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Tom tat

Trong bai bao ndy, ching t6i dua ra mé hinh tinh toan dua trén co sé 1y thuyét Mie va hién tuong luan Ginzburg-
Landau dé mé ta sy anh hudng bién tinh nhiét di thudng cua protein bovine serum albumin (BSA) 1én hé phuc hat cau
nano vang-protein. Cac két qua tinh toan cho thdy sy phu thudc tuyén tinh cua bude song cong huéng vao ban kinh hat
va dich d6 khi ¢6 su bién tinh cua protein theo nhiét d6. Dong thoi, khi so sanh két qua tinh toan 1y thuyét theo hinh
thirc hién tugng ludn Ginzburg-Landau véi cac gia tri do dac thyc nghiém, chiing t6i cling nhan théy ¢6 sy phu hop kha
tt. Didu nay c6 ¥ nghia quan trong dé nghién ctru cac twong tac protein-hat nano khac va dinh huéng ng dung trong y
sinh.

Tir khéa: Hat nano vang; protein BSA; hinh thirc luan Ginzburg — Landau; chuyén pha.

Abstract

In this paper, we present an analytical model based on the Mie theory and the Ginzburg-Landau phenomenology to
depict the anomalous thermal denaturation effect of bovine serum albumin (BSA) protein on the protein-conjugated
gold nanoparticles complex system. These results show that the linear redshift dependence of the resonance wavelength
on the size of GNPs when the protein is denaturated by temperature. Simultaneously, we have found the goodness of fit
when compared to the measured performance values with the theoretical predictions in the form of the Ginzburg-
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Landau phenomenological formalism. This may have important implications for other protein-nanoparticle interactions

and biophysical studies.

Keywords: Gold nanoparticle; BSA protein; Ginzburg-Landau phenomenological; phase transition.

1. Mé diu

Protein 1a thanh phan chinh trong hau hét sy
phat trién ctia qua trinh séng cua cic phan ti.
Do cdu triic cia protein lién quan truc tiép dén
hiéu suit cua cac chtc ning sinh 1y [1], nén
nhiing nghién ciru vé sy thay doi cu triic cta
n6 da thu hat nhiéu nha khoa hoc trén thé giéi
quan tam trong nhiing thap ky qua. Protein thuc
hién cac vai tro khac nhau trong thuc pham cta
chung ta bang cach thém cac pham chét chirc
ning nhat dinh vao chung. Hon nita, protein
cung cap thuc pham vé mat ciu trac va két cdu
dé cho phép gitr nudc [1].

Su bién tinh va thay di c4u triic ctia protein
¢6 anh huong 16n dén cac qua trinh cong nghé
sinh hoc, cac san pham protein trong y hoc
cling nhu trong cudc song hang ngiy. Protein
albumin huyét thanh bo (BSA) da dugc sir dung
rong rai trong linh vyuc sinh 1y hoc va khoa hoc
y té, do gia thanh thdp va dic biét co su tuong
ddng vé mat cau tric /chirc ning véi albumin
huyét thanh nguoi (HSA) [2]. Mot nghién ciru
gan day cho thay ribosyl hoa BSA dan dén su
tich lily cic gdc tu do oxy hoa (Reactive
Oxygen Spcecies - ROS) di pha hiy céc té bao
ung thu va [3]. Viéc diéu chinh nhiét dong luc
hoc bt thuong cua protein BSA ¢ thé phat
hién céc t& bao ung thu (ung thu va, v.v.), nén
dugc tng dung trong cac thiét bi phan phdi
thudc. Dac biét 1a sy bién tinh nhiét bt thudng
cua protein lam tang tin hi¢u trong cac thu
nghiém, phan ung sinh hoa [4]. Hiu ung nay
rat manh ddi voi cac protein BSA va dac biét
hitu ich cho viéc thiét ké céc thiét bi va cam
bién sinh hoc.

Trong nhimg nim gian day, tinh chat
plasmonic cua hat kim loai rat duge quan tadm
vi chiung c6 nhiéu tiém ning ung dung cong

nghé khac nhau, dac biét 1a hat nano tur tinh.
Cong hudng plasmon bé mat cuc bd véi hat nano
vang (GNPs- Gold nano particles) co thé tng
dung cho nhiéu linh vuc nhu phan tich héa hoc va
xuc tac, phat hién cac phan tir sinh hoc, dugc
phém, chan doéan hinh anh va trj liéu [2,5-7].

