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Construction and characterization of nanomicelle carriers composed of fluorinated
polyethyleneimine derivatives and their role in delivery across the blood-brain barrier

GUO Xiaotang"?, LU Xiyuan"?, LI Juxue"*

'Department of Biochemistry and Molecular Biology s School of Basic Medicine,’Key Laboratory of Human Functional
Genomics of Jiangsu Province, Nanjing Medical University, Nanjing 211166, China

[Abstract] Objective: To investigate the construction, characterization, and role of nanomicelles composed of fluorinated
polyethyleneimine (PED) derivatives in gene delivery across the blood-brain barrier(BBB). Methods: PEI-heptafluorobutyric anhydride
(HFAA) was synthesized through a chemical reaction between PEI and HFAA, followed by amide reaction with sinapic acid (SA)to
obtain PEI-HFAA-SA (referred as SPF). Finally, PEI-HFAA-SA@PS80 (referred as SPFT) was obtained by encapsulating polysorbitol
80 (PS80) within SPF. The molecular bonds and elemental composition of SPFT were analyzed using Fourier transformation infrared
absorption spectroscopy, fluorine nuclear magnetic resonance (NMR) , and hydrogen NMR spectroscopy. The hydrodynamic particle
size, plasmid adsorption and protection capacity, stability and morphology of the carrier-plasmid complex were further characterized by
dynamic light scattering experiments, agarose coagulation experiments and scanning electron microscopy observations, respectively.
The gene transfection efficiency and cytotoxicity of SPFT were investigated in mouse glioma cell line Neuro 2a. SPFT carrying green
fluoresant protein expression plasmid was injected into C57BL/6] mice by tail vein to observe its distribution in brain tissues and the
effect of gene transfection within the BBB. Results: SA and HFAA were modified to synthesize SFPT, which was then wrapped in
PS80. SPFT had a hydrodynamic particle size of 100 to 200 nm while exhibiting significant loading capacity for plasmids along with

effective protection against degradation. In wvitro experiments revealed that SPFT possessed excellent transfection ability and
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biocompatibility. In vivo experiments showed that SPFT accumulated in the brain successfully and crossed the BBB to deliver the gene

effectively after tail vein injection into mice. Conclusion: SPFT exhibits a good biocompatibility and demonstrates an efficient gene

delivery across the BBB, presenting a novel approach for drug administration in neurological disorders.
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If1L- Jio§ % B& (blood-brain barrier, BBB) A& {4 4 1]
HE 5 e, b L P9 R A I o R R R T IR 5 4
)0 S A A0 s T AL BN, LA A A i PN P A R )
Joi B DA R GRIP A2 T D RE . 7R IR AR B AT
N, BBB FI) 5 A2 45 AR T 1 o LA A B A
5E (3244, 5 BBB 2 FH LR K 22 Bl s 7 1 #E
SR AR, H T BBB FRIX — g, i A AR
HIZ W AR T R e 2 BIBR ] o S RHIF T B, B
IR PCHEER I 2 o U R firh g 745 0 30 97 1)
KBy, IR A AR TR
RIS R AT N TR R FH SR A A RSB, T e
TRIRIT TR R RGNS o R DR ik R e 1t
AN EAELEZRIRT T vh A — % 2, {5 T3 B
HR T S Z R VA R b o M 22, FEDRT VAR
P R ST SZ BI PR PRI, TR BB Ak
AT B KNG T AL IR, LL S il BBB X i #8950 12
T PRI, I 2R Gt Ho22 A s I8 I8T7 2540, /2 i 4F
KT EIBE AR L —

VAR, B A AN K R A BOR B R, 4K B ik
IR AR Z AR BE 25 W) 5 A ) B B e ds AT T
Heo Horp, BT3RS W b8 FL] 4% faf 8 AT Ak o
X R BA ORI L 5 5 DT Bl AR 8 SR S5 R 1,
HHCA K R 2 R IT TR AR BRI — &850
& 0% W (polyethyleneimine, PED A& fz 5 & B 1
—RIAETREY, LA REREE, A&
R 5 7 R TR R B 0 - 40 0 B3 RE g DA B v Bl A
Wi AHE A1 SR, PELTY AT BEAEAEAIRRS S 1k L i 7
PR JL R AN R I ) e S i, BF 98 A1 1 o &
A A i ke P 45 JFG v P G %0 3R 1) [ I R 0 440 i
BEtE. FE2014 4, Wang S5 tH &AL 1B 10 1] % 44
KA M, Fo AN T 1 550 20 K UL FR) 78 7K 1 A
G B e S T e 5 RO g AR R R BE ) R I
W e 5 BA AW 1, 5 AP A IR Rl 23 A
AR RS, AW A it m. BkwEil
A6 s S P R g v 0 AR P R DR A B A &
S FAAB TS VIR 2 A B i 557 2 LA
A TURIA B A

