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Synthesis of FTT compounds 

General method for synthesizing aldehydes (A1-A10). 

 

A1 was synthesized according to the reported method.(24) 9-oxononanoic acid and 9-

Oxononanoic acid esters (A2-A10) were synthesized according to the reported method as 

described below.(41, 42) 

 

 

Generally, oleic acid 90% (5.0 g, 17.7 mmol) was added to an aqueous solution of KOH 

1.25% (400 mL). The resulting mixture was stirred at 50 °C till a clear solution was formed. 

The mixture was cooled to 0 °C after another aqueous solution of KOH 1.25% (400 mL) was 

added. To the resulting mixture powdered KMnO4 (5.0 g, 31.84 mmol) was added and stirred 

for 15 min at 0 °C. The reacting was quenched by addition of 50 mL of sodium thiosulfate (10% 

aqueous) and 10 ml of sodium sulfite (20% aqueous). The resulting brown solution was acidified 

with 50 mL of 37% HCl solution till a white fluffy precipitate was formed and filtered. The 

white product was crystallized from ethanol to yield 9,10-dihydroxystearic acid. 

NaIO4 (3 eq) in 15 mL was added to 9,10-dihydroxystearic acid (400 mg) in 15 mL 

DCM at room temperature. The resulting mixture was sitrred at room temperature overnight. 

The two layers were separated in a separating funnel. The aqueous layer was extracted with 

DCM twice. The organic phases were combined and dried over Na2SO4. After removing the 

solvent, the resulting product was purified by silica column using hexanes and ethyl acetate 

(1:1) to yield 9,10-dihydroxystearic acid as colorless oil.  

 9-oxononanoic acid (500 mg, 3.2 mmol) and DCC (700 mg, 3.4 mmol) were dissolved 

in 15 mL CH2Cl2 and cooled to 0 oC. After adding DMAP (10 mg, 0.1 mmol), the reacting 

mixture was stirred for 30 min at 0 oC. 1.5 eq vary alcohol was added and stirred for 2 h at 0 oC. 

The reacting mixture was warmed to RT and stirred overnight. The reacting mixture was then 

washed with water twice. The organic phase was dried with sodium sulfate and CH2Cl2 was 

evaporated. The crude product was purified by silica column using hexane and ethyl acetate 

(95:5) to give the corresponding product as a colorless oil. 

 

General method for synthesizing FTT1-10. 

FTT1-10 were synthesized according to the reported method as described below. 



 

Generally, a solution of Boc2O (14.4 mmol) in CHCl3 (30 mL) was added to 1,3-

diaminopropane (75 mL) in CHCl3 (70 mL) dropwise over 3 h. 100 mL of NaHCO3 (1N) was 

slowly added to the above reacting mixture under stirring. The organic layer was washed with 

100 mL of NaHCO3 (1N) and 20 mL of brine, then dried over MgSO4. The solvent was removed 

to yield compound a. 

10 mL of pyridine was added to a solution of Benzene-1,3,5-tricarbonyl trichloride (1.9 

mmol) in CH2Cl2 (30 mL) at 0 oC. A solution of compound a (7.5 mmol) in CH2Cl2 (30 mL) 

was added dropwise to the above reacting mixture with stirring. The reaction mixture was 

allowed to warm to RT, then washed with 50 mL of NaHCO3, and 50 mL of brine. The organic 

layer dried over MgSO4. After removing the solvent, the residue was purified by silica column 

using CH2Cl2 and ultra (85:15, ultra is a mixture of CH2Cl2/MeOH/NH4OH=75/22/3) to yield 

compound b. 

Trifluoroacetic acid (TFA, 14 mmol) was added to compound b (1.4 mmol) in DCM and 

stirred at RT for 1 h. The solvent was removed under reduced pressure to yield compound c, 

which was used for the next step without further purification. 

