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Fig. 1. Coarse-grained model of (a) GNRs, (b) CTAB, and
(c) DMPC.
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=
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N
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MEBE T k¥ 3 @ MHEEFRR, il DMPC ¥ H FIM/T
B AL @ 2 (R )

Fig. 2. Morphology of a mixture of CTAB and DMPC. The
H and T beads of CTAB are colored in blue and yellow,
while the H and M/T beads of DMPC are in red and green,

respectively.
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CTAB 1 DMPC ZZ153 5 hA 7. Flin, R I
A5F 1:1 F0 3:2 iF, CTAB fil DMPC AR 225

3 GNRs-CTAB-DMPC & & 147E d = 4 nm, D = 4kg THI Y4125 41, Hob CTAB/DMPC BE/R LE 4 310 (a) 1:1, (b) 3:2,

(c) 4:1, (d) 8:1, (e) 16:1, (f) 1:0

Fig. 3. Morphology of assembled GNRs-CTAB-DMPC complex with d = 4 nm and D = 4kgT. The CTAB/DMPC molar ratio is

(a) 1:1, (b) 3:2, (c) 4:1, (d) 8:1, (e) 16:1, (f) 1:0, respectively.
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B GNR HYRZ R AT 4% MBS R LI K
fif, CTAB H1 DMPC A 52 BEHL 43 150 % H, i
EREUE—1J7 S GNRs.

R4 GNRs Xf CTAB il DMPC ()40 %5 A 1R
SRIE TR, (EARS T EBIR e N L.
MERH/NTAET 3:2 F, GNRs Ay CTAB
DMPC 2 358 5 14 BUZ I, 33X 55 S50 4 I — 2 24,
A2, MEER IR TAET 4:1 B, CTAB Fil DMPC
AR SER A BUZ I, GNRs 22 1WA A [F AR B 1Y
PRER, X — IS S0 WA T R TG I 2 A

(a)
1:0F sk

16:1

4:1

3:2F

CTAB/DMPC molar ratio

1:1f

CTAB/DMPC molar ratio
=
—

d/nm

Bl 4 (a) B KEER d=4nmH}, GNRs-CTAB-
DMPC & &R 1E AR CTAB/DMPC EE/R [t Ko D F £ %
51 (b) 24 Morse 2 # D = 4k THf, GNRs-CTAB-
DMPC & & WA A CTAB/DMPC BE/R b K d F 1 2 %%
2!

Fig. 4. (a) Morphology of assembled GNRs-CTAB-DMPC
complex at various CTAB/DMPC molar ratio and D with
given GNR diameter d = 4 nm; (b) morphology of as-
sembled GNRs-CTAB-DMPC complex at various CTAB/
DMPC molar ratio and d with given Morse potential para-
meter D = 4kgT.
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AL P A0TT, 8 ST B R 4y T Y e 2R
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& 5(a) ME 5(b) iz, o fis& Hi-GN il Hi-T
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TR BT 2 0° < o < 40°H, IEHMFI 4>+
Sy ATEIE B GNRs [ —] (B2 MHMNZE); 24 140°
< a < 180°HT, &1 43T/ A FESE L GNRs 1Y
— (FRZ HNZ); 24 40° < a < 140°RF, &7
ATy AR TE R ] K3, (FR 2z R b i) 2).

(b)

K5 (a) CTAB #1 (b) DMPC Y o £ 1 5E SR E
Fig. 5. Schematic diagram of definition of o for (a) CTAB
and (b) DMPC.

