWiRQ XViQg a VWaQdaUdi]ed SRWaVViXP SeUPaQgaQaWe VRlXWiRQ. BecaXVe 
Whe cRQceQWUaWiRQ Rf VeleQiXP QaQRSaUWicleV ZaV lRZ aQd Whe VPall YRlXPe Rf KMQO4 
ZaV Qeeded, Whe WiWUaWiRQ VRlXWiRQ ZaV dilXWed iQ a 1:9 UaWiR ZiWh XlWUa-SXUe ZaWeU, WR achieYe 
PRUe accXUaWe UeVXlWV. The aYeUage cRQceQWUaWiRQ ZaV deWeUPiQed WR 0.54186 PM, accRUdiQg 
WR  Table 4. 

Table 4: Results of titration using KMnO4. 

 
VRlXPe Rf KMQO4 XVed fRU WiWUaWiRQ [Pl] CRQceQWUaWiRQ Rf VeleQiXP QaQRSaUWicleV [ȝM] 

1. 2.3 542 

2. 2.3 542 

3. 2.3 542 

 

    TiWUaWiRQ iV WiPe-cRQVXPiQg WechQiTXe, Zhich caQQRW be XVed effecWiYel\ fRU fXUWheU VWXdieV 
UelaWiQg WR cRQceQWUaWiRQ deWeUPiQaWiRQ Rf VeleQiXP QaQRSaUWicleV (e.g. UeleaVe Rf VeleQiXP 
QaQRSaUWicleV fURP diViQWegUaWiQg SRl\dRSaPiQe Vhell). SRlXWiRQ Rf VeleQiXP QaQRSaUWicleV haYe 
chaUacWeUiVWic RUaQge WiQW, WhaW iV cRQceQWUaWiRQ deSeQdeQW. UViQg WhiV kQRZledge, UV/VIS 
VSecWURVcRS\ ZaV chRVeQ WR VeW calibUaWiRQ liQe fRU fXWXUe cRQceQWUaWiRQ-UelaWed VWXdieV. 
WiWh kQRZQ cRQceQWUaWiRQ Rf VeleQiXP QaQRSaUWicleV, Whe calibUaWiRQ liQe VeWWiQg ZaV ViPSl\ 
dRQe. The calibUaWiRQ liQe, VhRZQ iQ, ZaV VeW XViQg WheVe UeVXlWV aQd Whe calibUaWiRQ eTXaWiRQ 
ZaV calcXlaWed XViQg MS E[cel. 
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 Figure 19: The calibration line for selenium nanoparticles. 

 
Figure 20: The absorbation spectrum of selenium nanoparticles with concentration 125 nM. 

    AccRUdiQg WR FigXUe 20, VeleQiXP QaQRSaUWicleV Ueach WheiU Pa[iPXP abVRUSWiRQ 
aURXQd 269 QP. The cRQceQWUaWiRQV Rf VRlXWiRQV XVed fRU calibUaWiRQ liQe, aV Zell aV WheiU 
Pa[iPXP abVRUSWiRQV aUe VhRZQ iQ  Table 5. 

Table 5: The absorptions of calibration line at 269 nm. 

 
  

1. 2. 3. 4. 5. 

c [QM]: 150 125 100 75 50 
A269 [-]: 0.957078 0.80423 0.649418 0.492283 0.33241 
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5.1.3 Morpholog\ and si]e evaluation 
BRWh kiQdV Rf QaQRSaUWicleV ZeUe VWXdied XViQg VcaQQiQg elecWURQ PicURVcRS\ eTXiSSed 
ZiWh deWecWRU fRU VecRQdaU\ elecWURQV (SE) aQd deWecWRU fRU WUaQVPiWWed elecWURQV (STEM).  
FigXUe 21 VhRZV Whe SE aQd STEM iPage Rf VeleQiXP QaQRSaUWicleV VWabili]ed iQ chiWRVaQ. 
CiUcle-VhaSed ZhiWe RbjecWV iQ Whe lefW iPage acTXiUed b\ SE deWecWRU aQd black RbjecWV 
iQ Whe UighW iPage TXiUed XViQg STEM deWecWRU deSicWV VeleQiXP QaQRSaUWicleV. 
The gUe\-cRlRUed clRXdV lRcali]ed aURXQd Whe QaQRSaUWicleV belRQgV WR Whe chiWRVaQ, a SRl\PeU 
XVed aV a VWabili]eU fRU Whe QaQRSaUWicleV. IQ IPage J VRfWZaUe Vi]eV Rf QaQRSaUWicleV, 
ZiWhRXW chiWRVaQ aggUegaWeV, ZeUe PeaVXUed. The Vi]e diVWUibXWiRQ aQal\ViV caUUied RXW iQ IPage 
J VRfWZaUe eYalXaWed Whe PiQiPal Vi]e Rf VeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ WR be 
22.41 QP, Whe laUgeVW Vi]e WR be 150 QP.  

 
Figure 21: SE and STEM images of selenium nanoparticles stabili]ed b\ chitosan. 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Si]e distribution of selenium nanoparticles stabili]ed 
b\ chitosan. 
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    CRQWUaU\ WR Whe VeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ, Zhich ZeUe SUeSaUed 
b\ VWaQdaUdi]ed PeWhRd SURYided b\ MeQdel UQiYeUViW\, Whe VeleQiXP QaQRSaUWicleV VWabili]ed 
b\ (VRdiXP 4-VW\UeQeVXlfRQaWe) ZeUe fiUVWl\ SUeSaUed jXVW fRU Whe SXUSRVeV WR WhiV WheViV. 
DXe WR WhiV, Whe V\QWheViV Rf Whe QaQRSaUWicleV ZaV QRQ-RSWiPi]ed aQd VXSeUQaWaQW 
aQd SUeciSiWaWe Rf WheVe QaQRSaUWicleV ZeUe VWXdied VeSaUaWel\. CaSWXUed iPageV deSicW 
Whe QaQRSaUWicleV VeSaUaWed b\ fiUVW ceQWUifXgal c\cle. NaQRSaUWicleV Zhich ZeUe SUeVeQWed 
iQ Whe VXSeUQaWaQW, ZeUe PRUe UegXlaUl\ diVSeUVed aQd QR clRXdV ZeUe RbVeUYed accRUdiQg 
WR FigXUe 23. IW iV SRVVible WR aVVXPe WhaW QaQRSaUWicleV iQ Whe VXSeUQaWaQW ZeUe VPalleU 
iQ aYeUage Vi]e iQ cRPSaUiVRQ WR QaQRSaUWicleV VWabili]ed iQ chiWRVaQ. The VhaSe 
Rf QaQRSaUWicleV iQ Whe VXSeUQaWaQW ZaV PaiQl\ ciUcXlaU, feZ QaQRSaUWicle aggUegaWeV ZeUe 
RbVeUYed. AV iW iV VhRZQ iQ FigXUe 24, QaQRSaUWicleV VWabili]ed 
b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) ZeUe VPalleU iQ Vi]e, PiQiPal Vi]e Rf QaQRSaUWicleV 
iQ Whe VXSeUQaWaQW ZaV 10.5 QP aQd Whe laUgeVW ZaV 97.5 QP. 

 
Figure 23: SE and STEM images of selenium nanoparticles stabili]ed 

b\ pol\ (sodium 4-st\renesulfonate) supernatant. 
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Figure 24: Si]e distribution of selenium nanoparticles stabili]ed in pol\ (sodium 4-st\renesulfonate) 

supernatant. 