Triethylamine (0.4 mmol) was added to compound c in 10 mL tetrahydrofuran and 

stirred for 30 min at room temperature. Aldehyde (1.2 mmol) and NaBH(OAc)3 were added and 

stirred at RT for 24 h. After the solvent was removed, the residue was purified by silica column 

using CH2Cl2 and ultra (85:15, ultra is a mixture of CH2Cl2/MeOH/NH4OH=75/22/3) to yield 

FTT1-10. 

 FTT1: yield 36%, 1H NMR (400 MHz, CDCl3) δ = 8.64 (3H, s), 8.39 (3H, s), 5.71 (6H, 

m), 5.37-5.31 (27H, m), 3.56-3.55 (5H, m), 3.00-2.91 (8H, m), 2.79-2.75 (19H, m), 2.07-2.0 

(31H, m), 1.58 (11H, m), 1.37-1.25 (90H, m), 0.92-0.88 (18H, m). MS (m/z): [M + H]+ calcd. 

for C126H223N6O3, 1868.7482; found, 1868.7478. 

FTT2: yield 30%, 1H NMR (400 MHz, CDCl3) δ = 8.42 (4H, m), 4.92-4.86 (6H, m), 

3.68-3.53 (5H, m), 2.65-2.56 (5H, m), 2.28-2.25 (12H, m), 1.80 (5H, m), 1.69-1.50 (48H, m), 

1.30-1.26 (84H, m), 0.92-0.87 (36H, m). MS (m/z): [M + H]+ calcd. for C120H223N6O15, 

1988.6871; found, 1988.6903. 

FTT3: yield 45%, 1H NMR (400 MHz, CDCl3) δ = 8.43-8.39 (5H, m), 4.85-4.81 (6H, 

m), 3.57-3.53 (5H, m), 2.63-2.60 (6H, m), 2.53-2.49 (10H, m), 2.29-2.25 (12H, m), 1.61-1.58 



(6H, m), 1.57-1.47 (48H, m), 1.25 (60H, m), 0.92-0.86 (36H, m). MS (m/z): [M + H]+ calcd. for 

C108H199N6O15, 1820.4993; found, 1820.5090. 

FTT4: yield 27%, 1H NMR (400 MHz, CDCl3) δ = 8.42 (7H, s), 4.00-3.98 (12H, m), 

3.71-3.68 (17H, m), 3.55-3.54 (6H, m), 2.64-2.50 (29H, m), 2.31-2.27 (12H, t, J = 8), 1.81-1.78 

(6H, m), 1.71-1.68 (19H, m), 1.61-1.56 (8421H, m), 1.47 (14H, s), 1.38-1.26 (101H, m), 0.92-

0.88 (36H, m). MS (m/z): [M + H]+ calcd. for C120H223N6O15, 1988.6871; found, 1988.6834. 

FTT5: yield 27%, 1H NMR (400 MHz, CDCl3) δ = 8.45-8.43 (3H, t, J = 4), 8.38 (3H, 

s), 4.86-4.79 (6H, m), 3.59-3.54 (6H, m), 2.63-2.60 (6H, t, J = 4), 2.53-2.49 (11H, t, J = 8), 

2.30-2.26 (12H, t, J = 8), 1.78-1.75 (6H, m), 1.64-1.47 (49H, m), 1.29-1.26 (84H, m), 0.90-0.87 

(36H, m). MS (m/z): [M + H]+ calcd. for C120H223N6O15, 1988.6871; found, 1988.6841. 

FTT6: yield 27%, 1H NMR (400 MHz, CDCl3) δ = 8.43-8.39 (5H, t, J = 4), 4.92-4.88 

(6H, m), 3.57-3.55 (6H, m), 2.63-2.61 (6H, t, J = 4), 2.53-2.50 (11H, t, J = 8), 2.27-2.36 (12H, 

t, J = 8), 1.79-1.77 (6H, m), 1.60-1.55 (19H, m), 1.48-1.46 (19H, m), 1.28-1.19 (84H, m), 0.91-

0.87 (18H, t, J = 8). MS (m/z): [M + H]+ calcd. for C120H223N6O15, 1988.6871; found, 1988.6809. 