[J Nanjing Med Univ, 2024, 44(08): 1035-1043 ]

MY R B [ A ) R, 8 R SR I A 1D A
R K 3 T8 A R 7 Y 55 O 1) A 5 T 52 ) 7 R R
ZWRIE. @RIDFAE G, Ho— 77 T kD> 2 5E
RN AR ER A S 5 — 7 T3 SR g R R 1 A
PIMAE M . IF T BR (sinapic acid, SA) /& JF AR 2
Gy CERE A Fd |z o3 A, RIS AR AE T & kL K
RVB AR EY o T AR AT LA 5 [R]
PN BIGEOR G , [] IF AJE 7T 22 W SA FT BL%F 88 BBB, V69T
AR S AR 4 T, Bl /N BT IRE A2 g
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), MEM 5% 5% £ . DMEM 5 % 5 | I 2 113 (fetal
bovine serum, FBS) . & 2 & -5 4 & (10 000 U/mL) «
0.25% Ji%: i « PBS (Gibco A 7], 2 [E ), Cell Counting
Kit (CCK)-8 i & (WM 3 = R A FD & et
J& (neuronal nuclei, NeuN) FiAE (Abcam A #], E[ED,
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], FEED, DAPL PUR 6 i i (b & Sk
FKATD . JFUKL pHIV-Luciferase (#21375) 7> T BN
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7 UR B O WL AE B 20 A1 1AL COL 20 M 355 77 48
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O, 8 B 5 6 AL (Nikon A 7], HAD JHOBILE
£ 5 B LSM 800 (Zeiss 24 &) , 18 [F ) L 371 4 i 8%
(scanning electron microscope, SEM) (JEOL 2 A, H
A, B W I H UK A C R R A DD S BEARAX
(Biotek A, £ D, AL (R T B A FD .

AHTFE T E FH 1 HEK293FT F11 Neuro 2a 4H g 33
RT3 [ A UK IR 4R A7 2 (American Type Cul-
ture Collection, ATCC) » ASHTF 7248 FH B/ BN ITE A
% C57BL/6], M H 7 5% B2 B} K 2 = 245 S50 3 4 v
o TR NBENLGE, BN S Ko WFRFAMAN
Fr AL SPF ¥R 83 - I8 ¥ 22 °C & H 06: 00 — 18: 00
YT, N R A ORI B BT . BT s
VS0 I A B 0l DR B K 2 R 2 5L B s P oo R AR
HRZE 012 HE R HE4T (NO. 210044)
12 Fik
1.2.1  th KA A6 & i R & AE

PEI-HFAA (i #% PFD 15 : FREPELs, 100 mg
MIHFAA 40 mg, 73 A& T & KoK HEE T . R
PELVARR HFAA WS AN 4 h 5 I = & 1%
(triethylamine, TEA) 40 wL, 4k 22 7E B FE 28 EPE
48 ho H4E B VIR CIE AL 10 kDa i #r 48
i, FE TG /K LB IENT 12 hy SR G 1ETo/K 2. 5 k4l
IK IR A VA IENT 12 h, 5 B4 KiENT 24 h,
4 h HEH YO 2K, FENTES RS, A 10 kDa
T AE 5 000 r/min 550> 15 min 34T 8, I £E
JRAR AT R T, R T 5 A N E AR =80 C, 74k
10~12 h, 143074 PF

PEI-HFAA-SA ( f&i % SPF) i 4 % : A% B PF
100 mg-SA 26 mg.EDC 55 mg DA K& NHS 40 mg, 73 71 ¥

FERE A DMSO H1 . K SA T NHS IE A EDC ¥
TS AL S 4 b G, 5 0 PR VA0, 4k S0 Bt P o b
P FE IR 24 ho KA B P INTE AL S B 10 kDa
FENTAE R, FETCK CEEHIENT 12 h, SR G 1E T K L
5BAUK R AR BN 12 h, e e aik
FEMT24 h, B4 W R 1 4K . BTE R )G,
F 10 kDa #E €% #£ 5 000 r/min & 0> 15 min #1718
W, W E L ERAEIATE T, BT AENES
T -80 °C, FF4E 10~12 h, 13 374 SPF.,