    The SUeciSiWaWe Rf VeleQiXP QaQRSaUWicleV VWabili]ed b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) did 
QRW cRQWaiQ SURWecWiQg ageQW clRXdV accRUdiQg WR FigXUe 25. AggUegaWeV iQ SUeciSiWaWe ZeUe PRUe 
cRPPRQ aQd laUgeU iQ cRPSaUiVRQ WR Whe VXSeUQaWaQW. The VPalleVW QaQRSaUWicleV iQ SUeciSiWaWe 
ZeUe 13 QP aQd Whe biggeVW ZaV 101 QP. DXe WR Whe beWWeU diVSeUViRQ Rf Whe VeleQiXP 
QaQRSaUWicleV diVSeUVed iQ Whe VXSeUQaWaQW, WhiV SRUWiRQ Rf VeleQiXP QaQRSaUWicleV ZaV 
fXUWheU XVed iQ Whe aQal\ViV afWeU SURSeU ZaVhRXW WUeaWPeQW. 

 

Figure 25: SE and STEM images of selenium nanoparticles stabili]ed 
b\ pol\ (sodium 4-st\renesulfonate) precipitate. 
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Figure 26: Si]e distribution of selenium nanoparticles stabili]ed b\ pol\ (sodium 4-st\renesulfonate) 

precipitate. 

    CRPSaUiQg Whe fiQal hiVWRgUaPV Rf QaQRSaUWicle Vi]e diVWUibXWiRQ, iW iV RbYiRXV WhaW FigXUe 22, 
Zhich deVcUibeV Whe Vi]e diVWUibXWiRQ Rf VeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ, 
haV Whe biggeVW aYeUage Vi]e Rf QaQRSaUWicleV. TR be SUeciVe, Whe Vi]e Rf XS WR 32 % 
Rf QaQRSaUWicleV la\V ZiWhiQ 40-60 QP iQWeUYal aQd Whe VaPe aPRXQW, aSSUR[iPaWel\ 32 % 
Rf QaQRSaUWicleV iV biggeU WhaQ 70 QP iQ Vi]e. OQ Whe RWheU haQd, FigXUe 24 aQd FigXUe 26, 
Zhich UeSUeVeQW Whe Vi]e diVWUibXWiRQ Rf VeleQiXP QaQRSaUWicleV VWabili]ed 
b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe), VhRZ a PXch VPalleU aYeUage Vi]e Rf QaQRSaUWicleV. 
IQ bRWh gUaShV, Whe PaiQl\ UeSUeVeQWed QaQRSaUWicleV aUe 30 QP aQd VPalleU. AccRUdiQg 
WR FigXUe 24, PRUe WhaQ 41 % Rf all QaQRSaUWicleV cRQWaiQed iQ Whe VXSeUQaWaQW iV VPalleU 
WhaQ 30 QP aQd 2.24 % iV biggeU WhaQ 70 QP. PUeciSiWaWe deVcUibed b\ FigXUe 26, cRQWaiQV 
aSSUR[iPaWel\ 37 % Rf QaQRSaUWicleV VPalleU WhaQ 30 QP aQd 2.73 % Rf all QaQRSaUWicleV 
iQ Whe SUeciSiWaWe iV biggeU WhaQ 70 QP.    The PRVW cRQYeQieQW VeleQiXP QaQRSaUWicleV fRU RXU 
aSSlicaWiRQ, VeeP WR be Whe VXSeUQaWaQW Rf VeleQiXP QaQRSaUWicleV VWabili]ed 
iQ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe). IW cRQWaiQV QR clRXdV, Pade fURP SURWecWiQg ageQW, WhaW 
cRXld SRVVibl\ iQhibiW Whe eQcaSVXlaWiRQ, aQd feZeU aggUegaWeV aUe fRUPed. AlVR, Whe aYeUage 
Vi]e Rf QaQRSaUWicleV iV PXch VPalleU, aSSUR[iPaWel\ 75 % Rf all QaQRSaUWicleV iV VPalleU WhaQ 
40 QP aQd laUgeU QaQRSaUWicleV aUe UaUel\ UeSUeVeQWed. LaVWl\, a bR[SlRW VhRZQ iQ FigXUe 27, 
ZaV cUeaWed XViQg calcXlaWed daWa Rf QaQRSaUWicle VXUfaceV iQ MS E[cel. ThiV bR[SlRW ZaV Pade 
iQ RUdeU WR cRPSaUe Whe Vi]e diVWUibXWiRQ aPRQg all QaQRSaUWicleV XWili]ed iQ Whe WheViV. 
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Figure 27: The bo[plot representing calculated particle si]es of selenium nanoparticles stabili]ed 

b\ PSSS in supernatant, precipitate, and selenium nanoparticles stabili]ed b\ chitosan. 

5.1.4 Chemical structure characteri]ation 
MeWhRd Rf iQfUaUed VSecWURPeWU\ ZaV XVed PaiQl\ WR cRPSaUe diffeUeQceV beWZeeQ Whe VSecWUXP 
Rf VeleQiXP QaQRSaUWicleV ZiWh diffeUiQg SURWecWiQg ageQWV. The SeakV Rf VeleQiXP caQQRW be 
RbVeUYed iQ FTIR VSecWUa, becaXVe SeakV UeSUeVeQWiQg iQRUgaQic PaWWeU la\ aW lRZeU 
ZaYeQXPbeUV. BecaXVe Rf WhaW, RQl\ SeakV aWWUibXWed WR chiWRVaQ aUe VWXdied. The FTIR 
VSecWUa Rf SRl\PeUV, b\ Zhich Whe VeleQiXP QaQRSaUWicleV aUe VWabili]ed, ZeUe VWXdied. 
The FTIR VSecWUXP Rf a YacXXP dUied VeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ iV VhRZQ 
iQ FigXUe 28. The O-H Seak caQ be RbVeUYed aW 3334 cP-1, a VPalleU Seak aW 2914 cP-1 
UeSUeVeQWV Whe C-H gURXS. The higheVW Seak Rf Whe VSecWUXP belRQgV WR Whe N-H gURXS 
aQd iV lRcaWed aW 1564 cP-1. LaVW WZR iPSRUWaQW SeekV aUe Whe C-N Seak aW 1405 cP-1 
aQd Whe Seak Rf Whe C-O gURXS aW 1068 cP-1. 
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Figure 28: FTIR spectrum of selenium nanoparticles stabili]ed b\ chitosan. 

    The FTIR VSecWUXP Rf VeleQiXP QaQRSaUWicleV VWabili]ed 
b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) iV VhRZQ iQ FigXUe 29. The SeakV Rf VeleQiXP aUe 
QRW VhRZQ iQ Whe FTIR VSecWUXP, becaXVe Whe SeakV Rf iQRUgaQic PaWWeU aUe YiVible aW PXch 
lRZeU ZaYeQXPbeUV. IQ WhiV FTIR VSecWUXP RQl\ SeakV Rf SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) aUe 
VhRZQ. The -OH Seak la\V aW 3367 cP-1 aQd iV fRllRZed b\ Whe C-H Seak aW 2958 cP-1. 
SWUeWchiQg YibUaWiRQV Rf Whe C=C gURXS caQ be RbVeUYed aW 1741 cP-1. The higheVW Seak Rf WhiV 
VSecWUXP la\V aW 1081 cP-1 aQd UeSUeVeQWV Whe SUeVeQce Rf Whe S=O gURXS. 