Ngoai ra, cac hé théng sinh hoc phirc tap
chira GNPs da thu hat dugc su quan tam dang
ké trén cac linh vuc chan doan sinh hoc va phan
phdi thube cua liéu phap nhim muyc tiéu trong
didu tri ung thu. Sy tuong tac giita GNPs voi
cac dai phan tr sinh hoc cling da dugc nghién
ctru nhiéu [8 - 10]. Trong cac cong trinh nay,
cac tac gia da khao sat tinh chat hap phy va su
tuong tic ctia hé protein-GNPs bang céc
phuong phap thuc nghiém thong qua cac
phuong phép khéo sat quang phd huynh quang,
dong hoc tan xa anh sang,...

Bén canh do, trong cong trinh [11] da tinh
toan 1y thuyét vé tinh chat quang hé cua hat
nano-protein trén cac chit nén graphene va
graphite. Két qua cho thay s luong phan tir
BSA tong hop trén bé mit GNPs co thé dugc
xac dinh mot cach dinh lugng cho cac GNPs
v6i kich thude tiy ¥ bang 1y thuyét Mie va
quang phd hip thu. Do su ¢6 mit ctia chat nén
gan GNPs-protein dan dén su dich d6 ciia dinh
cong huong plasmon bé mit cia cac hat nano.
Tuy nhién, mot van dé quan trong chua dugc
nghién clru twdng minh va giai thich rd rang do
1 su bién tinh cta protein theo nhiét do & bé
mit ctia hé phac hat cau. Nhimg danh gid va
hiéu rd dugc sy anh hudng nay co y nghia quan
trong nham hiéu sau sic hon vé cac hé thong
sinh hoc thyc va tir co s& nay c6 thé giai thich
duogc su co dudi cua cac dai phan tir sinh hoc
theo nhi¢t do. Bén canh su phu hop cao cta cac
hé thong nay dé phat trién sy am hiéu vé cac
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van dé tong quat cla protein tai bé mat tiép
giap, boi vi nd c6 mot dong luc rat 16n trong
mg dung dé 1am cac cam bién sinh hoc m&i rat
nhay. Hon ntra, sy hép phu va su thay ddi cAu
triic ctia mot protein trén bé mat vat ran 1a mot
trong nhimg van dé rit co ban va quan trong
cho toan bd linh vuc cia vat li€u sinh hoc. Su
tuong tac ctia dai phan tir y sinh v6i cac bé mat
14 nén tang khoa hoc cho nhiéu loai cam bién
sinh hoc, dac biét 1a nhitng cam bién sinh hoc
st dung hat nano [2, 4].

Trong nghién ctru nay, chiing t61 xem xét
mot loai protein rat phd bién d6 1a albumin
BSA, n6 chiém phan 16n trong huyét tuong va
phan bd trong tat ca cac chat 1ong ndi mo cua
co thé. Albumin 1a cac protein hinh ciu, tan
trong nudc, tan it hon trong nudc c6 mudi. Qua
trinh bién tinh cua protein dudi tac dung cua
cac tac nhan vat Iy va héa hoc nhu tia cyc tim,
song siéu am, khudy co hoc, nhiét do, axit,
kiém manh, mudi kim loai nang,... cO thé 1am
cac cau trac bac hai, ba va bac bdn cua protein
bi bién d6i nhung khéng phd v& cdu tric bac
mot cia nd, kem theo do 1a sy thay ddi céc tinh
chat ty nhién cua protein so voi ban dau. Ching
toi dic biét quan tam dén sur bién tinh cua
protein ma tac nhan la nhiét d6. Két hop ly
thuyét Mie va hinh thic hién tuong ludn
Ginzburg-Landau (G-L), chiing t6i dé xuit mot
mo6 hinh don gian mo ta anh hudng cua sy bién
tinh nhiét (su dudi theo nhiét do) ciia protein
BSA boc hat nano vang.

2. N¢i dung nghién ciru
2.1. M6 hinh Iy thuyét

Ly thuyét Mie di dwa ra 10 giai cho bai toan
su phu thudc cac tinh chit quang cta hat keo
vang (la cac GNPs dang keo lo limg trong chét
long) vao kich thude cta hat. Nam 1908, Mie
da ap dung 1y thuyét tong quan vé sy tan xa anh
sang trén hat ciu nho dé giai thich hién twong
thay d6i mau sic cia cic hat keo vang [12].

