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13 1. Supporting information figures
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16 Figure S1. Chemical structure of ionizable lipids synthesized and used in this study.
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18

19 Figure S2. Optimization of the lipid ratios. Ratios are shown as ionizable lipid: DSPC: Cholesterol: 

20 DMG-PEG2000.
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23 Figure S3. Comparison of the in vitro transfection efficiency between SM-102, YK-201, YK-202, 

24 and YK-209. HEK293T cells were incubated with different LNPs encapsulating Fluc mRNA for 24 h 

25 (n = 3).



27

28 Figure S4. In vivo protein expression in inguinal lymph nodes. BALB/c mice were injected 

29 intramuscularly (i.m.) with Fluc-mRNA-LNPs (0.25 mg/kg) for 6 h, and luminescence of the whole 

30 body and inguinal lymph nodes was measured.

31



32 2. Reagents

33 All chemicals for lipid synthesis were purchased from Sigma-Aldrich, Aladdin and Innochem. 

34 BUCHI Pure Chromatography Purification System was used to purify the crude products. The 1H-

35 NMR and LCMS were measured on a Quantum-Iplus AS400/ZA0028 NMR spectrometer and 

36 Vanquish-ISQ EM LC/MS System, respectively. CleanCap® Reagent AG (N-7113, m7GpppAmpG) 

37 was purchased from Yeasen. Fluc mRNA, eGFP mRNA and gE mRNA capped with CleanCap® 

38 Reagent AG were synthesized through an in vitro transcription process. DNA templates for 

39 encoding the Fluc and preF antigen were purchased from GenScript Biotech. The mice were 

40 purchased from Beijing Huafukang Biotech Co., Ltd. (Beijing, China). All the animal experiments 

41 were kept to the National Regulation of China for Care and Use of Laboratory Animals.

42

43 3. Chemical Synthesis

44 heptadecan-9-yl 8-((2-((2-hydroxyethyl)(methyl)amino)ethyl)(6-oxo-6-

45 (undecyloxy)hexyl)amino)octanoate (YK-201)

46
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47 Step 1: SM-102 (10.00 g, 0.014 mol) was added to a single-neck flask, followed by the addition of 

48 100 mL of SOCl2. The reaction mixture was stirred at room temperature for 6 hours. Upon 

49 completion of the reaction, the mixture was poured into ice water to quench the reaction. The 

50 organic phase was then extracted with ethyl acetate. The organic extract was concentrated under 

51 reduced pressure to yield YK-201-PM1 as a colorless oil (9.51 g, 0.013 mol, 93.1%). C44H86ClNO4, 

52 MS (ES): m/z (M+H⁺) 728.5.

53 Step 2: To a solution of YK-201-PM1 (1.00 g, 1.37 mmol) and 2-(methylamino)ethan-1-ol (0.31 g, 

54 4.11 mmol) in 20 mL acetonitrile were added potassium carbonate (0.61 g, 4.41 mmol) and 

55 potassium iodide (38 mg, 0.23 mmol). The mixture was heated to 70°C and stirred for 7 hours. 



56 After completion, the reaction was cooled to room temperature, and the solid was removed by 

57 filtration. The filtrate was concentrated under reduced pressure, and the residue was purified by 

58 silica gel chromatography (ethyl acetate/n-hexane) to yield YK-201 (559 mg, 0.73 mmol, 53.3%). 

59 C47H94N2O5, MS (ES): m/z (M+H+) 767.6.

60 1H NMR (400 MHz, Chloroform-d) δ 4.05 (t, J = 6.8 Hz, 2H), 3.57 (t, J = 5.1 Hz, 2H), 2.57 – 2.52 (m, 

61 5H), 2.46 (dt, J = 9.8, 5.1 Hz, 4H), 2.33 – 2.25 (m, 7H), 1.68 – 1.56 (m, 6H), 1.47 (dd, J = 13.4, 6.0 

62 Hz, 8H), 1.28 (d, J = 17.7 Hz, 50H), 0.88 (t, J = 6.8 Hz, 9H).

63

64 2-octyldecyl 8-((2-((2-hydroxyethyl)(methyl)amino)ethyl)(6-oxo-6-

65 (undecyloxy)hexyl)amino)octanoate (YK-202)

66
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67 Step 1: According to the method for preparing YK‑201-PM1, YK-202-SM1 (1.50 g, 2.07 mmol) and 

68 SOCl₂ (10 mL) were used as starting materials to obtain YK-202-PM1 (1.63 g, 2.07 mmol, 100.0%). 

69 C45H88ClNO4, MS (ES): m/z (M+H⁺) 742.6.

70 Step 2: According to the method for preparing YK-201, YK-202-PM1 (1.60 g, 2.07 mmol) and 2-

71 (methylamino)ethan-1-ol (0.47 g, 6.21 mmol) were used as starting materials to obtain YK-202 

72 (1.01 g, 1.29 mmol, 62.3%). C48H96N2O5, MS (ES): m/z (M+H⁺) 781.3.

73 1H NMR (400 MHz, Chloroform-d): δ 4.05 (t, J = 6.7 Hz, 2H), 3.96 (d, J = 5.7 Hz, 2H), 3.62 (t, J = 4.8 

74 Hz, 2H), 2.72 (d, J = 5.4 Hz, 2H), 2.64 (dd, J = 14.4, 5.3 Hz, 8H), 2.36 (s, 3H), 2.30 (td, J = 7.4, 4.0 Hz, 

75 4H), 1.60 (qd, J = 15.3, 7.7 Hz, 11H), 1.28 (d, J = 14.9 Hz, 52H), 0.88 (t, J = 6.6 Hz, 9H).