 
Figure 29: FTIR spectrum of selenium nanoparticles stabili]ed b\ pol\ (sodium 4-st\renesulfonate). 
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5.2 Encapsulation b\ pH-induced self-pol\meri]ation of dopamine 
The SRl\PeUi]aWiRQ Rf dRSaPiQe iQ baVic VRlXWiRQ Rf baVic (SH 8.5) 0.01M TUiV-HCl bXffeU 
iV fRllRZed b\ cRlRXU-chaQge. AW Whe begiQQiQg Rf Whe SRl\PeUi]aWiRQ all Whe VaPSleV ZeUe cleaU 
iQ cRlRXU RU cleaU ZiWh RUaQge WiQW, caXVed b\ Whe SUeVeQce Rf Sale RUaQge VeleQiXP QaQRSaUWicleV 
iQ Whe VRlXWiRQ. E[aPSleV Rf RUigiQal VaPSle cRlRXU aUe VhRZQ iQ FigXUe 30.  

 
Figure 30: Samples prepared to undergo the pol\meri]ation, on the left side sample without selenium 

nanoparticles present, on the right side samples containing selenium nanoparticles. 

    SaPSleV ZeUe lefW WR XQdeUgR Whe SRl\PeUi]aWiRQ UeacWiRQ, iQ RUdeU WR eQcaSVXlaWe, 
fRU 24 hRXUV. SaPSleV UeSUeVeQWiQg Whe eQcaSVXlaWiRQ PeWhRd II XQdeUZeQW QaQRSaUWicle 
V\QWheViV aQd eQcaSVXlaWiRQ aW Whe VaPe WiPe. E[acW cRlRXU chaQgeV aUe deVcUibed iQ  Table 6. 

Table 6: Colour changes during encapsulation. 

SaPSle cRlRXU aW Whe begiQiQg fiQal cRlRXU afWeU 24 hRXUV 

DRSaPiQe SRl\PeUi]aWiRQ  cleaU black 

SeCh eQcaSVXlaWiRQ PeWhRd I  cleaU ZiWh RUaQge WiQW black 

DRSaPiQe SRl\PeUi]aWiRQ  cleaU bURZQ 

SeCh eQcaSVXlaWiRQ PeWhRd I cleaU ZiWh RUaQge WiQW RUaQge 

SeCh eQcaSVXlaWiRQ PeWhRd I 
lRZeUed ZaWeU cRQWeQW cleaU ZiWh RUaQge WiQW RUaQge 

SePSSS eQcaSVXlaWiRQ PeWhRd I  cleaU ZiWh RUaQge WiQW black 

SePSSS eQcaSVXlaWiRQ PeWhRd I 
lRZeUed ZaWeU cRQWeQW cleaU ZiWh RUaQge WiQW black 

EQcaSVXlaWiRQ PeWhRd II ZiWhRXW AA cleaU black 

EQcaSVXlaWiRQ PeWhRd II ZiWh AA cleaU RUaQge 
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5.2.1 Morpholog\ and si]e evaluation 
Pol\dopamine  

The VaPSle cRQWaiQiQg dRSaPiQe iQ aTXeRXV eQYiURQPeQW, ZaV SUeSaUed iQ RUdeU WR VWXd\ 
dRSaPiQe SRl\PeUi]aWiRQ. IQ FigXUe 31 Whe SRl\dRSaPiQe bXlkV aUe VhRZQ. AV caQ be VeeQ, 
Whe iQWeUeVWiQg SURSeUW\ Rf dRSaPiQe SRl\PeUi]aWiRQ iV WhaW eYeQ ZiWhRXW VeleQiXP 
QaQRSaUWicleV SUeVeQW iQ Whe eQYiURQPeQW, SRl\dRSaPiQe fRUPV caSVXle-like VWUXcWXUeV. 
TheVe iPageV iPSl\ SRVVibiliW\ Rf SRl\dRSaPiQe WR eQcaSVXlaWe QaQRSaUWicleV.  

 
Figure 31:The SE and STEM images of obtained pol\dopamine. 

Encapsulation method I ± Selenium nanoparticles stabili]ed b\ chitosan 

FigXUe 32 deSicWV VeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ eQcaSVXlaWed 
b\ Whe eQcaSVXlaWiRQ PeWhRd I SURcedXUe. IQ WheVe iPageV, SRl\PeUic aggUegaWeV fRUPed 
aURXQd QaQRSaUWicleV caQ be RbVeUYed. ThiV SheQRPeQRQ iV caXVed b\ XViQg chiWRVaQ 
aV a SURWecWiQg ageQW iQ QaQRSaUWicle V\QWheViV. DeVSiWe VXcceVVfXl SRl\PeUi]aWiRQ, VeleQiXP 
QaQRSaUWicleV VWabili]ed b\ chiWRVaQ aUe QRW VXiWable fRU Whe eQcaSVXlaWiRQ becaXVe QaQRSaUWicleV 
aUe eQcaSVXlaWed iQ bXlkV QRW VeSaUaWel\.  

 
Figure 32:The SE and STEM images of selenium nanoparticles stabili]ed b\ chitosan 

and encapsulated in pol\dopamine using the encapsulation method I. 
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    LRZeUiQg Whe ZaWeU cRQWeQW iQ baVic SRl\PeUi]aWiRQ VRlXWiRQV Rf 0.01M TUiV-HCl did QRW helS 
fRUPaWiRQ Rf SRl\dRSaPiQe caSVXleV aURXQd VeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ. 
IQ FigXUe 45, QaQRSaUWicleV eQcaSVXlaWed iQ bXlkV aQd SRl\PeUic aggUegaWeV caQ be RbVeUYed. 
AlWhRXgh WheVe aggUegaWeV VeeP leVV bXlk\, VWill Whe eQcaSVXlaWiRQ Rf QaQRSaUWicleV 
ZaV QRW achieYed aV SURSRVed.  

 
Figure 33:The SE and STEM images of selenium nanoparticles stabili]ed b\ chitosan 

and encapsulated in pol\dopamine using the encapsulation method I, with lowered water content. 

    AlVR, becaXVe Rf WheVe aggUegaWeV Whe Vi]eV Rf eQcaSVXlaWed QaQRSaUWicleV caQQRW be PeaVXUed 
SURSeUl\ XViQg IPage J SURgUaP. BecaXVe Rf WhaW, Whe Vi]e diVWUibXWiRQ hiVWRgUaPV aUe QRW VhRZQ. 
AfWeU WheVe UeVXlWV Ze ZeUe Rbliged WR fiQd RWheU, PRUe VXiWable VeleQiXP QaQRSaUWicleV 
fRU Whe QeedV Rf WhiV W\Se Rf eQcaSVXlaWiRQ. 

