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[ Abstract] Objective To investigate the influence of the protamine sulfate on endocytosis and intracellular
stability of tetrahedral framework nucleic acid (tFNA). Methods Articular cartilage cells were collected from 3-day-old
C57BL mice. Cells at passage 1-2 were used in the experiments. 4 single-strand DNAs (S1 was marked by Cy5) were
utilized to synthesize tFNAs via annealing process and ultrafiltration for purification. High-performance capillary
electrophoresis (HPCE) was used to verify synthesis of tFNAs and transmission electron microscope was used to photo
morphological characteristics. The 1 mg/mL protamine sulfate solution was slowly dropped into newly synthesized tFNAs
(N/P=5/1). Then, Zeta potential was detected. Cells were treated with 100 nmol/L tFNAs with protamine sulfate in
Dulbecco’s Modified Eagle’s medium (DMEM) (Exp.1), 100 nmol/L tFNAs in DMEM (Exp.2), and DMEM (Control),
respectively. Flow cytometry was used to quantitatively detect intracellular Cy5 fluorescence after 6 h and 12 h treatments.
Immunofluorescence staining was used to qualitatively observe internalized Cy5 fluorescence after 12 h treatment by laser
confocal microscope. Lysosome of living cells were stained with lysosome probe. Colocalization between lysosome and
tFNAs was observed by laser confocal microscope. Results After incubating protamine sulfate, negative potential was
transformed into positive one ( (—1.567+0.163) mV to (4.700+0.484) mV). The fluorescence intensity of tFNAs in the
Exp.1 group was higher than that of the Exp.2 group in 6 h and 12 h (P<0.05). This was consistent with the results of
immunofluorescence staining after 12 h. Colocalization of Cy5 fluorescence and lysosome in the Exp.1 group was more
rare than that in the Exp.2 group at 6 h and 12 h. Furthermore, a large amount of Cy5 fluorescence was still seen in the
Exp.1 group at 12 h, while Cy5 fluorescence of the Exp.2 group was less. Conclusion Protamine sulfate can effectively

enhance endocytosis, and to some extent it can achieve lysosome escape of tFNAs.
[Key words] DNA nanostructure Tetrahedral framework nucleic acid Protamine sulfate

Endocytosis Lysosome escape

* [ K A (No. 2019YFA0110600) FlE 5% [ S B243E 4> (No. 81970986) ¥ Bl
A i#{5VE#, E-mail: xcai@scu.edu.cn



784 PNl (BE22 R

5515

AR, DA S % 2 (DNA ) A JE 6 A L, 75—
SE SRR, R B R E T S D) 1 2 2 T A A Y
FA R E & [ S W 9K b B —— DN A K 254
(DNA nanostructure) fEAL% BB | AR Y BE 545540 G
SRS 2 OCUED X [ 1% DN A K B ) 4
e, BARRR D REAL AL nd SO A Bl BA Bl A 1~
TIrag !, PR AE 25 W) i R s L AR AR IR AR
8 IS W SR 9T S SRR T TR I I H T
= IR I DNAGK AR —— DU ARHEZEAZ
fi% (tetrahedralframework nucleic acid, tENA )~ ], HEA
—ER A EAMEE S5 tFNAs H B % i eF e A, 4x&
S, PP 2T 20 S 2o P A B ) 3 B L ST AR Y 5 L )
PR AR s R B AR S —Fiiz g4, BT DASE Y A R e 1
miRNA S T i A A & R B AE 2= Thae o 4R
ML AEAR, DNAZG KA BHH SCHT 78 4 h s B3k 1 H Hif
XA FH A 7E", 19140 DNAZYKAT RG] S Lk
£ LA L PRI B8 L5 22 P AR KA LR B 3L 55 DNAZ
KA AR AL T8 A PN v A 8 R, 01 R
NIRRT A AR T A= W) "7 DI RE o BT X i 20 5] T 7 i ke
LE LIRS

R B 1 DAL RS - S R 1 22 3R BH S T IR
W2 SDNAZS G, XFh 456 WA A DNABESS /R, 2
DNA 52 B2 ) Jo R fige iy w42 ) #oRs 2R L AR iy 1
FL i S B i T A ] T 5 PR 2 e s 2 A ™ S ok
T IRDNAGOKR G IAE R PR, ASCI LA tFNA XS 42,
I E F R LA E 450, 3R 50 HOR 8 FL R R SR %t
tFNA ALK P 3 R A 52