76

77 3-hexylnonyl 8-((2-((2-hydroxyethyl)(methyl)amino)ethyl)(6-oxo-6-

78 (undecyloxy)hexyl)amino)octanoate (YK-203)
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80 Step 1: According to the method for preparing YK-201-PM1, YK-203-SM1 (280 mg, 0.41 mmol) 

81 and SOCl2 (2 mL) were used as starting materials to obtain YK-203-PM1 (250 mg, 0.36 mmol, 

82 87.0%). C42H82ClNO4, MS (ES): m/z (M+H⁺) 700.6.

83 Step 2: According to the method for preparing YK‑201, YK-203-PM1 (150 mg, 0.22 mmol) and 2-

84 (methylamino)ethan-1-ol (75 mg, 0.22 mmol) were used as starting materials to obtain YK-203 

85 (120 mg, 0.16 mmol, 73.8%). C45H90N2O5, MS (ES): m/z (M+H⁺) 739.7.

86 1H NMR (400 MHz, Chloroform-d) δ 4.10 (dt, J = 9.2, 7.0 Hz, 4H), 3.73 – 3.63 (m, 2H), 3.51 (s, 3H), 

87 3.11 (s, 4H), 2.96 (t, J = 6.1 Hz, 2H), 2.88 (q, J = 7.8 Hz, 4H), 2.79 (t, J = 6.1 Hz, 2H), 2.70 (t, J = 4.9 

88 Hz, 2H), 2.42 (s, 2H), 2.33 (dt, J = 13.2, 7.4 Hz, 4H), 1.70 – 1.59 (m, 10H), 1.37 – 1.27 (m, 41H), 0.94 

89 – 0.88 (m, 9H).

90 heptadecan-9-yl 8-((2-(ethyl(2-hydroxyethyl)amino)ethyl)(6-oxo-6-

91 (undecyloxy)hexyl)amino)octanoate (YK-204)
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94 According to the method for preparing YK-201, YK-201-PM1 (88 mg, 0.12 mmol) and 2-

95 (methylamino)ethan-1-ol (36 mg, 0.41 mmol) were used as starting materials to obtain YK-204 

96 (52 mg, 0.07 mmol, 55.5%). C48H96N2O5, MS (ES): m/z (M+H⁺) 781.7.

97 1H NMR (400 MHz, Chloroform-d) δ 5.41 – 5.24 (m, 1H), 4.85 (t, J = 6.2 Hz, 1H), 4.07 (q, J = 7.7, 6.7 

98 Hz, 3H), 3.91 – 3.48 (m, 2H), 3.36 (d, J = 25.5 Hz, 2H), 3.08 (s, 2H), 2.38 – 2.15 (m, 3H), 2.11 – 1.96 

99 (m, 1H), 1.85 (s, 3H), 1.76 – 1.46 (m, 21H), 1.26 (s, 48H), 0.94 – 0.83 (m, 9H).



100

101 pentadecan-8-yl 8-((2-(ethyl(2-hydroxyethyl)amino)ethyl)(6-oxo-6-

102 (undecyloxy)hexyl)amino)octanoate (YK-205)
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104 Step 1: According to the method for preparing YK-201-PM1, YK-205-SM1 (400 mg, 0.59 mmol) 

105 and SOCl₂ (3 mL) were used as starting materials to obtain YK-205-PM1 (400 mg, 0.57 mmol, 

106 96.8%). C42H82ClNO4, MS(ES): m/z (M+H⁺) 700.5.

107 Step 2: According to the method for preparing YK‑201, YK-205-PM1 (200 mg, 0.29 mmol) and 2-

108 (methylamino)ethan-1-ol (127 mg, 1.43 mmol) were used as starting materials to obtain YK-205 

109 (160 mg, 0.21 mmol, 73.2%). C46H92N2O5, MS (ES): m/z (M+H⁺) 753.7.

110 1H NMR (400 MHz, Chloroform-d) δ 4.86 (p, J = 6.2 Hz, 1H), 4.05 (t, J = 6.8 Hz, 2H), 3.57 (t, J = 4.9 

111 Hz, 2H), 2.69 – 2.58 (m, 7H), 2.54 (s, 4H), 2.29 (dt, J = 10.4, 7.5 Hz, 4H), 1.62 (dq, J = 14.0, 7.3 Hz, 

112 6H), 1.49 (d, J = 6.3 Hz, 8H), 1.29 (d, J = 21.1 Hz, 46H), 1.05 (t, J = 7.1 Hz, 3H), 0.92 – 0.84 (m, 9H).

113

114 pentadecan-8-yl 8-((2-((2-hydroxyethyl)(methyl)amino)ethyl)(6-oxo-6-

115 (undecyloxy)hexyl)amino)octanoate (YK-206)
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118 According to the method for preparing YK-201, YK-205-PM1 (200 mg, 0.29 mmol) and 2-

119 (methylamino)ethan-1-ol (107 mg, 1.43 mmol) were used as starting materials to obtain YK-206 

120 (127 mg, 0.17 mmol, 58.6%). C45H90N2O5, MS (ES): m/z (M+H⁺) 739.7.