Encapsulation method I ± Selenium nanoparticles stabili]ed 
b\ pol\ (sodium 4-st\renesulfonate) 

IQ Whe SUeSaUaWiRQ SURceVVeV Rf fRllRZiQg VaPSleV, Whe VeleQiXP QaQRSaUWicleV VWabili]ed 
iQ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) ZeUe XVed, iQ RUdeU WR VWRS SRl\dRSaPiQe iQWeUacWiRQV 
ZiWh SURWecWiQg ageQW. PUeYiRXVl\ WhiV caXVed SURdXcWiRQ Rf SRl\PeUic aggUegaWeV, 
Zhich did QRW allRZ ViQgle QaQRSaUWicle eQcaSVXlaWiRQ. AV iW iV YiVible iQ FigXUe 34, ViQgle 
QaQRSaUWicleV VeeP WR be eQcaSVXlaWed. EYeQ WhRXgh VRPe lighWeU iQWeUacWiRQ aQd aggUegaWiRQ 
caQ be RbVeUYed aV Zell, SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) acWed aV beWWeU SURWecWiQg SRl\PeU 
SeUPiWWiQg Whe eQcaSVXlaWiRQ Rf VeleQiXP QaQRSaUWicleV.  
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Figure 34: The SE and STEM images of selenium nanoparticles stabili]ed 

b\ pol\ (sodium 4-st\renesulfonate) and encapsulated in pol\dopamine using the encapsulation 
method I. 

 
Figure 35: The si]e distribution of encapsulated selenium nanoparticles stabili]ed 
b\ pol\ (sodium 4-st\renesulfonate, prepared according to encapsulation method I. 

    The Vi]e diVWUibXWiRQ Rf WhiV VaPSle, VhRZQ iQ FigXUe 35, SURYeV WhaW Whe UadiXV 
Rf eQcaSVXlaWed QaQRSaUWicleV iQcUeaVed ZheQ cRPSaUed WR QRQ-eQcaSVXlaWed QaQRSaUWicleV. 
MRUe WhaQ 80 % Rf PeaVXUed QaQRSaUWicleV aUe VPalleU WhaQ 300 QP. ASSUR[iPaWel\ 14 % 
Rf PeaVXUed QaQRSaUWicleV la\ ZiWhiQ Whe iQWeUYal fURP 300 WR 400 QP aQd leVV WhaQ 1 % Rf WheVe 
QaQRSaUWicleV aUe biggeU WhaQ 500 QP. 

    IW iV ZRUWh-PeQWiRQiQg WhaW WheVe SRl\dRSaPiQe caSVXleV aURXQd QaQRSaUWicleV 
ZeUe UelaWiYel\ XQVWable. DXUiQg Whe VcaQQiQg Rf Whe eQcaSVXlaWed QaQRSaUWicleV XViQg SEM 
Wh SaUWicleV diViQWegUaWed XSRQ lRQgeU e[SRViWiRQ WR 5 kV elecWURQ beaP. The eQcaSVXlaWed 
VeleQiXP QaQRSaUWicleV diViQWegUaWed alVR XSRQ WiPe Rf VWRUage. AccRUdiQg WR FigXUe 36, 
Whe SRl\PeUic Vhell ZaV QRW VWable afWeU 24 hRXUV iQ Whe UefUigeUaWRU. The SRl\dRSaPiQe cRaWiQg 
VWaUWed WR diViQWegUaWe.  
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Figure 36: The SE image of encapsulated selenium nanoparticles stabili]ed 

b\ pol\ (sodium 4-st\renesulfonate), prepared according to encapsulation method I after 24 hours 
in the refrigerator. 

    AfWeU 48 hRXUV iQ Whe UefUigeUaWRU, Whe SRl\dRSaPiQe VhellV cRPSleWel\ fell aSaUW. 
PRl\dRSaPiQe WheQ VWaUWed WR fRUP aggUegaWeV, aV caQ be RbVeUYed iQ FigXUe 37.  

 
Figure 37: The SE and STEM images of encapsulated selenium nanoparticles stabili]ed 

b\  pol\ (sodium 4-st\renesulfonate), prepared according to encapsulation method I after 48 hours 
in the refrigerator. 

    The iQflXeQce Rf lRZeUed ZaWeU cRQWeQW RQWR fRUPaWiRQ Rf SRl\dRSaPiQe caSVXleV ZaV 
RbVeUYed aV Zell. 

    Ne[W VaPSle ZaV SUeSaUed ViPilaUl\ WR Whe SUeYiRXV VaPSle, bXW Whe cRQWeQW Rf XlWUa-SXUe 
ZaWeU ZaV cXW dRZQ WR 15 Pl. CRPSaUiQg SE aQd STEM iPageV Rf FigXUe 34 aQd FigXUe 38, 
Whe QaQRSaUWicleV eQcaSVXlaWed iQ baVic VRlXWiRQ ZiWh lRZeU ZaWeU QRW SURYide VeSaUaWel\ 
eQcaSVXlaWed QaQRSaUWicleV, becaXVe Rf SRl\dRSaPiQe, Zhich fRUPV biggeU aggUegaWeV. 
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Figure 38: The SE and STEM images of selenium nanoparticles stabili]ed 

b\ pol\ (sodium 4-st\renesulfonate) and encapsulated in pol\dopamine using encapsulation method I, 
with lowered water content. 

 
Figure 39: The si]e distribution of encapsulated selenium nanoparticles stabili]ed 

b\ pol\ (sodium 4-st\renesulfonate), prepared according to encapsulation method I, with lowered 
water content. 

IQ IPage J PeaVXUed Vi]e diVWUibXWiRQ Rf VeleQiXP QaQRSaUWicleV VWabili]ed 
b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe), SUeSaUed accRUdiQg WR eQcaSVXlaWiRQ PeWhRd I, 
ZiWh lRZeUed ZaWeU cRQWeQW iV VhRZQ iQ FigXUe 39. IW iV RbYiRXV, WhaW PRVW Rf Whe QaQRSaUWicleV 
la\V ZiWhiQ 200 WR 300 QP iQWeUYal. OQl\ aSSUR[iPaWel\ 2 % Rf PeaVXUed QaQRSaUWicleV iV biggeU 
WhaQ 500 QP.  
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Figure 40: The bo[plot containing calculated surfaces of selenium nanoparticles stabili]ed b\ PSSS 

encapsulated in pol\dopamine using encapsulation method I. 

    The bR[SlRW UeSUeVeQWiQg Whe calcXlaWed SaUWicle Vi]eV Rf VeleQiXP QaQRSaUWicleV VWabili]ed 
b\ PSSS eQcaSVXlaWed iQ SRl\dRSaPiQe XViQg eQcaSVXlaWiRQ PeWhRd I, 
ZiWh aQd ZiWhRXW Whe lRZeUed ZaWeU cRQWeQW iV VhRZQ iQ FigXUe 40. IW iV RbYiRXV WhaW 
QaQRSaUWicleV, Zhich ZeUe SUeSaUed ZiWh QRUPal ZaWeU YRlXPe caPe RXW VPalleU iQ Vi]e, ZheQ 
cRPSaUed WR QaQRSaUWicleV SUeSaUed ZiWh lRZeU ZaWeU cRQWeQW. AV iW iV RbYiRXV fURP Whe bR[SlRW 
eQcaSVXlaWed QaQRSaUWicleV aUe PXch biggeU WhaQ SXUe QaQRSaUWicleV, ZhaW iV XQdeUVWaQdable 
cRQVideUiQg Whe added SRl\dRSaPiQe Vhell.  

Encapsulation method II 

PUiQciSle Rf Whe eQcaSVXlaWiRQ PeWhRd II lieV iQ XViQg UedXcWiYe eQYiURQPeQW fRUPed 
b\ Whe R[idaWiYe SRl\PeUi]aWiRQ Rf dRSaPiQe fRU V\QWheViV Rf VeleQiXP QaQRSaUWicleV aQd WheiU 
eQcaSVXlaWiRQ in situ. IQ WhiV PeWhRd, SRl\dRSaPiQe Vhell acW aV VWabili]eU Rf fabUicaWed 
QaQRSaUWicleV. 