FEUFE B I HOE S, o FITE 0 —180° 2 [A]Y
1o A B BEET B GNRs W B LA AS 45 % A
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(140 - 40)/180 = 56 %. i X -2 ik X2 s K
Ui, MR 5§ 2 R AE NN Z . JiR I,
3 30T T A W B A R 4 1Y o S HEAT ST,
A LA BT R P ORI Z I &5 . Ry T O )
e, 5 ST G REL F o

2 o
40° <; <140°
Fwon‘n - ) (13)
2 o
0° <a; <180°

(13) NHY 7 BER XS FTA B GNRs W B A B i 1
W& o M BEAT ISR AN 23 FI2 X8 GNRs IR
[B]Z B AR o MHEAT ISR, (VRFER R LR
L Forn TEDRRR, 150 WA 58 F G L 4 LU e
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0.8+ (a) L (b)
0.7F
z I
< 06 I—* —* z I——
L
— 5 3 —
0.5
(©) - 11 ()
0.20 —e— 3:2 =
—A- 4:1
0.15 8:1
N I —- 16:1 %\_
& 010 1:0 \
@

i qlki—:

D/(ksT)

2 3 4 5
d/nm

K6 (a) MM A 8E REL Fluom 3 DIKERIE,; () Fuom 3 dBKERIE; (c) GNRs B X F,, 5 DX RE (d) Fop 5

dBIC R B AR B R H AR B9 BE /R 1L

Fig. 6. (a) Worming coefficient Fy,., of coating agents as a function of D; (b) Fyom

as a function of d; (c) capping rate F,, of

GNRs as a function of D; (d) Fi,, as a function of d. Results are obtained at various CTAB/DMPC molar ratios, shown in differ-

ent colors.
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IR R 8 55 TG

YR LLIG M, /R F Hh CTAB ) HL 13 i,
CTAB (/)38 Z i 15K R (G i AL TR B i, 1X—
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Gy U, TE A KRR T LA 22 411 FE WY, O
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SEHTAUZ AR, 7E 4 A oK 2 T LA BTl 0% £ B
B, NI G . X — B PR TR, 7R
il % GNRs B, AT DIARE 5 2R A 10 AR 10 15
Mo F.
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FEEBRRKBEENHE. BT E FHMFR X — )
FEXT GNRs 3R 97 55 %

X, Ny o BN, o 535025 2—9 FIEE 1—10
A GN BRWR R 08 B a8 T
PR S 1) N 3 R O 40 8 70 o o 4 4 551
LA, S e T A R S PR i e AL R B BRARLS
BT, AR R 2/10=0.2.

mE 6(c) MK 6(d) frx, 4 CTAB/DMPC
FEJR M 1:1 #13:2 If, GNRs (98 %% JLT-H 0,
XTI GNRs Wit Ay AR5 KRR IRREs (K1 4).
TSI 114 s [ AR a5R AB A 5R F RE oJ2 l  Se .
SER BRI TR AR = W Re L, T LAAREE S
1 GNRs i ¥isi. 4§ CTAB/DMPC EER L
KTFEHT 4:1 0, GNRs B 35 R8I0 et
MR FIE T IR B AR B i L (8] 4), AT
SERE R BUZ R UL, EATHE RS g, A2k
R RE SR AT LIRS 33 GNRs AP .

TEAHF R EE R T, BEE A EAE SR D (1)
BN, GNRs J i ) 78 o5 2B i i K (81 6(c)).
5 D B IE A S B T8 ) B4 W R B —
(AW B 70 SR 5, #0510, GNRs 1) 194 i A2 T B
B ARG SE K. T 24 GNRs BL#% d 34 hnmf, GNRs
T i 140 7 o B/ . FTRERY IR DN 2, B d 0
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B4 GNRs 2 18 i) ih Zasl /)y, W B2 AR 15 5 0
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FAEEF, d = 2 nm LA 5 R B A
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IREER 4:1 IR REANE T 2 AFATHE. 7EXT 3 4
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U 48 WA IR 042 R LR 1 1) B 81 06 22 SR B T B B A 751
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JER 4l CTAB Bt (BE/REE 1:0) BYAE MR,
AT LASRAME 7RO 217 R 18 52 5 177 58 28 1) 8L
JERE (BEIR I 3:2, 1:1) ARMERLHL T 22 GNRsH ¥,
A E TR d IRBOCR NI . AEERE, K6
HBE SR d AR RO OC R AR AEAE, 250 AT LA
SRS IME R, 1 GNRs 194 i W -
7.