PEI-HFAA-SA@PS80 (f#j#% SPFT) 1] i : FRHL
I& & 1Y) SPF A1 PS80, 43 7l Fit il i 1 mg/mL 7K ¥ ¥
B 180 WL SPF /K&, Wi N 20 wL 1) PS80 7K A »
A WATIR A )G, = iR i B 30 min, 13 2] 1 mg/mL
SPFT /Ky

FREL— & & B 9K A kL kAT (8 5L it AR e 21 4
W W 't 1% (Fourier transformation infrared absorption
spectroscopy, FTIR) \ #% W L% (nuclear magnetic res-
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R Gk NN EREGE IR, 80 V LK 2 B
40 min, I FHEER BUE R GAT BAGHHOIIL SR R
1.2.4  AREMRI R A9 R A

P 1) B B Je » ek A 5 R 1) o B b R 4.0
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light scattering, DLS) S5, Wl 7 % 44 JoRL 5 A 44 (1)
IKERLAE . BUE RGP RS 1 pe TR, 1A
(1 ot 12 LU G ) ROV S 4, 5 R % E 30 min J5 . FH
ali K Ah 78 2 1 mL, FREAR A 2 2% R SR B A 1)
IKERAE . BRRIARE 3 K, BCPFIMET S0t
1.2.6 ARBARAE L SHRAETHER

Fo AR 5 TR LGN 4.0 O R AR R R S
4, 9% & 30 min J5 , I FHEOERLEE A 52 2] R
HEERPIKE AR G R AR 4 CFIRAF, FF1E
550244872 h B I 2 HoK A kifz

D72 0 2K e ST AN [ 0 HH R M T TR 1) e
AR TR R A5, 900 WL 5% 7% % B (glucose,
Glu) IE R, TE55 0.24.48 h il & HoK &Rtz
127 miaizk

HEK293FT 4 g 5% 158 F &% 10% Jia 4+ I3 FBS.
100 U/mL 525 A 100 wg/mL 55 %5 % () DMEM w4
R R B AT B 9% . Neuro 2a 40 il {8 FH & 10% FBS.
100 U/mL 75 % 2 A1 100 pg/mL 4% 75 % ) MEM #iz i
DR TR AT R IR . R IR 4 N 3T CL 5%
COo 411 M 15 J5 12 9 SR VR 24 40 BB K 3 42 90% ~
95%I LA, 2 d e 1 Yt 373,
1.2.8 CCK-8M| % mfei& 7

15 FH 578 A 35 7R F M 4K A BEAR E 22 6.25.10.00,
12.50. 20.00. 25.00~ 50.00 wg/mL, ¥ F1 5 100 L.
SEEGHT 1 d, Ff Neuro 2a 41 58 T 96 LR A, £741 B
K 28 8090 B i AS [F) R B 4K M L1 576 42 85 97
o BigR 24 hE, B 96 FLAR IS 7RI, TEALINA
100 pL 7 CCK-8 171 1 3 72 37 “CAb 2 30 min.
WI5E 450 nm P RIROCFEAE , T4 /T .
129 #hFk

HUE 8 C57BL/6J /N BGHT 1L, 2 000 1/min 5§
> 10 min, EE 2-3RXE AR FiE LA, BU/D &9 401
DUUEIINA: B2 6 7K B3 A 28 i, #1149 2% 4140 i
B 0.2 mL 2040 iE+10 mLAEF KD . HA
BN ERNELD RN b 37 A S P NI
R KB L AH R A I . WK S A&
FEERIK 3 AE R B S B P RE2H . 37 CHE A 3 h
Jii» 43 A 2 000 r/min 50> 10 min, B 100 wL L3
T 96 FLAR A, M 541 nm 3 4 &b IR AR, 75

b g
1.2.10 ‘miass g

DNHT 1 d AR, 55 20 O 85 P2 1) 8090 I 1EAT e
Geo FSLIRESRICH]EAA S SR R s aOLE H
(green fluorescent protein, GFP) Jii ¥i (pLL3.7) I & &

A, I E 30 min Ji5, 7 DMEM 2L MEN £h 2 A4
2500 pL, SFAHRLHATHIR . EIEFRAEIE B 8 ha, ¥
[0 58 AR IR I, AR EEIT 5 48 ho FERGFRIEHEAT 4R M ¢
TG SIS, [ 78 4 M 5 13 FH DAPT G, di i {5 B 52
DRI G N IV ST IR
1.2.11 @i 5