    IW VeePV WhaW dRSaPiQe SRl\PeUi]aWiRQ ZaV VXcceVVfXl. AccRUdiQg WR FigXUe 41, Whe ViQgle 
QaQRSaUWicle eQcaSVXlaWiRQ VeePV WR be VXcceVVfXl, ZiWhRXW Whe fRUPaWiRQ Rf SRl\PeUic 
aggUegaWeV. SiQce QR RWheU VWabili]eU ZaV XVed fRU fabUicaWed QaQRSaUWicleV, SRl\dRSaPiQe cRXld 
cRYeU RQl\ Whe VXUface Rf Whe QaQRSaUWicleV. EQcaSVXlaWed QaQRSaUWicleV VeeP WR be eQcaSVXlaWed 
V\PPeWUicall\. 
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Figure 41: The SE and STEM images of encapsulated selenium nanoparticles prepared 

b\ the encapsulation method II, while not using the ascorbic acid. 

 

 
Figure 42: The si]e distribution of encapsulated selenium nanoparticles prepared 

b\ the encapsulation method II, while not using the ascorbic acid. 

    The Vi]e diVWUibXWiRQ hiVWRgUaP VhRZQ iQ FigXUe 42 SURYeV WhaW, VR SUeSaUed eQcaSVXlaWed 
QaQRSaUWicleV ZeUe PXch VPalleU iQ Vi]e, ZheQ cRPSaUed WR SUeYiRXVl\ VWXdied eQcaSVXlaWed 
QaQRSaUWicleV (SePSSS ± EQcaSVXlaWiRQ PeWhRd I, eWc.). MRVW Rf WheVe QaQRSaUWicleV la\V 
ZiWhiQ 170 WR 180 QP iQWeUYal. US WR 10 % Rf PeaVXUed QaQRSaUWicleV aUe biggeU WhaQ 200 QP. 

    The VaPSle ZaV alVR keSW iQ Whe UefUigeUaWRU. AV iW iV VhRZQ iQ FigXUe 43, eQcaSVXlaWed 
QaQRSaUWicleV ZeUe VWable afWeU 48 hRXUV iQ Whe UefUigeUaWRU. 
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Figure 43: The SE image of PDA_4D sample after 48 hours in refrigerator. 

    AddiWiRQ Rf aVcRUbic acid, a UedXcWiYe ageQW acceleUaWiQg Whe fabUicaWiRQ Rf QaQRSaUWicleV, 
iQWR dRSaPiQe VRlXWiRQ ZiWh VeleQiXP ValW UeVXlWed iQ SRl\dRSaPiQe aggUegaWeV (FigXUe 44). 
TheVe aggUegaWeV lRRked clRVel\ alike aV SRl\dRSaPiQe-cRaWed VeleQiXP QaQRSaUWicleV 
ZiWh chiWRVaQ aV VWabili]eU. NaQRSaUWicleV VeeP WR be VWXck WRgeWheU iQ bXlkV, feZ Rf WheP VWa\ed 
VeSaUaWe. IW caQ be aVVXPed WhaW Whe aVcRUbic acid iV QRQ-cRQWUibXWRU\ ZheQ iW cRPeV 
WR VXcceVVfXl V\QWheViV aQd eQcaSVXlaWiRQ Rf QaQRSaUWicleV XViQg Whe eQcaSVXlaWiQg PeWhRd II. 

 
Figure 44: The SE and STEM images of encapsulated selenium nanoparticles prepared 

b\ the encapsulation method II, while using the ascorbic acid. 
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Figure 45: The si]e distribution histogram of encapsulated selenium nanoparticles prepared 

b\ the encapsulation method II, while using ascorbic acid. 

    AV iW iV RbYiRXV fURP FigXUe 45, eQcaSVXlaWed VeleQiXP QaQRSaUWicleV SUeSaUed accRUdiQg 
WR Whe eQcaSVXlaWiRQ PeWhRd II aUe Whe VPalleVW iQ Vi]e. MRVW Rf PeaVXUed QaQRSaUWicleV la\ 
ZiWhiQ 60 WR 100 QP iQWeUYal. TheVe PighW QRW be Whe SUeciVe PeaVXUePeQWV Rf QaQRSaUWicleV, 
becaXVe WhiV VaPSle WeQdV WR fRUP aggUegaWeV a lRW. The Vi]e diffeUeQceV Rf WheVe VaPSleV 
aUe VhRZQ iQ FigXUe 46. 

  
Figure 46: The bo[plot of containing calculated surfaces of encapsulated selenium nanoparticles 

using encapsulation method II. 
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5.2.2 Chemical structure characteri]ation 
Pol\dopamine 

The FTIR VSecWUXP Rf dRSaPiQe aQd fiQal SRl\dRSaPiQe iV VhRZQ iQ FigXUe 47. The -OH Seak 
VlighWl\ VhifWed fURP 3205 cP-1 iQ Whe dRSaPiQe VSecWUXP WR 3194 cP-1 iQ Whe SRl\dRSaPiQe 
VSecWUXP. The -OH Seak Rf Whe SRl\dRSaPiQe iV PXch VWURQgeU aQd ZideU. ThiV cRXld be caXVed 
b\ Whe SUeVeQce Rf TUiV-HCl iQ Whe VaPSle. SWUeWchiQg YibUaWiRQV Rf C=O gURXSV 
iQ SRl\dRSaPiQe la\ aW 1581 cP-1 aQd 1281 cP-1 aQd diVaSSeaUed iQ Whe dRSaPiQe VSecWUXP. 
ThiV cRXld be caXVed b\ diffeUeQW SH leYelV. The SH leYel Rf SRl\dRSaPiQe iV higheU 
dXe WR Whe TUiV-HCl addiWiRQ (SH 8.5), Zhich caXVeV diVVRciaWiRQ Rf Whe -OH gURXSV 
iQ SRl\dRSaPiQe. The SeakV Rf C=C gURXSV la\ aSSUR[iPaWel\ aW Whe VaPe abVRUSWiRQ baQdV, 
aW 1504 cP-1 iQ SRl\dRSaPiQe aQd aW 1500 cP-1 iQ dRSaPiQe. IW VigQali]eV Whe beQ]eQe UiQg 
SUeVeQW iQ Whe VWUXcWXUe. OWheU chaUacWeUiVWic dRSaPiQe SeakV, VXch aV C-H aW 3045 cP-1, 
aQd 2958 cP-1, N-H aW 1618 cP-1, C-N aW 1286 cP-1 aQd C-O aW 1176 cP-1, aUe PiVViQg 
iQ Whe SRl\dRSaPiQe VSecWUXP. The lack Rf Whe C-H gURXS SeakV iQ SRl\dRSaPiQe 
iV dXe WR bRQdV, Zhich aUe cRQQecWiQg VWUXcWXUal VXbXQiWV iQ iWV VWUXcWXUe. ThiV cRXld VigQali]e 
Whe VXcceVVfXl Velf-SRl\PeUi]aWiRQ Rf dRSaPiQe. 