FTT7: yield 78%, 1H NMR (400 MHz, CDCl3) δ = 8.45-8.40 (5H, m), 5.68-5.61 (6H, 

m), 5.56-5.49 (6H, m), 4.64-4.62 (12H, d, J = 8), 3.58-3.54 (6H, m), 2.64-2.62 (5H, t, J = 4), 

2.54-2.50 (11H, t, J = 8), 2.31-2.27 (12H, t, J = 8), 2.13-2.08 (12H, m), 1.78 (5H, m), 1.60-1.55 

(14H, m), 1.55-1.25 (114H, m), 0.91-0.88 (18H, t, J = 8). MS (m/z): [M + H]+ calcd. for 

C126H223N6O15, 2060.6871; found, 2060.6816. 

FTT8: yield 45%, 1H NMR (400 MHz, CDCl3) δ = 8.46-8.39 (6H, m), 5.80-5.73 (6H, 

m), 5.60-5.52 (6H, m), 4.52-4.50 (11H, m), 3.77-3.74 (2H, t, J = 4), 3.58-3.54 (6H, m), 2.63-

2.60 (6H, t, J = 4), 2.53-2.49 (12H, t, J = 8), 2.30-2.27 (12H, t, J = 8), 2.08-2.03 (12H, m), 1.88-

1.76 (6H, m), 1.62-1.55 (13H, m), 1.46-1.24 (109H, m), 0.91-0.87 (18H, t, J = 8). MS (m/z): [M 

+ H]+ calcd. for C126H223N6O15, 2060.6871; found, 2060.6870. 

FTT9: yield 30%, 1H NMR (400 MHz, CDCl3) δ = 8.44-8.40 (5H, m), 4.07-4.04 (11H, 

m), 3.56-3.55 (4H, m), 3.63 (5H, m), 2.54-2.50 (10H, t, J = 8), 2.29-2.25 (11H, t, J = 8), 1.78 

(5H, m), 1.63-1.56 (23H, m), 1.46 (11H, m), 1.31-1.24 (116H, m), 0.91-0.87 (18H, t, J = 8). MS 

(m/z): [M + H]+ calcd. for C126H235N6O15, 2072.7810; found, 2072.7869. 

FTT10: yield 50%, 1H NMR (400 MHz, CDCl3) δ = 8.47 (3H, s), 8.40 (3H, s),  5.67-

5.60 (6H, m), 5.57-5.50 (6H, m), 4.63-4.61 (11H, m), 3.55-3.54 (6H, m), 2.69-2.66 (6H, m), 

2.58-2.54 (12H, m), 2.30-2.26 (12H, t, J = 8), 2.11-2.03 (14H, m), 1.83-1.80 (6H, t, J = 4), 1.61-

1.57 (13H, m), 1.48-1.37 (25H, m), 1.25 (52H, s), 0.93-0.89 (18H, t, J = 8). MS (m/z): [M + H]+ 

calcd. for C108H187N6O15, 1808.4054; found, 1808.4028. 

 

 

 

  



 

fig. S1. In vitro screening of FTT1-10 LLNs. In vitro delivery efficiency of FLuc 

mRNA encapsulated FTT1-10 LLNs as compared to TT3 LLNs in Hep3B cells. 

FTT1-10 possess three different types of lipid side chains, which are presented 

as grey (carbon chain), blue (branched ester chain), and green (linear ester chain), 

respectively. 

 
 

 

fig. S2. In vivo biodistributions of FTT1-10 LLNs as compared to TT3 LLNs. In vivo 

biodistributions of FLuc mRNA encapsulated FTT1-10 LLNs in the heart, liver, 

spleen, lung and kidneys of mice as compared to TT3 LLNs. (n = 2) All the 

bioluminescence intensity data were normalized to that in the livers of TT3 LLNs 

treated mice. 