1 #MR5FE

11w

4P DNA ¥4 (single-strand DNA, ssDNA) Il F
TaKaRa BioZA ] ( HAS) s AHX 3 Bii 5.1 x10* k§ 8 1
BER L T Sigma Aldrich/A &) (32 ) ; F FHBURL K
A3 H i C57BLELEL . DMEMBE IR . i ML |

DAPII FSigma AldrichZ\ F) (36 [5) ; 4 i F 42 44 557 '
SEM K FInvitrogen/A 5] (INEK) 5 W EEA G4 (45 Lyso
TrackerGreen DND-264 T Thermo Fisher/A & (£ H ),

1.2 Ak

1.2.1 BRARSKE @RI I3 HIBC57BL/INRIG Tk
L VIS, FHIxXPBS 21K . HCH 7E0.25% 8K [ FE
Wb B U AL, % T Dulbecco K i Eagleds #7 3L h
(FPHiDMEM, 0.1 mmol/LAE 75 2 32, 4 mmol/L4+ ik
K, 1% B R AER R IR 737 C T E 30 min, A5
5 N0.5% 1 T 789 g il v T AR 80, A 2 10% i 2 1
1% (FBS) FUDMEM LA L 1: 17 i, FE7E 157 xg(FHXT B
O J1) FELGS5 ming FRIHE MM EER/BIERE
BB TETE B 10%FBSIWDMEM Y, 42/ B T2555 70, 78
37 C. T 5% COSEFA T 3E R . AR TLge i 15
1~ 244t

1.2.2 A RIFRAEtFNA  455ssDNAFH L1, XF4Fh
ssDNAZEATHBHUE B, 5pHS.0/TM bufferfit & i &
100 L AR o HS18EH Cys 2Ot Thnid . Z )
F°95 °C 10 min. 4 °C 20 minfGFEEM T 5EUENAKITF S
BTSSR A, I H] RE i B A0 F UK (high-performance
capillary electrophoresis, HPCE) 3 UFtFN AR & 5",
FHE S A S A

123 4| & & & QAR (FNAE Sk WKL
/R, FHZEMRK LAY mg/mLJ ik B P il £ 2 1 B Eh i
T, 2 I T P R R R R AR LR RR R V) I
fEFEas o AU L (ROn 1A 2 v fokS 25 VB RR 6 T 7
RIR TS (PNAFT &R0 L) SN/P=5/ 1 il &
B0 RS 28 1 TR AR VA VRO A L 98 B A 1Y (FNATS
Wb, 2R N E 30 min. il Zeta sizerk AL S5 Sl % 985
BHIE tFNATE R ZetaFL L HEA AN

124 F¥am ARG N34, OIS ks
TR EL A & Ab P A9 100 nmol/L tFNAs(N/P=5/1) R4 A
SEEAH 1 A BA4E100 nmol/L tENAsHY 20 ik S 4H 25
Xof L A0 MO A HEA T 24 b 2

5 E B I F Hyclone/A ) (35 ) ; Rk Ye £, 571 125 ARMIEARZTZRMAIE  LLIx 1040 /FLF T
#1 DNABGEEERFT]
Table 1 Base sequences of DNA single strands
Single strand Base sequence (5'>3")
S1 ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAA
S2 ACATGCGAGGGTCCAATACCGACGATTACAGCTTGCTACACGATTCAGACTTAGGAATGTTCG
S3 ACTACTATGGCGGGTGATAAAACGTGTAGCAAGCTGTAATCGACGGGAAGAGCATGCCCATCC

S4 ACGGTATTGGACCCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGGCATGCTCTTCCCG
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Fig 1 Schematic diagram of synthesizing tFNAs with protamine sulfate
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Fig 2 Synthesis, morphological characteristics and Zeta potential of tFNAs

A: High-performance capillary electrophoresis (the unit of values in the figure is bp); B: Transmission electron microscope (TEM); C: Detection of Zeta potential

before/after protamine incubation (n=3).
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Fig 3 Quantitative analysis of internalized tFNAs (n=3)

A: Cy5 fluorescence after 6 h; B: Cy5 fluorescence after 12 h; C: Cell count of fluorescence after 6 h; D: Cell count of fluorescence after 12 h.

*P<0.05, ¥*P<0.01, ***P<0.001.
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Fig 4 Protamine incubation enhanced endocytosis of tFNAs after 12 h
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Fig 5 Fluorescence colocalization between tFNAs and lysosomes after 6 h
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Fig 6 Fluorescence colocalization between tFNAs and lysosomes after 12 h
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