SEG S AR % GNRs B, 5 — 48 % 4T
BLOAT BHRAE, X — AR P RE 2l W B 55 1 18 M
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F5rF M GNRs 312, WAL RERE A B, GNRs
VR St A ) 7 i O R R RS, IR B 57, X e i
WiF) 431 (JiHJ2 DMPC) 28t 560 B . XAk,
PR B 9 4 BR AR VT BB AR ol XRISEOS: B ASI i
iR et GNRs 454G AN A, GNRs 1
PREERA AR T LU RESCES A S CTAB
DMPC AS[A] H 43445 4 24: XFF DMPC Al GNRs
AR BEAETE I, T A 90 KB %) W i PR
"z, FiHRERE TS K al S A7 %, M2
TEMITE LS I8 19 204136 {124 CTAB 520,
1B 7] LA sS4 A oKAR 1 v [R) R A7 A7 B KR
JEE V%) AL B 7T A0 TP - 1) ) B3, GNRs i ] LA
S ilf Sk IR AHIE . S48, 24 GNRs 7E#E47 3k Al
LA AT, e G R AT RE & AR R, X i eT
DU Wang %5 28 SR F| ) GNRs KSR F
PEIREEAS.

3.5 CTAB #1 DMPC 7 GNRs ®E R
B

34T GNRs W SR, BT &
Wi ) A9 8 B J2 A GNRs R RS R T AR. O 178
AT B2 AR, G TR T A I A pRE
(radial distribution function, RDF). & 745 T
TEAR CTAB/DMPC EE/R L AR DT, GNRs

80
60
40
20

100

100

r/nm

2 4 6 8 10 12

r/nm

7 CTAB 5 DMPC ) H, Bk T 14 Bk T 76 R [f] D % CTAB/DMPC /R o T i) RDF, H P BEEJR FL 23 B0 (a) 1:1, (b) 3:2,

(c) 4:1, (d) 8:1, (e) 16:1, (f) 1:0

Fig. 7. RDF between H; bead of CTAB and DMPC and gold bead at various D and CTAB/DMPC molar ratios. The molar ratio is

(a) 1:1, (b) 3:2, (c) 4:1, (d) 8:1, (e) 16:1, (f) 1:0, respectively.
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Fig. 8. Membrane thickness L., as a function of D. Res-
ults are obtained at various CTAB/DMPC molar ratios.
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El 9 KR D T35 GNRs % 1 &5 70 19 852 B 431 & (GNRs 142 d = 4 nm), Hrr, LRMEIA R QRIS e A K 2
CTAB/DMPC EE/R LN 16:1 BY4E R, (a) D = 1kgT, (b) D = 2k T, (c) D = 3ksT, (d) D = 4ksT; 47l J& CTAB/DMPC EE/K A
1:0 45, (e) D = 1kgT, (f) D = 2k T, (g) D = 3kgT, (h) D = 4k T

Fig. 9. Projected expansion map of coating agent distributing on the surface of GNRs with d = 4 nm. The slope of the linear fitting
represents the spiral degree. The left panels are results at CTAB/DMPC molar ratio of 16:1 with (a) D = 1kgT, (b) D = 2kgT,
(¢) D = 3kgT, (d) D = 4kgT. The right panels are results at CTAB/DMPC molar ratio of 1:0 with (e) D = 1kgT, (f) D = 2k T,

(g) D = 3k T, (h) D = 4k, T.
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Martini #7357 P4, SR, Dry Martini J3% JC 1 R 76 Hu a8 n
A WA BERREL. 7346, AP &R T RS R, 2
WE BRI, TP E R TR, h T LR T
M 8 BB PREL, JTXTAS [ () AH ELAR FH i A () A 4
Bt M TAREA A S R, %R B SR R
KA T30 122 1 37 14340,