121 1H NMR (400 MHz, Chloroform-d) δ 4.86 (p, J = 6.2 Hz, 1H), 4.05 (t, J = 6.8 Hz, 2H), 3.56 (t, J = 5.1 

122 Hz, 2H), 3.28 (s, 2H), 2.92 – 2.71 (m, 1H), 2.54 (d, J = 10.4 Hz, 6H), 2.44 (dt, J = 9.9, 4.8 Hz, 4H), 

123 2.37 – 2.21 (m, 6H), 1.62 (dq, J = 14.5, 7.6 Hz, 6H), 1.46 (dt, J = 27.8, 9.8 Hz, 8H), 1.28 (d, J = 15.4 

124 Hz, 43H), 0.88 (t, J = 6.7 Hz, 9H).

125

126 2-octyldecyl 6-((4-(decyloxy)-4-oxobutyl)(2-((2-

127 hydroxyethyl)(methyl)amino)ethyl)amino)hexanoate (YK-207)
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129 Step 1: According to the method for preparing YK‑201-PM1, YK-207-SM1 (3.0 g, 4.58 mmol) and 

130 SOCl₂ (5 mL) were used as starting materials to obtain YK-207-PM1 (2.9 g, 4.31 mmol, 94.2%). 

131 C40H78ClNO4, MS (ES): m/z (M+H⁺) 672.3.

132 Step 2: According to the method for preparing YK‑201, YK-207-PM1 (200 mg, 0.30 mmol) and 2-

133 (methylamino)ethan-1-ol (22 mg, 0.29 mmol) were used as starting materials to obtain YK-207 

134 (50 mg, 0.07 mmol, 23.4%). C43H86N2O5, MS (ES): m/z (M+H⁺) 711.7.

135 1H NMR (400 MHz, Chloroform-d) δ 5.43 – 5.15 (m, 1H), 4.07 (t, J = 6.8 Hz, 2H), 3.96 (d, J = 5.8 Hz, 

136 2H), 3.87 (t, J = 4.6 Hz, 1H), 3.34 (d, J = 25.1 Hz, 3H), 3.05 (s, 3H), 2.70 (s, 2H), 2.47 (t, J = 6.5 Hz, 

137 2H), 2.34 (t, J = 7.3 Hz, 2H), 2.01 (d, J = 6.9 Hz, 2H), 1.84 – 1.74 (m, 2H), 1.65 (dp, J = 21.2, 7.1 Hz, 

138 5H), 1.46 – 1.37 (m, 2H), 1.37 – 1.17 (m, 44H), 0.94 – 0.85 (m, 9H).

139

140 2-octyldecyl 6-((4-(decyloxy)-4-oxobutyl)(2-(ethyl(2-

141 hydroxyethyl)amino)ethyl)amino)hexanoate (YK-208)
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143 According to the method for preparing YK‑201, YK-207-PM1 (150 mg, 0.22 mmol) and 2-

144 (ethylamino)ethan-1-ol (59 mg, 0.66 mmol) were used as starting materials to obtain YK-208 (140 

145 mg, 0.19 mmol, 87.8%). C44H88N2O5, MS (ES): m/z (M+H⁺) 725.7.

146 1H NMR (400 MHz, Chloroform-d) δ 5.33 (s, 1H), 4.60 (s, 2H), 4.09 (t, J = 6.8 Hz, 2H), 3.99 (d, J = 

147 5.8 Hz, 2H), 3.68 (t, J = 4.9 Hz, 2H), 2.93 – 2.54 (m, 11H), 2.36 (dt, J = 17.0, 7.3 Hz, 4H), 1.93 – 1.78 

148 (m, 2H), 1.76 – 1.48 (m, 7H), 1.45 – 1.21 (m, 43H), 1.15 (t, J = 7.1 Hz, 3H), 1.00 – 0.78 (m, 9H).

149

150 bis(2-octyldecyl) 6,6'-((2-((2-hydroxyethyl)(methyl)amino)ethyl)azanediyl)dihexanoate (YK-

151 209)

152
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153 Step 1: To a solution of YK-209-SM1 (1.0 g, 2.34 mmol) and YK-209-SM2 (1.15 g, 2.58 mmol) in 7 

154 mL acetonitrile were added potassium carbonate (0.97 g, 7.02 mmol) and potassium iodide (38 

155 mg, 0.23 mmol). The mixture was heated to 70°C and stirred for 8 hours. After completion, the 

156 reaction was cooled to room temperature, and the solid was removed by filtration. The filtrate 



157 was concentrated under reduced pressure, and the residue was purified by silica gel 

158 chromatography (CH3OH/CH2Cl2) to yield YK-209-PM1 (780 mg, 0.98 mmol, 41.9%). C50H99NO5, MS 

159 (ES): m/z (M+H+) 794.8.

160 Step 2: According to the method for preparing YK‑201-PM1, YK-209-PM1 (760 mg, 0.96 mmol) 

161 and SOCl2 (5 mL) were used as starting materials to obtain YK-209-PM2 (800 mg, 0.98 mmol, 

162 102.5%). C50H98ClNO4, MS (ES): m/z (M+H+) 812.7.

163 Step 3: According to the method for preparing YK‑201, YK-209-PM2 (150 mg, 0.18 mmol) and 2-

164 (methylamino)ethan-1-ol (27 mg, 0.36 mmol) were used as starting materials to obtain YK-209 

165 (120 mg, 0.14 mmol, 78.3%). C53H106N2O5, MS (ES): m/z (M+H+) 851.4.