Bang cach giai phuong trinh Maxwell v6i diéu
kién bién thich hop trong hé toa d6 cau, va céac
khai trién da cyuc cua tir truong va dién trudng
cho anh sang téi. Tir d6 cho két qua tinh toan
chinh x4c khi cho mét song dién tur twong tac
v6i mot hat cau nho [13].

Pé c6 duoc 101 giai chinh xac cho bai toan
Mie da dua ra cac gia thuyét: thir nhat 1a hat ma
mdi trudng xung quanh nd la déng nhat va
dugc mo ta boi ham dién moi quang hoc khéi.
Pé ¢ su gian doan rd nét tai bé mit cua hat
ban kinh R thi gia thuyét thir hai dugc dua ra 1a
diéu kién bién duoc xac dinh bsi mat do dién
tir. Gia thuyét plasmon 1a dao dong ludng cuc
nham muc dich khao sat tin sd Plasmon cua
mot hat nano kim loai lién quan dén hang sé
dién moi.

Trong nghién clru nay, chung t61 xét hat
nano keo vang dugc tao ra theo phuong phap
Tuker [14] c6 ban kinh R;= 20 nm khong ddi
hép thy protein albumin BSA bé day r duoc
dat trong nudc. Protein dugc hoa tan trong
nudc va dung dich BSA nay bi hut boi GNPs
thong qua sy tuong tac van der Waals. Két qua
la, mdt hat nano lién hgp phtc protein dugc
hinh thanh trong nuéc. Hé hat cu-protein c6
thé dugc coi xap xi nhu modt hat cau dang
hudng bi boc. Khi d6 ban kinh hiéu dung cia
hat phtrc cdu 14 R=R,+r (Hinh 1). Sy bién
tinh nhiét bt thudng ctia protein sé& dugc xem
xét thong qua anh hudng cua né do su cong
hudng Plasmon bé mit cuc bd cua hat phuc ciu
sir dung hinh thirc luan chuyén pha G-L.

T<T. TSIT:

C

Hinh 1. M6 hinh hat phtc ciu vang-protein
theo nhiét d§ T (v6i Tc 1a nhiét d6 bién tinh cua protein).
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Theo 1y thuyét Mie, cac anh huong ciia kich
thude hat 1€n bude song cong huong Plasmon
¢6 két qua tir hai co ché phy thudc vao thang
kich thudc. Dbi véi hat c6 duong kinh cua hat d
nhoé hon nhiéu budc séng anh sang toi (d << 1,
hodc mot cach gan dung d<A_ /10) thi dao
dong cua dién tr dugc coi 1a plasmon dao dong
ludng cuc va tiét dién dap tat C_, va tiét dién

ext

tan xa C,, duoc viét dudi dang don gian [15]:
CCX[: 92831/2V 82 (a))

¢ [6(0)+25,] +[&,(@)] ’ (D

41,2
stca:kV |8—l|2 % 5
187 (6 +2¢,) +&
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trong d6 C,,, 1a tiét dién hap phy, ¥ 1a thé tich
cta hat, 13 tn s cta anh sang t6i, ¢ véan toc
k=2r/A
e=¢g(w)+ie,(w) 1a ham dién moéi cia modi
truong bao quanh va ham dién moi cua hat

la soO song, g, va

m

anh sang,

nano. Pau tién ta gia thiét 1 biéu thirc doc lap
voi tan s6 va 1a mot ham phuc phu thudc vao
nang luong, diéu kién cong huong duogc thoa
man khi & (w)=-2¢, néu nhu & nho hodc phu
thudc yéu vao w. Phuong trinh trén da duoc sir
dung dé giai thich tong quat phd hip thu cua
hat nano kim loai nhé mot cach dinh tinh ciing
nhu dinh lugng. Sir dung 1y thuyét Mie, ta tinh
toan duoc hé sd hip thu & cac budc song cuc
dai theo Hinh 2.

®
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Hinh 2. Bud6c song cong huong phy thude vao ban kinh
hé phuc hat céu‘ (cac cham la diém 'ghuc nghiém,
nét lien 1a duong ly thuyét).