R T BRI 2 00 A B AT 1 R A R M, T AR
AR EAE AT L) Sk IR S B Al Y S e RO T I
B 1) WTFEHE, RA T iak kR E DPD JiiZ8143490,
XSS RAR A M T I T B AR A 45 Mk S AR s e . X
CTAB, HIEWFH T #EIRAXSEL. K5 B + DMPC M
CTAB MM BHRE RN TR ESE A M. 2) AT

#* Al DPD 13 o) ZHUHYIUE (ION, Hj,
Hy, M, T kT 40l A SCHk [43] 111 W, Qo Q.
N,. C BT xbi)

Table Al.  Values of parameters a; in DPD Force
field. The ION, H,, Hy, M, and T beads correspond
to the W, Qq, Q,, N,, and C beads in Ref [43], re-

spectively.
a; ION Hy H, M T
ION 100 98 98 102 130
H, 98 110 100 102 130
H, 98 100 110 102 130
M 102 102 102 100 110
T 130 130 130 110 100

# A2 Im-DPD J135 ¢, o Il s SEUAY(E

Table A2.  Values of ¢, g, sin Im-DPD Force field.
ION H, H, M T

c 0 19.37 19.37 20.02 24.56

o 0.5385 0.536 0.536 0.541 0.566

s 0.625 0.625 0.625 0.7135 0.7135

# A3 Im-DPD J337 P RYSEIC | S8 A AN BT Y
S (d R LI B I B AR 1 AR

Table A3.  Equilibrium bonds, angles, and corres-
ponding force constants in Im-DPD Force field. d is
the diameter of GNRs in unit of nanometer.

00/(°) Ks/ksT
GN—GN—GN 180 600
H, M—M 120
Hy M-T 180

bond  Ly/ry Kp/kgT-1y° angle
GN—GN d/0.71 512
H-T 047 512
H H, 047 512
H,—M 047 512
M—M 0.31 512
M—T 0.59 512
T 0.59 512

M-T-T 180
T—T-T 180

[S2 N o2 B = B e

PERASDE R B AR 25 nm YA R HREVE h— L
RALER T M, TR A 24K DPD # ek, &
IS TR TR ER T & A AR A& . IR FHIEER L-J
PORFR S 2R X IEBHREN. 728 L-J %0
SR, SIS SR 1 RER T RGE. 3) b TIRBIAR
[ 5] Sk 3B F1 GNRs AH EAE Ry 22 4%, R T Morse
3. Morse $1 D A, AT A FHR AR, D BUE 0
2% TN E—TAE WL 4) fEdRil & %1 DPD h5%
By See v 1346 o DMPC A PSS 3ER T4 R S i
T AT PR . i TR0 1% 38 KR
SHL, N T AT, % AR T X b B sk
PR T a0 FIBUE LR AL o0, ¢, s IE LR A2
GNRs, CTAB, DMPC B EESHL% A3.

M B DMPC 1 CTAB #y & il

h T AP AR SR, AR (r > ) BFERL
REHL F7, X 75 B XF SCHik [46] Y s = {0.46, 0.46, 0.46,
0.734, 0.734}E 47 V84, Sk EH DMPC BPET. XF s FBr
AT T S5k e, | & R3] s = {0.625, 0.625, 0.625,
0.7135, 0.7135}. 7EXEH s T, DMPC fE K& T4
BRI, MR T DMPC SUZ BRI PER (184075 WL
Mk [43, 46]): ERMK I AZA PRI R 0.6996 nm? =
1.3972, W2 JE LB R 4.07 nm, L 25 WK 198k T =
0.82 x 1071 J. 5 GaN% 5] DPD #4810 45 5L 1) (15 1 AR
h 1.3557,2, RN 3.56 nm, LN A 0.5 x 10710 J) 4
Lo, BTEOERIR R LGRS GO s S ROBL G 45 AR W] LI A7
G Z .