166 1H NMR (400 MHz, Chloroform-d): δ 3.96 (d, J = 5.8 Hz, 4H), 3.69 – 3.65 (m, 2H), 2.86 (s, 2H), 2.76 

167 (s, 4H), 2.72 – 2.65 (m, 2H), 2.41 (s, 3H), 2.32 (t, J = 7.4 Hz, 4H), 1.66 (dt, J = 15.0, 7.4 Hz, 10H), 

168 1.26 (s, 62H), 0.88 (t, J = 6.8 Hz, 12H).

169

170 di(heptadecan-9-yl) 6,6'-((2-((2-hydroxyethyl)(methyl)amino)ethyl)azanediyl)dihexanoate (YK-

171 210)
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174 Step 1: To a solution of heptadecan-9-yl 6-bromohexanoate (700 mg, 1.62 mmol) and 2-

175 (methylamino)ethan-1-ol (55 mg, 0.74 mmol) in 5 mL acetonitrile (CH3CN) were added potassium 

176 carbonate (307 mg, 2.22 mmol) and potassium iodide (12 mg, 0.07 mmol). The mixture was 

177 heated to 70°C and stirred for 8 hours. After completion, the reaction was cooled to room 

178 temperature, and the solid was removed by filtration. The filtrate was concentrated under 

179 reduced pressure, and the residue was purified by silica gel chromatography (CH3OH/CH2Cl2) to 

180 yield YK-210-PM1 (450 mg, 0.66 mmol, 79.4%). C48H95NO5, MS (ES): m/z (M+H+) 766.7.



181 Step 2: According to the method for preparing YK‑201-PM1, YK‑210‑PM1 (450 mg, 0.59 mmol) 

182 and SOCl2 (3 mL) were used as starting materials to obtain YK‑210‑PM2 (460 mg, 0.59 mmol, 

183 100.0%). C48H94ClNO4, MS (ES): m/z (M+H+) 784 .6.

184 Step 3: According to the method for preparing YK‑201, YK‑210‑PM2 (150 mg, 0.19 mmol) and 2-

185 (methylamino)ethan-1-ol (17 mg, 0.23 mmol) were used as starting materials to obtain YK‑210 

186 (136 mg, 0.17 mmol, 86 .9%). C51H102N2O5, MS (ES): m/z (M+H+) 823.8.

187 ¹H NMR (400 MHz, Chloroform-d) δ 5.30 (s, 1H), 4.85 (p, J = 6.2 Hz, 2H), 3.96 (s, 2H), 3.72 –3.65 

188 (m, 2H), 2.97 (s, 1H), 2.90 (s, 3H), 2.81 (s, 2H), 2.75 – 2.67 (m, 2H), 2.42 (s, 2H), 2.30 (t, J = 7.3 Hz, 

189 4H), 1.72 – 1.62 (m, 7H), 1.50 (d, J = 5.6 Hz, 8H), 1.26 (s, 54H), 0.88 (t, J = 6.8 Hz, 12H).

190

191 bis(3-hexylnonyl) 6,6'-((2-((2-hydroxyethyl)(methyl)amino)ethyl)azanediyl)dihexanoate (YK-

192 211)
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195 Step 1: According to the method for preparing YK‑210‑PM1, 3-hexylnonyl 6-bromohexanoate 

196 (828 mg, 2.05 mmol) and 2-aminoethan-1-ol (50 mg, 0.82 mmol) were used as starting materials 

197 to obtain YK‑211‑PM1 (470 mg, 0.66 mmol, 80.8%). C44H87NO5, MS (ES): m/z (M+H+) 710.5.

198 Step 2: According to the method for preparing YK‑201‑PM1, YK‑211‑PM1 (470 mg, 0.66 mmol) 

199 and SOCl2 (3 mL) were used as starting materials to obtain YK‑211‑PM2 (420 mg, 0.58 mmol, 

200 87.5%). C44H86ClNO4, MS (ES): m/z (M+H+) 728.6.

201 Step 3: According to the method for preparing YK-201, YK‑211‑PM2 (100 mg, 0.14 mmol) and 2-

202 (methylamino)ethan-1-ol (12 mg, 0.16 mmol) were used as starting materials to obtain YK‑211 

203 (57 mg, 0.07 mmol, 53.1%). C47H94N2O5, MS (ES): m/z (M+H+) 767.7.



204 1H NMR (400 MHz, Chloroform‑d) δ 4.08 (t, J = 7.2 Hz, 4H), 3.82 – 3.75 (m, 2H), 3.31 (d, J = 5.6 Hz, 

205 4H), 3.13 (dd, J = 18.9, 10.6 Hz, 5H), 2.87 (s, 2H), 2.56 (s, 2H), 2.33 (t, J = 7.2 Hz, 4H), 1.78 (p, J = 

206 7.9 Hz, 3H), 1.73 – 1.62 (m, 4H), 1.57 (q, J = 7.0 Hz, 4H), 1.43 (dt, J = 14.4, 7.5 Hz, 6H), 1.25 (s, 42H), 

207 0.88 (t, J = 6.7 Hz, 12H).

208

209 bis(2-octyldecyl) 6,6'-((2-(bis(2-hydroxyethyl)amino)ethyl)azanediyl)dihexanoate (YK-212)

210 YK-212

K2CO3, KI, CH3CN
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211 According to the method for preparing YK-201, YK‑209‑PM2 (100 mg, 0.12 mmol) and 2,2'-

212 azanediylbis(ethan-1-ol) (26 mg, 0.24 mmol) were used as starting materials to obtain YK‑212 (80 

213 mg, 0.09 mmol, 75.6%). C54H108N2O6, MS (ES): m/z (M+H+) 881.8.