T Hinh 2 ching t6i thdy c6 mot sy phu
thudc tuyén tinh cta budc séng cong hudng
theo ban kinh hat A(T)=c.R véi c 1a hing sd.
Trong cong trinh [16], cic tic gid su dung
phuong phap cong huong Plasmon bé mit cuc
bd dé theo ddi su thay doi cdu trac vé su bat 6n
dinh nhiét cia BSA hip thy trén hat vang. Anh
hudng cia protein dugc theo ddi bang quang
phé suy giam kha kién (visible extinction
spectroscopy). Chung t6i ap dung két qua tir
Hinh 2 cho céng trinh nay thu dugc ¢ = 6,25.
Bén canh do, sy phu hop gilta cic quan sat
dugc gitta thuc nghiém va 1y thuyét nay nhu
sau:

Khi T<T.=60"C, ban kinh trung binh cua
protein ting 1én khong dang ké va ban kinh hé
hat coi nhu khong thay d6i. Chung toi c6 mdt
gia thiét trong ty nhu truong hop qua cau kim
loai chura hap thy protein nghia 13 van c6 sy phu
thudc tuyén tinh ctia budc song cong hudng vao
ban kinh hi¢u dung.

Khi T>T,, c6 hién tuong tang nhanh dot
bién cua ban kinh hat theo nhiét 46 do cac phan
to protein dudi ra nhanh theo nhiét do. Khi do
ban kinh cua hat R=R, +r.

protein VOl 7, protein la ban
kinh trung binh ctia chuoi protein. Sy phu thudc
budéc séng cong hudng cua hat s€ Ia

MT)=c.R(T)=c.(R, +r,

protein ) -

Vé nguyén 1y, khi nhiét do tang thi ban kinh
hat s€ tang; va khi nhiét d§ gidm thi ban kinh
hat s& giam. Tuy nhién, ta luu ¥ rang, su ting
va giam & ddy 1a khong tuyén tinh. Béi vi né
xuat hién cac diém chuyén pha, va tai diém
chuyén pha thi ban kinh cta protein ting dot
ngot. Ching t6i nhan thiy rang co thé sir dung
Iy thuyét vé chuyén pha dé mé ta hién tuong co
dudi cua protein. Tir d6, ching toi dé xuit mot
mo hinh don gidn mo ta hién tugng thu vi nay
theo hinh thure hién tugong luan G-L.
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2.2. Sw bién tinh ciia protein theo hinh thirc
ludn Ginzburg-Landau

Trong hinh thtre luan Ginzburg-Landau (G-
L) dang don gian, phiém ham mat do ning
luong tu do f(w,T) la mot ham cua tham )
trat tu cuc bd w va nhiét d6 T duoc viét dudi
dang [17]:

FT) = AD=alT =T+ py's @)

trong 40 o va B la nhiing hing s6 (gia tri cta
chiing dugc Iya chon tiy thudc vao mdi hé ma
chung ta xét), 7. 1a nhiét d6 chuyén pha.

Gia tri tham sb trat ty w & gan nhiét do
chuyén pha thu dugc bang cach cuc tiéu hoa
nang luong tu do:

172
I 31//=(gj (1.-1)". 3)
oy B

Chung t6i nhan thiy rang hinh thirc luan G-
L don gian khong twong dong voi hién tugng
ma chung t6i can md ta. Theo tinh than hién
tuong luan cta G-L cho hé y sinh, ching t6i dé
xuit mot phiém ham G-L méi cho phép mo ta
duoc thi nghi¢m. Trong moé hinh nay, chiing toi
chon tham s trat tu 1a y/(T)zL, vi y nghia
cua tham sd trat tu 1a dé dic trgﬁg) cho tinh trat
tu ciia hé ma ta xét, hay noi cach khac chinh la
tinh d6i xtng hay pha v& dbi xing cua hé.

Tu dir liéu thuc nghiém, ta théy rﬁng, tinh
d6i xtng ctia hé phirc hat nano hép thu protein
duoc dam bao khi nhiét do cua hat & dudi nhiét
d6 Tc. Bén canh d6 tinh bat d6i xing cia hé
xdy ra manh mé€ khi c6 su thay ddi nhiét do
T > T, cua hat. Trong khi d6 nhiét d6 cua hat c6
méi lién hé dén ban kinh hiéu dung. Piéu d6
chting to rang, nhiét do anh huéng manh mé
dén tinh d6i xtng va bt d6i xing ciia hé.