    The PaiQ diffeUeQce, WhaW caQ be RbVeUYed ZheQ cRPSaUed WR VSecWUa ZiWh SRWeQWiall\ 
SRl\PeUi]ed dRSaPiQe, iV WhaW RQe C-H gURXS iV PiVViQg fURP WheVe VSecWUa aQd Whe -OH Seak 
iV PXch ZideU aQd VPRRWheU. TheQ Whe SUeVeQce Rf Whe N-H gURXS, Zhich iV PiVViQg aW PaQ\ 
RWheU aQal\]ed VSecWUa aQd C-N gURXS, Zhich iV beVideV Whe dRSaPiQe VSecWUXP RbVeUYed RQl\ 
iQ VeleQiXP QaQRSaUWicleV VWabili]ed iQ Whe chiWRVaQ VSecWUXP. OWheU VaPSle VSecWUa 
did QRW cRQWaiQ WhiV Seak. ThiV cRXld be XVed aV a VigQ Rf Whe VXcceVVfXl SRl\PeUi]aWiRQ 
Rf dRSaPiQe. 

 

 
Figure 47: The FTIR spectra of dopamine and pol\dopamine. 
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Encapsulation method I ± Selenium nanoparticles stabili]ed b\ chitosan 

The FTIR VSecWUXP Rf Whe VeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ, eQcaSVXlaWed 
b\ Whe eQcaSVXlaWiRQ PeWhRd I, iV VhRZQ iQ FigXUe 48. The -OH Seak VlighWl\ VhifWed 
WR 3286 cP-1 aQd C-H SeakV aW 2873 cP-1 aQd aW 1415 cP-1 aURVe. The VWUeWchiQg YibUaWiRQV 
Rf C=O SeakV VhifWed WR 1635 cP-1 aQd 1377 cP-1 aQd Whe C=C Seak WR 1558 cP-1. TheVe VhifWV 
aUe QRW PaVViYe, VR ViPilaU SRl\dRSaPiQe chePical VWUXcWXUe iV aVVXPed. DiffeUeQceV 
aUe iQ QeZl\ accUXed SeakV VXch aV SUeYiRXVl\ PeQWiRQed C-H SeakV RU fRU chiWRVaQ 
chaUacWeUiVWic CH3-CO- gURXS SeakV aW 1315 cP-1 aQd 1149 cP-1. The laVW QeZ Seak 
iV fRU Whe C-O gURXS, aV Zell aV RWheU QeZ SeakV iW VigQali]eV Whe SUeVeQce Rf VeleQiXP 
QaQRSaUWicleV VWabili]ed b\ chiWRVaQ. UlWUa-SXUe ZaWeU cRQWeQW ZaV cXW dRZQ WR 20 Pl iQ Qe[W 
VaPSle, ZhRVe VSecWUXP iV alVR VhRZQ iQ FigXUe 48. IW iV RbYiRXV WhaW lRZeUiQg Whe ZaWeU cRQWeQW 
dXUiQg eQcaSVXlaWiRQ SURceVV did QRW SURYided aQ\ VigQificaQW diffeUeQce WR Whe FTIR VSecWUXP. 

 

 
Figure 48: The FTIR spectra of selenium nanoparticles stabili]ed b\ chitosan and selenium 

nanoparticles stabili]ed b\ chitosan encapsulated according to encapsulation method I. 

Encapsulation method I ± Selenium nanoparticles stabili]ed 
b\ pol\ (sodium 4-st\renesulfonate) 

The FTIR VSecWUXP Rf Whe VaPSle iV VhRZQ iQ FigXUe 50. The -OH gURXS Rf eQcaSVXlaWed 
QaQRSaUWicleV VWabili]ed b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) VlighWl\ VhifWed, iQ cRPSaUiVRQ 
ZiWh dRSaPiQe (3205 cP-1) aQd SXUe VeleQiXP QaQRSaUWicleV VWabili]ed 
b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) aW 3367 cP-1 WR 3169 cP-1. SWUeWchiQg YibUaWiRQV Rf C-H 
gURXSV fURP dRSaPiQe (3045 cP-1 aQd 2958 cP-1) aQd VeleQiXP QaQRSaUWicleV (2958 cP-1) 
VhifWed WR 2937 cP-1 aQd 835 cP-1 iQ WhiV VaPSle. The fiUVW C-H gURXS did QRW VhifW PXch 
fURP ZaYeQXPbeUV Rf C-H Seak iQ dRSaPiQe aQd VeleQiXP QaQRSaUWicleV VSecWUa. IW iV QRW TXiWe 
SUeciVe WR cRPSaUe Whe VecRQd C-H gURXS Seak Rf WhiV VaPSle WR laVW SeakV Rf dRSaPiQe 
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RU VeleQiXP QaQRSaUWicle VSecWUXP, becaXVe Whe SaUWV Rf WheVe SeakV la\ RQ Whe edge Rf VSecWUa 
aQd iW iV QRW SRVVible WR Well if Whe\ haYe alUead\ hiW WheiU higheVW SRiQWV. The C=C gURXS 
VWUeWchiQg YibUaWiRQV VhifWed fURP 1500 cP-1 iQ Whe dRSaPiQe VSecWUXP aQd fURP 1741 cP-1 
iQ Whe VeleQiXP QaQRSaUWicle VSecWUXP, WR 1599 cP-1, Zhich iV a PRUe UePaUkable VhifW 
WhaQ iQ SRl\dRSaPiQe VSecWUXP. ThiV gURXS iV chaUacWeUiVWic fRU PRlecXleV, Zhich cRQWaiQ 
aQ aURPaWic UiQg.  A hXge VhifW caQ be RbVeUYed ZiWh -NH gURXS, Zhich VhifWed fURP 1618 cP-1 
iQ dRSaPiQe WR 1508 cP-1 iQ WhiV VaPSle. ThiV PighW be caXVed b\ c\cli]aWiRQ aQd fRUPaWiRQ 
Rf Whe XSSeU UiQg iQ SRl\dRSaPiQe VWUXcWXUe.  The SeakV Rf Whe C=O gURXS aUe SUeVeQW iQ WhiV 
VSecWUXP aW 1284 cP-1 aQd 1034 cP-1, Whe\ aUe PiVViQg iQ dRSaPiQe aQd VeleQiXP QaQRSaUWicle 
VSecWUa. OQ Whe RWheU haQd, WheVe SeakV aUe SUeVeQW iQ Whe SRl\dRSaPiQe VSecWUXP. IWV SUeVeQce 
iV cRQVideUed Whe UeVXlW Rf SH-dUiYeQ diVVRciaWiRQ Rf -OH gURXSV, Zhich iV Whe Vide-effecW 
Rf SRl\PeUi]aWiRQ. AW 1167 cP-1, Whe Seak UeSUeVeQWiQg Whe VWUeWchiQg YibUaWiRQ Rf Whe S=O 
gURXS caQ be RbVeUYed. IW VhifWed a liWWle fURP Whe ZaYeQXPbeU 1081 cP-1 iQ Whe VeleQiXP 
QaQRSaUWicle VSecWUXP. ThiV Seak iV chaUacWeUiVWic fRU Whe VaPSleV, iQ Zhich 
SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) ZaV XVed aV Whe SURWecWiQg ageQW dXUiQg QaQRSaUWicle 
V\QWheViV. The C-O Seak VhifWed fURP 1176 cP-1 iQ Whe dRSaPiQe VSecWUXP WR 1034 cP-1 iQ WhiV 
VSecWUXP. The C-N gURXS Seak iV PiVViQg iQ WhiV VSecWUXP, WhiV alVR haSSeQed iQ SRl\dRSaPiQe 
VSecWUXP. TheVe VhifWV aUe SURbabl\ caXVed b\ Whe SRl\PeUi]aWiRQ SURceVV Rf dRSaPiQe 
deVcUibed iQ FigXUe 49. 