214 1H NMR (400 MHz, Chloroform‑d) δ 4.00 (d, J = 5.8 Hz, 4H), 3.69 (dd, J = 5.6, 4.0 Hz, 4H), 3.04 – 

215 2.93 (m, 5H), 2.85 (t, J = 5.4 Hz, 2H), 2.75 (t, J = 4.8 Hz, 4H), 2.36 (t, J = 7.3 Hz, 4H), 1.70 (tq, J = 

216 11.0, 6.7, 5.6 Hz, 10H), 1.30 (s, 63H), 0.95 – 0.89 (m, 12H).

217

218 di(heptadecan-9-yl) 6,6'-((2-(bis(2-hydroxyethyl)amino)ethyl)azanediyl)dihexanoate (YK-213)

219 YK-213

K2CO3, KI, CH3CN

N
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HO
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220 According to the method for preparing YK-201, YK‑210‑PM2 (150 mg, 0.19 mmol) and 2,2'-

221 azanediylbis(ethan-1-ol) (21 mg, 0.20 mmol) were used as starting materials to obtain YK‑213 (50 

222 mg, 0.06 mmol, 30.8%). C52H104N2O6, MS (ES): m/z (M+H+) 853.8.

223 1H NMR (400 MHz, Chloroform‑d) δ 4.00 (d, J = 5.8 Hz, 4H), 3.69 (dd, J = 5.6, 4.0 Hz, 4H), 3.04 – 

224 2.93 (m, 5H), 2.85 (t, J = 5.4 Hz, 2H), 2.75 (t, J = 4.8 Hz, 4H), 2.36 (t, J = 7.3 Hz, 4H), 1.70 (tq, J = 

225 11.0, 6.7, 5.6 Hz, 10H), 1.30 (s, 63H), 0.95 – 0.89 (m, 12H).

226

227 bis(3-hexylnonyl) 6,6'-((2-(bis(2-hydroxyethyl)amino)ethyl)azanediyl)dihexanoate (YK-214)



228 YK-214

K2CO3, KI, CH3CN

N
HO

YK-211-SM1

OH
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O
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O

O
Br
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229 To a solution of 3-hexylnonyl 6-bromohexanoate (303 mg, 0.75 mmol) and 2,2'-((2-

230 aminoethyl)azanediyl)bis(ethan-1-ol) (50 mg, 0.34 mmol) in 2 mL acetonitrile (CH3CN) were added 

231 potassium carbonate (140 mg, 1.02 mmol) and potassium iodide (5.6 mg, 0.034 mmol). The 

232 mixture was heated to 70°C and stirred for 24 hours. After completion, the reaction was cooled 

233 to room temperature, and the solid was removed by filtration. The filtrate was concentrated 

234 under reduced pressure, and the residue was purified by silica gel chromatography 

235 (CH3OH/CH2Cl2) to yield YK‑214 (120 mg, 0.15 mmol, 44.3%), C48H96N2O6, MS (ES): m/z (M+H+) 

236 797.8.

237 1H NMR (400 MHz, Chloroform‑d) δ 4.11 (t, J = 7.2 Hz, 4H), 4.02 – 3.74 (m, 1H), 3.65 (t, J = 4.9 Hz, 

238 4H), 2.74 (dd, J = 12.4, 7.4 Hz, 11H), 2.34 (t, J = 7.4 Hz, 4H), 1.64 (dq, J = 29.0, 7.4 Hz, 11H), 1.50 – 

239 1.20 (m, 49H), 0.94 – 0.89 (m, 12H).

240

241 heptadecan-9-yl 8-((2-((2-methoxyethyl)(methyl)amino)ethyl)(6-oxo-6-

242 (undecyloxy)hexyl)amino)octanoate (YK-215)

243 YK-215

K2CO3, KI, CH3CN

YK-201-PM1

N

O

O

O

O
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O

O
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244

245 According to the method for preparing YK-201, YK‑201‑PM1 (95 mg, 0.13 mmol) and 2-methoxy-

246 N-methylethan-1-amine (14 mg, 0.16 mmol) were used as starting materials to obtain YK‑215 (98 

247 mg, 0.12 mmol, 96.5%). C48H96N2O5, MS (ES): m/z (M+H+) 781.2.

248 1H NMR (400 MHz, Chloroform‑d) δ 4.86 (t, J = 6.2 Hz, 1H), 4.05 (t, J = 6.8 Hz, 2H), 3.36 (s, 3H), 

249 3.15 (t, J = 6.3 Hz, 3H), 3.01 (dq, J = 11.7, 7.2, 5.6 Hz, 6H), 2.77 (t, J = 5.0 Hz, 2H), 2.45 (s, 2H), 2.30 

250 (dt, J = 17.9, 7.4 Hz, 4H), 1.85 – 1.57 (m, 10H), 1.50 (d, J = 6.3 Hz, 4H), 1.41 – 1.18 (m, 50H), 0.88 

251 (t, J = 6.6 Hz, 9H).

252



253 2-octyldecyl 6-((4-(decyloxy)-4-oxobutyl)(2-((2-

254 methoxyethyl)(methyl)amino)ethyl)amino)hexanoate (YK-216)

255 YK-216

K2CO3, KI, CH3CN

YK-207-PM1
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256

257 According to the method for preparing YK-201, YK‑207‑PM1 (170 mg, 0.25 mmol) and 2-methoxy-

258 N-methylethan-1-amine (89 mg, 0.45mmol) were used as starting materials to obtain YK‑216 (140 

259 mg, 0.19 mmol, 77 .2%). C44H88N2O5, MS (ES): m/z (M+H+) 725.6.