Két hop véi 1y thuyét Mie thi ching t6i c6
dugc sy phu thudc cua tham s6 trat tu theo
nhiét 3o T:

b
TC—T]’ )

Vo1 A, =527,3nm la budc séng cong huong khi

A(T):c[lo+

chua c6 sy bién tinh cua protein, cac hang sd
b = 2,5 1a thong s6 md hinh dugc chon do sy
twong thich cta thyc nghiém va ly thuyét.

Db thi biéu dién sy anh huong cia nhiét do
vao budc song cong hudng do su thay ddi cua
ban kinh hé phuc cau theo Hinh 3. Chung t6i
nhan thiy rang c6 mot sy phu hop rét tot gitta
cac gia tri do dac thuc nghiém va mo hinh ly
thuyét ma ching toi dé xuat. Khi nhiét d6 cua
moi truong thay déi tir 25°C - 80°C va khi dén
nhiét do chuyén pha 65°C thi budc séng cong
hudng cua chudi protein ting nhanh dot bién.

534F Py L

30 40 50 60 70 80
T (°C)

Hinh 3. Sy phy thudc cta tham sb trat tu theo nhiét do 7.

Hinh 3 cho thay rang: khi nhiét d6 nhé hon
50°C, budc song cong huong bat dau ting cham
do protein tir tir dudi ra; khi nhiét do tir 50°C
dén 80°C, budc song ting nhanh hon tir 530,4
nm dén 533,9 nm; khi nhiét do ting tir 60°C
dén 75°C quanh nhiét do chuyén pha cua
protein BSA 1a 65°C, protein BSA bat ngo dudi
ra rat nhanh, budc song ting nhanh tir 530,7 nm
dén 533,4 nm va sau d6 thi tang it. Két qua 1a
dan dén sy dich chuyén phé do cua GNPs boc
protein do ban kinh hat bi thay ddi. Khi nhiét
d6 gan véi nhiét d6 chuyén pha thir hai (khoang
90°C), tai d6 khi ta ha nhiét d6 thi chudi protein
khong co tr¢ lai dugc trang thai nhu ban dau
[15]. Su bién tinh di thudng theo nhiét d6 cua
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protein lam cho tin hi¢u cta céc dau do manh
1én ¢& 6 bac. Diéu nay ciing chinh 1a hiéu tng
Plasmon tang 1én 6 bac.

Vi¢e tang cuong hi¢u ing Plasmon ctia nano
kim loai trong cac thi nghiém y sinh rat co ¥
nghia. Cac ung dung cta nd rat quan trong
trong viéc cung cap thong tin cho viéc ché tao
cac cam bién sinh hoc dé phat hién bénh som,
cling nhu cung cap co sé tinh toan dinh luong
vé nhiét tai cac khéi u khi xem xét sy truyén
ning lugng trong khoang cach rat nho (c& nm).
Két qua ciia cong trinh nay ciing trung hop véi
mot s tac gia khac [17], hiéu ng truyén ning
lwong nanosurface (NSET) ting 10'* va truyén
nang lugng cong hudng Forster (huynh quang)
(FRET) ting 108,

3. Két luan

Mo hinh don gidn cua chiing t6i mo ta
tdt su bién tinh nhiét cia GNPs boc protein véi
ban kinh 20 nm. Két qua cho thiy rang, c6 su
kha phu hop gitra Iy thuyét va thuc nghiém.
Nghién ctru cua chung t6i budce dau hinh thanh
su hiéu biét méi vé nhitng anh hudng cua nhiét
dd 1én tinh chit cta hé vat ly gfm két hat nano
vé phuong dién 1y thuyét quang hoc. Do su
bién dang cta protein BSA gy nén nhiing tac
dong dang ké cho phd quang hoc cta hé hat
nano, goép phan vao nhitng hiéu biét cho cac
nha khoa hoc thuc nghi¢m trong vi¢c iing dung
hé phirc cau GNPs véi cac phan tir sinh hoc dé
thiét ké cam bién sinh hoc hay trong cac thi
nghiém invivo lién quan hi€u ung quang nhiét
tiéu diét té bao ung thu.

Theo hinh thirc luan G-L, chung t6i mgi mo
ta duoc su bién tinh cia protein trong khoang
nhiét do tir 25°C - 80°C, & do su bién tinh cia
protein 13 thuan nghich. Ching t6i gia dinh rang
tai nhiét do do6 thi protein bi chét, diéu nay s&
dugc chung t6i nghién ciu sau hon trong cac
cong trinh tiép theo.