¥ HEK293FT A o 42 Fp T a5 3% v b, frdi K
B A IEE LN, 4% 5 &t~ 4.0 il 4 SPFT-FITC/len-
tiCRISPR v2 £ &1, % i % & 30 min J5, H DMEM
B MEM #h 2 /A FR 2 500 wl. 7 B H 2.4.6 h
J& » FEF B BAR TR G A 0 35 77 SR 3R AT 40 P e %
FISLY, B TR BB T L.
1.2.12 AR BARGGIKRA 5

A [ 7€ 1) Cy5.5 Joi & 56 A1 T ) 5%Glu ¥ 0K
SPFT-Cy5.5 X Jif B Cy5.5 #h & 3 200 L, i Ee 31
Fl o I B BkE SR SPFT-Cy5.5 B Cy5.5 i i% &
CS7BL/6J /N ERAR P 5 73 T 7E 28 05243644 h X} AN [F]
(1978 BRBEAT BRI 5 o Bl S TE 56 48 h iEAT /N B i
B, R /N BRI AT AR G AN AT R
1.2.13 MR BAARBERAGGIR N 4 5 10

T AR A B e S0 PR AT H I B 3 o b C 1 4
KBEAR TR AR, H 5% Glu % W #h 2 7R 2
200 wL, IECHLA o J8 s 2 i Mo SR s ook &2
ERIEIE 2 CSTBLI6) /N AR N, B 3 d VRS 1K, 3t
VESF 3 U0, VS 45 G 28 3 R BN BRI 47 VK%
YIA o 5%BSA =i 411 h, NeuN —HifE 4 CHEE T
s AN, —PrE IR E 1 hs PBS Beisk 3 ¥, B 5 min;
DAPI Z I % & 10 min; BT GHKGHAT 3 7, B
JeFL T AR BT AT 9 R -
13 “%itg sk

{5 SPSS 26.0 AT HEATHAE 73 b . WIZRLTA] LA
SRS AEAS ¢ K56, 22 41 1A) L3R F B DR 35 22 49
Mo YEE T E A Graphpad Prism 8, 24 FH Y {H bR HE
(G + )R, P <0.05 NERA G FRE X

2 % R

2.1 SPFT#4& s k1t

IS — RV N DA R SPF 44K i A
TA) o XHZAMRIEEAT T 022 1 FVAK 22 B I 3R AIE
T St A R P2 ) PF AT SPF B 45 F A 2 34T T 40
7, "F NMR (B 1B) 275, 7£-81.-119 F1-127 b &Rt
W T —CO—CHF,«—CHF, AI—CF, R 1, 2% BH 51
TCE MR I B . FTIR £~ (B 1C) , 5 PELs
;2 PF AHEL , SPF 7£ 1 646 em™ A1 1 560 em™ B T
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T flc St () AR5 I UG , T /E 3 393 e I A2 U7 5 —OH
FR IR YL U D), R BsF, "H NMIR 45 3 SR (B 1D), 77
W) SPF 5 PELsc [ 45 MM L, 78 3.2~3.5 /b BB T SA
B )5 I—O—CH3 FF{EIE, 2 PIRIIE | SA IR
&, b 5 A B SPFT.
2.2 SPFT A& 45 R It F 4

FA PEL T T (%) 1 B far 5 JoRE Pt i (1) 70 H A J
o E R PR 4 A T B S, BT LR T R
WG B AR . AE SA B AN PS80 L 2L ) , SPFT i 45
GRS TR PR M . PELy A SPET 33 5 5 fi
(pHIV-Luciferase) 7£ Jit & Lt o4 0.2 I 58 42 45 & kL
(FE2A). HEEAT I, B8R SA BI1E1M DL K PSSO (1) AL
ERT T H 0 PELs 1 123, {5 L J50R B A
R AZ s, AT B [R) 4 5 K 1R J5URE I B g 7T, 7RI

A

JF 5 R 25 1 BT IR B 425 45 R
2.3 SPFT ik £ SR8 442

& RN RS B R A B 5 %F 8 BBB i
YT, B YRR B o I S IO i R B[R T A
Et R SPFT 5 J5i ki pHIV - Luciferase & & 4 (f) 7K & B
AR (& 2B, A 100~200 nmo 4% 44 5 FURL 5
E =40 B, & MHKE BAA KRB, N5
SPFT JR & INE 5%, % SPFT &N, 8 &1k
rh i PR I B2 39 0, SPRT 5 50k I 45 4
R R . BRSO T L 4.0 I, A dR
H (polymer dispersity index, PDD 32/)N, BB K& B
L1150 nm (B 2B) . A T E— IR FLE AR TR
giae s, 1 7y 1B K lentiCRISPR v2 Bkt
175256, 45 B oR, i & o~ 4.0, lentiCRISPR v2