260 1H NMR (400 MHz, Chloroform‑d) δ 4.09 (t, J = 6.7 Hz, 2H), 4.00 (d, J = 5.8 Hz, 2H), 3.58 (t, J = 5.3 

261 Hz, 2H), 3.39 (s, 3H), 2.94 – 2.50 (m, 11H), 2.51 – 2.25 (m, 7H), 1.88 (d, J = 8.2 Hz, 2H), 1.75 – 1.48 

262 (m, 7H), 1.50 – 1.20 (m, 43H), 0.98 – 0.83 (m, 9H).

263

264 3-hexylnonyl 11-(4-(decyloxy)-4-oxobutyl)-2-methyl-7-oxo-8-oxa-6-thia-2,11-diazaheptadecan-

265 17-oate (YK-217)

266 YK-217

triphosgene,pyridine, CH2Cl2

YK-217-SM1

N
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O

O
OS
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NN
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O

O
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SHN

267

268 YK-317-SM1 (100 mg, 0.16 mmol), 3-(dimethylamino)propane-1-thiol (20 mg, 0.32 mmol), and 

269 pyridine (100 mg, 0.16 mmol) were dissolved in dichloromethane (5 mL) under a nitrogen 

270 atmosphere. The mixture was cooled in an ice bath, and triphosgene (77 mg, 0.26 mmol) was 

271 added dropwise. After the addition, the reaction mixture was allowed to warm to room 

272 temperature and stirred for 8 hours.  Following the reaction, a saturated aqueous solution of 

273 sodium bicarbonate (5 mL) was added dropwise, followed by 20 mL of dichloromethane. The 

274 organic phase was separated, washed with saturated sodium chloride solution, and concentrated 

275 under reduced pressure. The residue was purified by silica gel column chromatography to yield 

276 YK-217 (60 mg, 0.03 mmol, 16.5%), C43H84N2O6S, MS (ES): m/z (M+H+) 757.2.



277 1H NMR (400 MHz, Chloroform‑d) δ 4.14 – 4.00 (m, 2H), 3.96 (t, J = 4.7 Hz, 2H), 3.34 (s, 4H), 2.91 

278 (td, J = 7.2, 3.3 Hz, 2H), 2.47 (d, J = 7.9 Hz, 2H), 2.31 (t, J = 7.0 Hz, 8H), 1.95 – 1.78 (m, 4H), 1.62 (d, 

279 J = 11.7 Hz, 6H), 1.31 – 1.23 (m, 45H), 0.87 (dt, J = 7.0, 3.4 Hz, 9H).

280

281 2-octyldecyl 11-(4-(decyloxy)-4-oxobutyl)-2-methyl-7-oxo-8-oxa-6-thia-2,11-diazaheptadecan-

282 17-oate (YK-218)

283 YK-218

triphosgene,pyridine, CH2Cl2

YK-207-SM1
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284

285 According to the method for preparing YK-217, YK‑207‑SM1 (100 mg, 0.15 mmol) and 3-

286 (dimethylamino)propane-1-thiol (36.5 mg, 0.31 mmol) were used as starting materials to obtain 

287 YK‑218 (60 mg , 0.08 mmol, 50.0%). C46H90N2O6S, MS (ES): m/z (M+H+) 799.7.

288 1H NMR (400 MHz, Chloroform‑d) δ 4.23 (t, J = 6.2 Hz, 2H), 4.05 (t, J = 6.8 Hz, 2H), 3.96 (d, J = 5.8 

289 Hz, 2H), 2.89 (t, J = 7.2 Hz, 2H), 2.70 (t, J = 6.2 Hz, 2H), 2.46 (ddd, J = 12.4, 8.0, 6.1 Hz, 5H), 2.31 (d, 

290 J = 7.4 Hz, 9H), 1.91 – 1.83 (m, 2H), 1.77 – 1.68 (m, 2H), 1.62 (tt, J = 7.8, 4.5 Hz, 5H), 1.46 – 1.38 

291 (m, 2H), 1.28 (d, J = 14.4 Hz, 46H), 0.88 (t, J = 6.7 Hz, 9H).

292

293 2-octyldecyl 6-((4-(decyloxy)-4-oxobutyl)(((3-

294 (dimethylamino)propyl)thio)carbonyl)amino)hexanoate (YK-219)

295

K2CO3, KI, CH3CN
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296



297 Step 1: According to the method for preparing YK‑207‑PM1, YK‑219‑SM1 (459 mg, 1.19 mmol) 

298 and YK‑219‑SM2 (304 mg, 0.99 mmol) were used as starting materials to obtain YK‑219‑PM1 (310 

299 mg, 0.51 mmol, 51.3%), C38H75NO4, MS (ES): m/z (M+H+) 610.5.

300 Step 2: According to the method for preparing YK-217, YK‑219‑PM1 (310 mg, 0.51 mmol) and 3-

301 (dimethylamino)propane-1-thiol (303 mg, 2.54 mmol) were used as starting materials to obtain 

302 YK‑219 (82 mg, 0.11 mmol, 21.3%). C44H86N2O5S, MS (ES): m/z (M+H+) 755.5.

303 1H NMR (400 MHz, Chloroform‑d) δ 4.10 (q, J = 4.9, 3.5 Hz, 2H), 3.99 (t, J = 4.6 Hz, 2H), 3.37 (s, 

304 3H), 2.95 (td, J = 7.2, 3.4 Hz, 2H), 2.50 (d, J = 7.8 Hz, 2H), 2.36 (d, J = 3.6 Hz, 9H), 2.07 – 1.84 (m, 

305 4H), 1.70 – 1.59 (m, 6H), 1.43 – 1.26 (m, 47H), 0.91 (dt, J = 7.0, 3.4 Hz, 9H).