  



fig. S3. In vivo luciferase expression mediated by TT3 and FTT5 LLNs in the livers 

of mice. In vivo luciferase expression of FLuc mRNA encapsulated FTT5 LLNs 

in the livers of mice as compared to TT3 LLNs. (n = 6; two-tailed student t-test; 

****, P < 0.0001)  
 

  



 

 

fig. S4. An in vitro optimization of FTT5 LLNs on formulation components ratio 

through orthogonal array analysis. (A) A four-parameter and four-level 

orthogonal array was adopted for the optimization of FTT5 LLNs on formulation 

components ratio. 16 FTT5 formulations generated from the orthogonal array 

design were listed in the table. (B) Luciferase expression levels of 16 different 

FTT5 LLNs in the orthogonal array chart. (C), (D), (E), and (F) The impact trend 

of FTT5 lipids, DOPE, cholesterol and DMG-PEG2000, respectively, on the in 

vitro mRNA delivery efficiency of FTT5 LLNs. (G) Evaluation on in vivo 

delivery efficiency of the optimal FTT5 LLNs (FTT5/DOPE/Cholesterol/DMG-

PEG2000=30:20:35:1.25) identified through the orthogonal design as compared 

with the previously reported TT3 LLNs in the livers of mice. (n = 3) 

  



 

 

fig. S5. An in vitro optimization of FTT5 LLNs with C18-CONH-PEG2000 on 

formulation components ratio through an orthogonal array analysis. (A) 

The DOPE and DMG-PEG2000 in FTT5 LLNs were replaced by several different 

helper lipids or PEG with different lipid chains, respectively. (B) A four-

parameter and four-level orthogonal array was adopted for the optimization of 

FTT5 LLNs with C18-CONH-PEG2000 on formulation components ratio. 16 

FTT5 formulations generated from the orthogonal array design were listed in the 

table. (C) Luciferase expression levels of 16 different FTT5 LLNs with C18-

CONH-PEG2000 in the orthogonal array. (D), (E), (F), and (G) The impact trend 

of FTT5 lipids, DOPE, cholesterol and C18-CONH-PEG2000, respectively, on the 

in vitro mRNA delivery efficiency of FTT5 LLNs with C18-CONH-PEG2000. 

(H) Evaluation on in vivo mRNA delivery efficiency of two optimal FTT5 LLNs 

with C18-CONH-PEG2000 (FTT5/DOPE/Cholesterol/ C18-CONH-

PEG2000=30:30:40:1 or 30:30:40:0.5) identified through the orthogonal design as 

compared with original FTT5 LLNs in the livers of mice. (n = 2 or 3) 

 
  



 
fig. S6. Cryo-TEM image of FTT5 LLNs. Scale bar = 50 nm. 

 

 

 

 

 

 

 
 

fig. S7. In vivo base editing using TT3 and FTT5 LLNs. (A) In vivo base editing 

efficiency on the PCSK9 gene using TT3 LLNs at 0.15 and 1.5 mg/kg doses. 

PBS was used as a control. (n = 3) (B) Serum PCSK9 protein level after base 

editing of the PCSK9 gene using TT3 LLNs at 0.15 and 1.5 mg/kg doses. PBS 

was used as a control. (n = 3) (C) A comparison of in vivo base editing efficiency 

between TT3 and FTT5 LLNs at a dose of 0.5 mg/kg. (n = 3 for TT3 group, n = 

6 for FTT5 group) 

 

 

  



table. S1. Size and PDI of FTT5 LLNs used in in vitro bioassays. 
 

 
Size (nm) PDI 

FLuc mRNA encapsulated FTT5 LLNs 160.53 ± 2.87 0.16 ± 0.03 

Alexa-Fluor 647-labelled RNA containing FTT5 

LLNs 
148.87 ± 2.94 0.19 ± 0.03 
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