Loi cam on

Chung t6i rat biét on GS. TSKH. Nguyén Ai
Viét va PGS. TS. Tran Hong Nhung di déong
gop v tuong, va quy Khoa hoc va Cong nghé
cip Pai hoc Hué mi s6 DHH2018-04-83 di tai
trg cho dé tai nghién ctru.

Tai liéu tham khao

[1] Foegeding EA, Davis JP. 2011 Food protein
functionality: A comprehensive approach. Food
Hydrocoll. 25(8),1853—64.

[2] Jain PK, Lee KS, El-Sayed IH, El-Sayed MA. 2006
Calculated absorption and scattering properties of
gold nanoparticles of different size, shape, and
composition: Applications in biological imaging and
biomedicine. J Phys Chem B. 110(14),7238—48

[3] Alsamamra H. 2019 Biophysical Interaction of
Propylthiouracil with Human and Bovine Serum
Albumins Materials and Samples Preparation.8
(12), 1-7.

[4] Lai LMH, Goon IY, Chuah K, Lim M, Braet F,
Amal R, et al. 2012 The Biochemiresistor: An
Ultrasensitive Biosensor for Small Organic
Molecules. Angew Chemie.124(26), 6562-5.

[5] Lohcharoenkal W, Wang L, Chen YC, Rojanasakul
Y. 2014 Protein nanoparticles as drug delivery
carriers for cancer therapy. Biomed Res Int. 1-12.

[6] Khan MS, Dwivedi S, Priyadarshini M, Tabrez S,
Siddiqui MA, Jagirdar H, 2013 Ribosylation of
bovine serum albumin induces ROS accumulation
and cell death in cancer line (MCF-7). Eur Biophys
J.42(11-12), 811-8.

[71 Santra S, Dutta D, Walter GA, Moudgil BM. 2005
Fluorescent nanoparticle probes for cancer imaging.
Technol Cancer Res Treat. 4(6),593—602.

[8] Tsai DH, Delrio FW, Keene AM, Tyner KM,
MacCuspie RI, Cho TJ, 2011 Adsorption and
conformation of serum albumin protein on gold
nanoparticles investigated using dimensional
measurements and in situ spectroscopic methods.
Langmuir. 27(6), 2464-717.

[9] Saptarshi SR, Duschl A, Lopata AL. 2013
Interaction of nanoparticles with proteins: Relation
to  bio-reactivity of the nanoparticle. J
Nanobiotechnology. 11(1).

[10] Goy-Lopez S, Juarez J, Alatorre-Meda M, Casals E,
Puntes VF, Taboada P, 2012 Physicochemical
characteristics of protein-NP bioconjugates: The role
of particle curvature and solution conditions on human
serum albumin conformation and fibrillogenesis
inhibition. Langmuir. 28(24), 9113-26.

[11] Phan AD, Hoang TX, Nghiem THL, Woods LM.
2013 Surface plasmon resonances of protein-



76 N.M.Hoa, L.A.Thi, L.T.Théu... / Tap chi Khoa hoc va Cong nghé Pai hoc Duy Tan 05(42) (2020) 70-76

conjugated gold nanoparticles on
substrates. Appl Phys Lett. 103(16).

[12] Newman P. 1908 Contributions to the optics of
turbid media, particularly of colloidal metal
solutions. Ann Phys. 25(3):377-445.

[13] Chu VH, Fort E, Nghiem THL, Tran HN. 2011
Photoluminescence enhancement of dye-doped
nanoparticles by surface plasmon resonance effects
of gold colloidal nanoparticles. Adv Nat Sci Nanosci
Nanotechnol. 2(4).

[14] Kimling J, Maier M, Okenve B, Kotaidis V, Ballot
H, Plech A. 2006 Turkevich method for gold

graphitic

nanoparticle synthesis revisited. J Phys Chem B.
110(32):15700-7.

[15] Teichroeb JH, Forrest JA, Ngai V, Jones LW. 2006
Anomalous thermal denaturing of proteins adsorbed
to nanoparticles. Eur Phys J E. 21(1):19-24.

[16] Hohenberg PC, Krekhov AP. 2015 An introduction
to the Ginzburg-Landau theory of phase transitions
and nonequilibrium patterns. Phys Rep. 572, 1-42.

[17] Viet Ha C, Thi Nga D, Ai Viet N, Hong Nhung T.
2015 The local field dependent effect of the critical
distance of energy transfer between nanoparticles.
Opt Commun. 353:49-55