306

307 3-hexylnonyl 6-((4-(decyloxy)-4-oxobutyl)(((3-

308 (dimethylamino)propyl)thio)carbonyl)amino)hexanoate (YK-220)

309

K2CO3, KI, CH3CN

YK-220

YK-220-SM1 YK-220-PM1

O
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triphosgene,pyridine, CH2Cl2
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310 Step 1: According to the method for preparing YK‑207‑PM1, YK‑220‑SM1 (391 mg, 1.15 mmol) 

311 and YK‑220‑SM2 (292 mg, 0.95 mmol) were used as starting materials to obtain YK‑220‑PM1 (249 

312 mg, 0.44 mmol, 46.2%), C35H69NO4, MS (ES): m/z (M+H+) 568.5.

313 Step 2: According to the method for preparing YK-217, YK‑220‑PM1 (200 mg, 0.35 mmol) and 3-

314 (dimethylamino)propane-1-thiol (209 mg, 1.75 mmol) were used as starting materials to obtain 

315 YK‑220 (76 mg , 0.11 mmol, 30.4%). C41H80N2O5S, MS (ES): m/z (M+H+) 713.6.

316 1H NMR (400 MHz, Chloroform‑d) δ 4.12 – 4.02 (m, 4H), 3.35 (s, 4H), 2.92 (t, J = 7.2 Hz, 2H), 2.49 

317 – 2.40 (m, 2H), 2.30 (s, 8H), 1.60 (dp, J = 20.8, 7.2 Hz, 8H), 1.44 – 1.18 (m, 40H), 0.88 (t, J = 6.8 Hz, 

318 9H).

319



320 2-octyldecyl 6-((4-(decyloxy)-4-oxobutyl)(2-(methyl(2-

321 (methylamino)ethyl)amino)ethyl)amino)hexanoate (YK-221)

322
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323

324 Step 1: According to the method for preparing YK‑201, YK‑207‑PM1 (150 mg, 0.22 mmol) and tert-

325 butyl methyl(2-(methylamino)ethyl)carbamate (45 mg, 0.22 mmol) were used as starting 

326 materials to obtain YK‑221‑PM1 (120 mg, 0.15 mmol, 66.2%). C49H97N3O6, MS (ES): m/z (M+H+) 

327 824.7.

328 Step 2: To a solution of YK‑221‑PM1 (120 mg, 0.15 mmol) in dicholoromethane was added 

329 trifluoroacetic acid (0.5 mL). The mixture was stirred at room temperature for 2 h. After 

330 completion of the reaction, the solvent was removed under reduced pressure, and the residue 

331 was dissolved in 10 mL of ethyl acetate. The organic phase was washed with a saturated aqueous 

332 sodium bicarbonate solution, then concentrated under reduced pressure. The residue was 

333 purified by silica gel column chromatography to yield YK-221 (80 mg, 0.11 mmol, 73.6%). 

334 C44H89N3O4, MS (ES): m/z (M+H+) 724.6.

335 1H NMR (400 MHz, Chloroform‑d) δ 4.06 (t, J = 6.8 Hz, 2H), 3.96 (d, J = 5.8 Hz, 1H), 3.21 (s, 3H), 

336 3.05 (s, 2H), 2.91 (s, 1H), 2.73 (s, 2H), 2.54 (s, 2H), 2.49 – 2.17 (m, 11H), 2.03 (d, J = 11.0 Hz, 3H), 

337 1.82 (s, 2H), 1.61 (d, J = 7.3 Hz, 4H), 1.53 – 1.40 (m, 2H), 1.26 (d, J = 3.9 Hz, 42H), 0.88 (t, J = 6.7 

338 Hz, 9H).

339

340 heptadecan-9-yl 8-((2-(methyl(2-(methylamino)ethyl)amino)ethyl)(6-oxo-6-

341 (undecyloxy)hexyl)amino)octanoate (YK-222)



342
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343 Step 1: According to the method for preparing YK‑201, YK‑201‑PM1 (100 mg, 0.14 mmol) and tert-

344 butyl methyl(2-(methylamino)ethyl)carbamate (28 mg, 0.15 mmol) were used as starting 

345 materials to obtain YK‑222‑PM1 (120 mg, 0.14 mmol , 97.4%). C49H97N3O6, MS (ES): m/z (M+H+) 

346 880.3.

347 Step 2: According to the method for preparing YK‑221, YK‑222‑PM1 (120 mg, 0.14 mmol) was 

348 used as starting material to obtain YK‑222 (67 mg, 0.09 mmol, 61.3%). C48H97N3O4, MS (ES): m/z 

349 (M+H+) 780.4.

350 1H NMR (400 MHz, Chloroform‑d) δ 4.93 – 4.80 (m, 1H), 4.05 (t, J = 6.8 Hz, 2H), 3.15 (t, J = 5.4 Hz, 

351 4H), 3.02 (s, 3H), 2.83 (s, 1H), 2.73 (s, 2H), 2.37 – 2.21 (m, 7H), 2.01 (d, J = 5.5 Hz, 6H), 1.63 (tt, J = 

352 13.9, 7.4 Hz, 10H), 1.50 (d, J = 6.4 Hz, 4H), 1.46 – 1.15 (m, 49H), 0.93 – 0.85 (m, 9H).