NH.
(\Nﬁz >y
NH. HN H N
NH. -~ H N N A~
o~ 88 HFAA SN TN Nit:
2! AN S NH, o H
H H ) . bor
" . NN~ "
g CF, N NH
HgN/\/\\/\NIlg F F H
PEI \2\% PEI-HFAA(PF)
CH; Q()\$ §
0/ < HOOC 7 —CH,
OH
oH
O CH, 9
D\ CH;
NH SA
(\NHJ i\II/\/ H
H.N
? N\/\N/\/N\/\N/\/N NiL B
H : SPF
I ‘ (0] n A 1
N
CF] a/\/ N\, PF

I
PEI-HFAA-SA (SPF)

—PELs

—PF
——SPF

401 883 1365 1847 2330 2812 3294 3776

Wave number(em™)

-60 -70 -80 -90 -100 -110 -120 -130 -140 -150
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D

| ’

PELs, U
’

sa (7‘ AL

[ H1

SPF it LM

16'1614131211109 8 7 6 54 3 2 1 0-1-2-3
{1(ppm)

A: Synthesis process of SPF(PEI-HFAA-SA). B: The “F NMR results of PF(PEI-HFAA) and SPF. C: FTIR spectra of PELsx, PF and SPF. The left

circle corresponds to the characteristic peak of amide, while the right circle represents the characteristic peak of —OH. D: The 'H NMR results of

PELsx, SA and SPF. The arrow indicates the characteristic peak of SA.

El1 SPFHIEREE MR

Figure 1 Construction and characterization of SPF
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HE A IRKA BIRS pHIV-Luciferase 414 LG
A K AH AR AR AL BT A 23 4 b AR A s /s (B 200
CEAERE, ER T REN N 40T EELR . W
it SEM W %% SPFT/pHIV - Luciferase & &4 1) FE 55 Al
R, SPFET/pHIV-Luciferase 5 &4 JE 5 & HR <
Iy A ¥, RiARAE 100 nm 7247 (B 2D) .
2.4 SPFT Bk B A AH RIFayfas it

R M M a2 N T VPG PR 2 15 e % 72 K I
(1) A i B0 SR, R AR R AIE T i) — A E A
Wro [FIIF, 7KE BELA A2 TEAL SPET Bk & & A f i 1t
R RBEARFR L — o 9 T VEAL SPFT Bk &2 & 44 1) £
SENE, K H B T 4 CK AT, B 24 h(RIFESS 0,24,
48. 72 e K& BHAR. B A HERS, SPRT

AR TR A R KA BT 7 8RB AR b 22
FRG e (B 2E) . [F B, {# F AT & Al DNA
BT FLEAT T, 45 R oR, SPET X Tk A R4 1E
F AR T H B (E2F) . % B 3/ R AR P S2 06
5 B H 5%Gla AT AL 75 5%Glu 26448 RV
il B AR TR A AR )RR 1 5% Glu R 5 K IR
FHEC, MBHE O h i KA BERZE R LG58 X
(EI2G). SPFT AL AR FE 5%Glu 1 48 h N K &
AT AR A (B E KV SPRT iR & A 4K
 HARAE 24 h B RS AT A, HL7E 48 h B KA B AR K
2o 55T, 5%Glu ¥ W SPFT iR & & A 1)
PDI 2 BRI 2HD o 48 L ATR, SPRT iR &2 A 14
I RUFfaett.

A The mass ratios of The mass ratios of B
Naked PEDLs: pHIV-Luciferase SPFT: pHIV-Luciferase
Marker DNAO.2 0.5 1.0 2.0 4.0 6.0 0.2 0.5 1.0 2.0 4.0 6.0
® Size .
300 -=PDI .
200 4 Z
N .
i 100
0 -0.2
02 0.5 1.0 2.0 40 6.0
SPFT: pHIV-Luciferase (wt/wt)
C == pHIV-Luciferase D SPFT/pHIV-Luciferase E e Size
4007==1entiCRISPR v2 2507-=PDI 0.8
300 2 200 0.6
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Figure 2 Characterization of SPFT with plasmids
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Figure 3 Cellular in vitro assay of SPFT with plasmids
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