T Im-DPD 713 F CTAB (1 i, #4717 46
CTAB W, RZH &4 72 4 CTAB 4 FHf 724~ 1 #r
FAESF, HALBLRLAF S CTAB/DMPC 1R & A, % Bl
FIH T CTAB BEAR IR AR | B0 | LB B ST, JF

#* Bl H CTAB JBOREESTR, K, DZ
BRI EAE, e 2B LR, ot CTAB 4 FIHE
BE (SEZ 4075 P DL SR [50)), A% RT3 474
oK FISCHK [50], FIFEX HL AT

Table B1.  Simulations results of the single CTAB
micelle. D is the diameter of the micelle, e is the
eccentricity, and « is the degree of ionization of
CTAB molecules (see Ref. [50] for details). The data

in the first three lines are taken from Ref. [50] for

comparison.
Force Field D/nm e a
All-atomic 4.79 0.29 0.63
Martini 4.54 0.14 0.78
Dry Martini 4.42 0.12 0.73
Im-DPD 5.13 0.16 0.68

248701-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 24 (2020)

248701

ST R A 7K Martini F1JG/K Martind A58 #4455
59 R, CTAB 7SRRI F1d T e sl o 4.

M T Im-DPD LY At Iy 500 3 B2 TP, JT LAAE AR SC
HeRHZ Y. TREER, A0 R)E GNRs fl CATB/
DMPC &Ml Z R A EAE L, Bl HETH s S506E0% 1%
SEHUTTEL, R B BT 2 ).

fff % C DMPC #2 GNRs Hy 57

[ C1 Jy4l DMPC #1 d = 4 nm, D = 4k T GNRs-
DMPC W ZTEAL, AT LUFE 1, B4R DMPC &8 i 3%
1, A GNRs LUA#EIE (d = 4 nm, D = 4k T, CTAB/
DMPC EE/R A 0:1) SLUBUZMIE R84 GNRs, X
FATHIH TAEMEE B R — 2 2. 55 158 C1 ME 3 7]
VIRIR, BEIR H/INT 302 BB 735 DL 58 3 OBUZ BRI I 2
X GNRs .. 24 d F1 D 55 T H A ERS, W83l 3
% TASCE SFSY CTAB XHESR 520, T LLAS X 2
IRECA 0:1 MR R 24 48

(a) 400

300

200

0/(%)

/(%)

0/(%)

D1
(e) 16:1, (f) 1:0

(2) (b) € 8 ()

Cl 4 DMPCAHl d = 4nm, D = 4k TH GNRs-
DMPC U412 $1  (a) DMPC WY IE 31 & (b) VI i & ;
(c) GNRs-DMPC BB 5 & (d) VIl

Fig. C1. Morphology of the pure DMPC lipids and as-
sembled GNRs-DMPC complex with d =4 nm and D = 4kgT:
(a) Morpohology and (b) cross-sectional view of DMPC;
(¢c) morpohology and (d) cross-sectional view of GNRs-DMPC.

3K D GNRs &% W 154 il o o 3L % & 7T I

K D14 TEEIR AN (a) 1:1, (b) 3:2, (c) 4:1,
(d) 8:1, (e) 16:1, (f) 1:0fEW T, d = 4nm M D = 4
kg T B GNRs FRHEMEMFI B3 I A .

(b) 400

0/(%)

Z/IIIII

d=4nm M D =4 kgTh GNRs K B 57 79 B TF 0 A5 1, Hop BEIR L2050 (a) 1:1, (b) 3:2, (c) 4:1, (d) 8:1,

Fig. D1. Projected expansion map of coating agents distributing on the surface of GNRs. Data is obtained at d = 4 nm and D = 4
kg T. The CTAB/DMPC molar ratio is (a) 1:1, (b) 3:2, (c) 4:1, (d) 8:1, (e) 16:1, (f) 1:0.
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# E1 A D} CTAB/DMPC EE/RETAY ry, o, 15 1 Lipern
Table E1. 7y, ry, 13 and Ly, at different combinations of D and CTAB/DMPC molar ratio.
D= 1kgT D =2kgT D= 3kgT D= 4kgT
Molar ratio