 
Figure 49: Description of dopamine pol\meri]ation process.[76] 

    AccRUdiQg WR FigXUe 50, iW VeePV, WhaW Whe VSecWUXP Rf eQcaSVXlaWed VeleQiXP QaQRSaUWicleV 
VWabili]ed b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe), ZiWh lRZeUed ZaWeU cRQWeQW dReV QRW diffeU 
PXch fURP Whe VSecWUXP Rf VaPSle ZiWh QRUPal ZaWeU YRlXPe. MaQ\ gURXSV haYe WheiU 
VWUeWchiQg YibUaWiRQV aW Whe e[acW VaPe ZaYeQXPbeUV aV iQ Whe VSecWUXP Rf VaPSle ZiWh higheU 
ZaWeU cRQWeQW. The C=C gURXS VWa\ed aW 1599 cP-1, N-H gURXS VWa\ed aW 1508 cP-1 aV Zell, 
aV Whe S=O gURXS VWa\ed aW 1167 cP-1. The VecRQd Seak Rf C-O bRQd VWUeWchiQg did QRW PRYe 
aQd VWa\ed aW 1034 cP-1. AlVR, Whe VecRQd C-H gURXS Seak VWa\ed aW 835 cP-1 aV iQ Whe VSecWUXP 
Rf VaPSle ZiWh higheU ZaWeU cRQWeQW.  JXVW a VlighW decUeaVe iQ Seak iQWeQViW\ caQ be RbVeUYed. 
BeVideV WhaW, -OH gURXS Seak VhifWed WR 3188 cP-1, Whe fiUVW C-H Seak VhifWed WR 2933 cP-1 
aQd Whe fiUVW C=O Seak VhifWed WR 1283 cP-1. IQ facW, WheVe VhifWV aUe VR VXbWle, WhaW iW iV SRVVible 
WR Va\ WhaW lRZeUiQg Whe cRQWeQW Rf added ZaWeU did QRW chaQge Whe FTIR VSecWUXP aW all. 
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Figure 50: The FTIR spectra of pure selenium nanoparticles stabili]ed 

b\ pol\ (sodium 4-st\renesulfonate), encapsulated selenium nanoparticles stabili]ed 
b\ pol\ (sodium 4-st\renesulfonate) with normal water content and encapsulated selenium 
nanoparticles stabili]ed b\ pol\ (sodium 4-st\renesulfonate) with lowered water content. 

Encapsulation method II 

TheVe VSecWUa, VhRZQ iQ FigXUe 51, lRRk XQlike aQ\ RWheU SUeYiRXVl\ aQal\]ed VSecWUa. 
The ZideVW Seak iQ Whe VSecWUXP Rf VaPSle ZiWhRXW aVcRUbic acid belRQgV WR -OH gURXS, 
ZiWh Whe higheVW SRiQW aW 3246 cP-1, Zhich cRQfiUPV Whe SUeVeQce Rf h\dURgeQ bRQdV. 
IWV ZaYeQXPbeU la\V VRPeZheUe beWZeeQ ZaYeQXPbeUV Rf -OH gURXS VWUeWchiQg YibUaWiRQ 
iQ VeleQiXP QaQRSaUWicle VSecWUXP aQd dRSaPiQe VSecWUXP. The fiUVW C-H gURXS Seak la\V 
aW 2959 cP-1, Zhich iV QRW cRQVideUed a PaVViYe VhifW ZheQ cRPSaUed WR dRSaPiQe (3045 cP-1), 
VeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ (2914 cP-1) VSecWUa. The VecRQd C-H Seak, Zhich 
iV SUeVeQW iQ Whe dRSaPiQe aQd VeleQiXP QaQRSaUWicleV VWabili]ed b\ SRl\ (VRdiXP 
4-VW\UeQeVXlfRQaWe) VSecWUa, bRWh aW 2958 cP-1 iV PiVViQg, ZhaW lRRkV WR be QRUPal ZheQ 
Whe dRSaPiQe XQdeUgReV Whe SRl\PeUi]aWiRQ iQ aQ aTXeRXV eQYiURQPeQW, accRUdiQg WR aQal\]ed 
VSecWUa. Ne[W C-H gURXS Seak la\V aW 806 cP-1, bXW iW iV QRW accXUaWe WR cRPSaUe WhiV Seak 
ZiWh SeakV iQ RWheU VSecWUa, becaXVe WheiU higheVW SRiQWV aUe XQkQRZQ. FeZ VPalleU SeakV 
aURXQd 1600 cP-1, VigQali]e Whe SUeVeQce Rf aPide bRQdV. The C=O gURXS aQd S=O SeakV 
aUe PiVViQg iQ Whe VSecWUXP, WhiV iV caXVed b\ QRW XViQg Whe aVcRUbic acid aQd SRl\ (VRdiXP 
4-VW\UeQeVXlfRQaWe) iQ Whe SUeSaUaWiRQ SURceVV. The Qe[W SeakV iQ Whe URZ aUe WZR C-O gURXSV 
la\ aW 1186 cP-1 aQd 1043 cP-1. The fiUVW C-O Seak iV QRW RbVeUYed iQ aQ\ RWheU VaPSle 
VSecWUXP, beVideV Whe VSecWUXP Rf dRSaPiQe, ZheUe iW la\V aW 1176 cP-1. ThiV cRXld VigQali]e 
VRPe diffeUeQceV iQ dRSaPiQe SRl\PeUi]aWiRQ. 

    Ne[W VaPSle ZaV SUeSaUed ViPilaUl\ aV Whe SUeYiRXV, Whe diffeUeQce ZaV WhaW aVcRUbic acid 
ZaV added WR WhiV VaPSle. The VSecWUXP VhRZQ iQ FigXUe 51, lRRkV PXch diffeUeQW 
iQ cRPSaUiVRQ WR VaPSle ZiWh aVcRUbic acid aQd iV PRUe like RWheU eQcaSVXlaWed QaQRSaUWicle 
VSecWUa. The SUeVeQce Rf h\dURgeQ bRQdV iQ VaPSle ZiWh aVcRUbic acid iV cRQfiUPed 
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b\ Whe ZideVW, bXW UelaWiYel\ QRW e[WUePel\ high Seak aW 3230 cP-1. ThiV PeaQV WhaW VaPe 
aV iQ RWheU VSecWUa, Whe ZaYeQXPbeU la\V ZiWhiQ Whe iQWeUYal fURP 3367 cP-1 WR 3205 cP-1, 
Zhich aUe Whe ZaYeQXPbeUV Rf -OH gURXS bRWh kiQdV Rf VeleQiXP QaQRSaUWicle VSecWUa. 
The VWUeWchiQg YibUaWiRQV Rf Whe C-H gURXS la\ aW 2964 cP-1 aQd 806 cP-1, Zhich iV TXiWe XVXal 
accRUdiQg WR RWheU VSecWUa. The C=C gURXS Seak iV lRcali]ed aW 1605 cP-1, Zhich SURYeV 
Whe aURPaWic UiQg SUeVeQce. SWUeWchiQg Rf aPid gURXS bRQd iV UeSUeVeQWed b\ Whe Seak 
aW 1510 cP-1. BecaXVe SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) ZaV QRW added WR Whe SUeSaUaWiRQ 
VRlXWiRQ, Whe diVaSSeaUaQce Rf VXlfRQaWe gURXS VWUeWchiQg aV e[SecWed. The C=O Seak iV SUeVeQW 
aW 1302 cP-1, WhiV Seak ZaV RbVeUYed iQ RWheU VaPSleV. TheVe SeakV aUe aWWUibXWed WR SH leYel 
chaQge WhURXghRXW Whe SRl\PeUi]aWiRQ Rf dRSaPiQe. TZR C-O SeakV aUe SUeVeQW aW 1109 cP-1 
aQd 1049 cP-1. The C-N Seak iV QRW SUeVeQW, Zhich ZaV alVR RbVeUYed iQ RWheU VaPSle VSecWUa. 