T T3 Lmem Ty T3 Lmem T ) T3 Lmem LA} T T3 Lmem
1:1 2.88 6.33  3.45 272 6.11  3.39 2.62 5.82 3.2 224 268 5.78 3.1
3:2 293 642  3.49 272 595  3.23 264 571  3.07 225 266 5.63 297
4:1 280 6.1 3.21 2.8 575 295 232 273 562 289 229 267 5.36  2.69
8:1 275 6.06  3.31 274 571 297 23 274 552 278 224 270 536  2.66
16:1 2.87  6.09  3.22 271 574  3.03 223 270 558 288 226 274 546  2.72
1:0 275 589  3.14 279 560 281 229 267 542 275 229 277 536 259

3175

M3XE CTAB #u DMPC & GNRs & Y42 16 47

& E1 4 RDF W BRER. £ E15H TR D &

CTAB/DMPC E’E;J_( H:—FE(J Ty, Ty, T3 ﬂ] Lmem'

El E1

RDF W i B 7n B, K &R 78| A R0R,

CTAB #1 DMPC B H, ¥k FH 4 (%=
Fig. E1. Schematic diagram of RDF. The GN bead is shown
in yellow, the H; head beads of CTAB and DMPC were

shown in red.
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Abstract

Gold nanorods (GNRs) have aroused the extensive interest of many researchers in recent years due to their
unique physicochemical properties. However, the toxic cetyltrimethylammonium bromide (CTAB) is often
introduced into the process of synthesizing GNRs, which hinders the wide-range applications of GNRs in clinical
practice. To reduce the toxicity, the CTAB molecules coated on the surface of GNRs should be replaced by
nontoxic and biocompatible agents such as phospholipid. Thus the component and morphology of the mixed
coating agents on the surface of GNRs affect the physicochemical properties of GNRs. To study the morphology
and properties of the coated GNRs at a molecular level, we investigate the self-assembly of GNRs, CTAB, and
dimyristoyl phosphatidylcholine (DMPC) by using solvent-free dissipative particle dynamics simulations. Our
results show that the morphology of the assembled complex mainly depends on the CTAB/DMPC molar ratio,
while neither of the interaction strength between GNRs and the coating agents nor the diameter of GNRs has
significant effect on the morphology. At a certain combination of GNRs-coating agent interaction strength with
GNRs diameter, the mixture of CTAB and DMPC on the surface of GNRs undergoes a gradual change in
morphology as the CTAB/DMPC molar ratio increases, including the forming of intact bilayer membrane,
cracked bilayer membrane, long patches of micelles, and short wormlike micelles winding GNRs in spiral shape.
The morphology of intact bilayer membrane verifies the experimental guess, while the other three morphologies
are brand-new discoveries. We also find that when the GNR’s diameter becomes smaller, or the CTAB/DMPC
molar ratio is larger, or the interaction strength is greater, the agents cap the ends of GNRs, meanwhile the
membrane thickness becomes thinner. The multiple morphologies of the assembled complexes can be
qualitatively explained by the shape energy of a membrane adsorbed on a solid surface. When the surface
tension of the membrane (which is proportional to the spontaneous curvature of the membrane) exceeds a
critical value (which is equal to the adhesion energy density of the membrane), the membrane dissociates from
the solid surface and its shape changes. The change trend is related to the spontaneous curvature of the free
membrane. As a result of the synergy and competition among the inherent curvatures of GNRs, the
spontaneous curvature of CTAB/DMPC membrane or micelle, as well as the adhesion energy, various
interesting morphologies are produced. Our simulations and analyses directly characterize the morphological
structures of CTAB and lipid coated GNRs, which allow us to in depth understand the self-assembling
behaviors of GNRs at a molecular level. This is also conductive to achieving the controlled assemblies of GNRs.
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