 
Figure 51: The FTIR spectra of sample prepared b\ the encapsulation method II, without using 
ascorbic acid and sample prepared b\ the encapsulation method II, while using ascorbic acid. 
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6 CONCLUSION 
SXcceVVfXl aQd UeSURdXcible RQe-VWeS VeleQiXP QaQRSaUWicleV V\QWheViV aQd WheiU eQcaSVXlaWiRQ 
Yia Velf-aVVePbl\ SRl\PeUi]aWiRQ Rf dRSaPiQe iV Whe PaiQ aQd XQiTXe UeVXlW Rf WhiV WheViV. 
The SRWeQWial iQ XVe Rf SRl\dRSaPiQe Vhell lieV iQ VWabili]iQg SeNPV, UedXciQg WheiU c\WRWR[iciW\ 
aQdcRPSeQVaWiQg Whe lRVV Rf aQWibacWeUial SURSeUWieV Rf SeNPV afWeU eQcaSVXlaWiRQ 
dXe WR Whe SRl\(dRSaPiQe) aQWibacWeUial SURSeUWieV. MRUeRYeU, Whe eQcaSVXlaWiRQ WechQiTXe 
iV eaVil\ feaVible aQd biRcRPSaWible. 

    The SURSRVed ZRUk SURYeV WhaW Whe SH leYel haV a big iQflXeQce RQ dRSaPiQe Velf-aVVePbl\ 
SRl\PeUi]aWiRQ. TZR PeWhRdV Rf eQcaSVXlaWiRQ aUe deVcUibed iQ Whe e[SeUiPeQWal SaUW. 
The UeVXlWV fURP Whe WheViV VhRZed, WhaW lRZeUiQg Whe ZaWeU cRQWeQW dXUiQg eQcaSVXlaWiRQ 
SURceVV haYe QR VigQificaQW adYaQWageV, iQ VRPe caVeV iW bURXghW PRUe aggUegaWeV WR Whe fiQal 
SURdXcW. Reliable PeWhRd fRU cRQceQWUaWiRQ deWeUPiQaWiRQ Rf VeleQiXP QaQRSaUWicleV XViQg 
UV-VIS ZaV deVigQed. SeleQiXP QaQRSaUWicleV ZeUe VWXdied RQ VcaQQiQg WUaQVPiVViRQ elecWURQ 
PicURVcRSe aQd FRXUieU-WUaQVfRUPed iQfUaUed VSecWURVcRSe. ChiWRVaQ, Zhich geQeUall\ 
VWabili]ed VeleQiXP QaQRSaUWicleV caXVed XQZaQWed aggUegaWiRQ, b\ iQWegUaWiQg 
ZiWh SRl\(dRSaPiQe) dXUiQg eQcaSVXlaWiRQ.  SeleQiXP QaQRSaUWicleV VWabili]ed 
b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) caPe RXW WR be PRUe VXiWable fRU eQcaSVXlaWiRQ, 
becaXVe WhiV SURWecWiQg ageQW SURYided leVV iQWeUacWiRQV ZiWh SRl\(dRSaPiQe). Which PakeV 
Whe aggUegaWeV leVV fUeTXeQW. OQ Whe RWheU haQd, Whe SRl\dRSaPiQe Vhell ZaV QRW VWable RQ WheVe 
QaQRSaUWicleV. AfWeU jXVW 24 hRXUV iQ UefUigeUaWRU Whe SRl\(dRSaPiQe) VhellV VWaUWed 
WR diViQWegUaWe. EQcaSVXlaWiRQ PeWhRd II ZiWhRXW aVcRUbic acid SURYided Qicel\ eQcaSVXlaWed 
VWable QaQRSaUWicleV, VPalleU WhaQ 580 QP. ThiV ZRUk SURYed VWabiliW\ Rf WhiV VaPSle WhURXghRXW 
48-hRXU WiPe SeUiRd.  

    WheQ WakiQg all WheVe UeVXlWV iQWR cRQVideUaWiRQ, Whe WZR-VWeSV eQcaSVXlaWiRQ PeWhRd I 
SURYidiQg VeleQiXP QaQRSaUWicleV VWabili]ed b\ SRl\(VRdiXP 4-VW\UeQeVXlfRQaWe) ZiWh higheU 
WhaQ 15 Pl ZaWeU cRQWeQW UeVXlWiQg iQ Vi]e Rf SeNPS UaQgiQg fURP 108 WR 571.5 QP 
aQd Whe RQe-VWeS eQcaSVXlaWiRQ PeWhRd II ZiWhRXW XViQg aVcRUbic acid SURdXciQg SeNPV 
ZiWh Whe Vi]e UaQgiQg fURP 74.5 WR 228 QP VeeP WR be PRVW VXcceVVfXl aQd ZRUWh PeWhRdV beiQg 
fXUWheU VWXdied iQ WeUPV Rf QaQRSaUWicleV biRcRPSaWibiliW\ aQd aQWibacWeUial SURSeUWieV. 
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8 LIST OF ABBREVIATIONS 
AA AVcRUbic acid 

ATR AWWeQXaWed WRWal UeflecWiRQ 
AXNP GRld QaQRSaUWicleV 
AXNR GRld QaQRURdV 
CX(II) CXSUic iRQV 
DCM DichlRUPeWhaQe 
DNA DeR[\UibRQXcleic acid 
FDA FRRd aQd DUXg AdPiQiVWUaWiRQ 
Fe3O4 FeUURVRfeUUic R[ide 
FTIR FRXUieU-WUaQVfRUP iQfUaUed VSecWURVcRS\ 

KMQO4 PRWaVViXP SeUPaQgaQaWe 
MgO MagQeViXP R[ide 
NIR NeaU-iQfUaUed VSecWURVcRS\ 
NP NaQRSaUWicleV 

PAH PRl\elecWURl\We 
PDA PRl\dRSaPiQe 
PEG PRl\eWh\leQe gl\cRl 
PES PhRWRelecWURQ VSecWURVcRS\ 
PFC PeUflXRUiQaWed cRPSRXQd 
SE SecRQdaU\-elecWURQ deWecWRU 

SeCh SeleQiXP QaQRSaUWicleV VWabili]ed b\ chiWRVaQ 
SEM ScaQQiQg elecWURQ PicURVcRSe 

SeNPV SeleQiXP QaQRSaUWicleV 
SePSSS SeleQiXP QaQRSaUWicleV VWabili]ed b\ SRl\ (VRdiXP 4-VW\UeQeVXlfRQaWe) 
SERS SXUface-eQhaQced RaPaQ VcaWWeUiQg 
STEM ScaQQiQg WUaQVPiVViRQ elecWURQ PicURVcRSe 

UV UlWUaYiRleW 
VIS ViVible 
ZQO ZiQc R[ide 
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