353

354 bis(2-octyldecyl) 6,6'-((2-(methyl(2-(methylamino)ethyl)amino)ethyl)azanediyl)dihexanoate 

355 (YK-223)



356

K2CO3, KI, CH3CN
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357 Step 1: According to the method for preparing YK‑201, YK‑209‑PM2 (150 mg, 0.18 mmol) and tert-

358 butyl methyl(2-(methylamino)ethyl)carbamate (45 mg, 0.24 mmol) were used as starting 

359 materials to obtain YK‑223‑PM1 (160 mg, 0.17 mmol, 92.2%). C59H117N3O6, MS (ES): m/z (M+H+) 

360 964.9.

361 Step 2: According to the method for preparing YK‑221, YK‑223‑PM1 (160 mg, 0.17 mmol) was 

362 used as starting material to obtain YK‑223 (120 mg, 0.14 mmol, 81.7%). C54H109N3O4, MS (ES): m/z 

363 (M+H+) 864.9.

364 1H NMR (400 MHz, Chloroform‑d) δ 4.12 (q, J = 7.1 Hz, 1H), 3.97 (d, J = 5.8 Hz, 3H), 2.95 (d, J = 4.8 

365 Hz, 1H), 2.88 – 2.40 (m, 10H), 2.38 – 2.25 (m, 6H), 2.05 (s, 2H), 1.74 – 1.12 (m, 74H), 0.88 (d, J = 

366 6.9 Hz, 12H).

367

368 di(heptadecan-9-yl) 6,6'-((2-(methyl(2-

369 (methylamino)ethyl)amino)ethyl)azanediyl)dihexanoate (YK-224)



370
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371 Step 1: According to the method for preparing YK‑201, YK‑210‑PM2 (150 mg, 0.19mmol) and tert-

372 butyl methyl(2-(methylamino)ethyl)carbamate (43 mg, 0.23 mmol) were used as starting 

373 materials to obtain YK‑224‑PM1 (120 mg, 0.13 mmol, 55.7%). C57H113N3O6, MS (ES): m/z (M+H+) 

374 936.8.

375 Step 2: According to the method for preparing YK‑221, YK‑224‑PM1 (100 mg, 0.11 mmol) was 

376 used as starting material to obtain YK‑224 (70 mg, 0.08 mmol, 76.1%). C52H105N3O4, MS (ES): m/z 

377 (M+H+) 836.7.

378 1H NMR (400 MHz, Chloroform‑d) δ 4.86 (q, J = 6.1 Hz, 2H), 4.12 (q, J = 7.1 Hz, 1H), 2.90 – 2.82 (m, 

379 2H), 2.76 – 2.41 (m, 9H), 2.30 (q, J = 8.3, 7.4 Hz, 6H), 2.04 (s, 1H), 1.63 (q, J = 7.4 Hz, 4H), 1.57 – 

380 1.39 (m, 12H), 1.28 (d, J = 15.2 Hz, 56H), 0.88 (t, J = 6.8 Hz, 12H).

381

382 bis(3-hexylnonyl) 6,6'-((2-(methyl(2-(methylamino)ethyl)amino)ethyl)azanediyl)dihexanoate 

383 (YK-225)



384
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385 Step 1: According to the method for preparing YK‑201, YK‑211‑PM2 (170 mg, 0.21 mmol) and tert-

386 butyl methyl(2-(methylamino)ethyl)carbamate (43 mg, 0.23 mmol) were used as starting 

387 materials to obtain YK‑225‑PM1 (120 mg, 0.14 mmol, 64.9%). C53H105N3O6, MS (ES): m/z (M+H+) 

388 880.8.

389 Step 2: According to the method for preparing YK‑221, YK‑225‑PM1 (120 mg, 0.14 mmol) was 

390 used as starting material to obtain YK‑225 (80 mg, 0.10 mmol, 73.2%). C48H97N3O4, MS (ES): m/z 

391 (M+H+) 780.7.

392 1H NMR (400 MHz, Chloroform‑d) δ 4.08 (t, J = 7.1 Hz, 4H), 3.48 (s, 3H), 3.04 – 2.86 (m, 5H), 2.29 

393 (dd, J = 17.2, 9.6 Hz, 5H), 1.61 (ddd, J = 26.8, 14.3, 7.3 Hz, 10H), 1.47 – 1.35 (m, 6H), 1.25 (s, 45H), 

394 0.88 (t, J = 6.1 Hz, 12H).

395

396 undecyl 6-((2-(ethylamino)ethyl)(5-((2-octyldecyl)oxy)-5-oxopentyl)amino)hexanoate (YK-226)



397
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398 Step 1: To a solution of YK‑226‑SM1 (278 mg, 0.80 mmol) and tert-butyl (2-

399 aminoethyl)(ethyl)carbamate (150 mg, 0.80 mmol) in 3 mL acetonitrile were added potassium 

400 carbonate (330 mg, 2.38 mmol) and potassium iodide (13 mg, 0.08 mmol). The mixture was 

401 heated to 70°C and stirred for 4 hours. After completion, the reaction was cooled to room 

402 temperature, and the solid was removed by filtration. The filtrate was concentrated under 

403 reduced pressure, and the residue was purified by silica gel chromatography (CH3OH/CH2Cl2) to 

404 yield YK-226-PM1 (190 mg, 0.46 mmol, 57.3%), C23H46N2O4, MS (ES): m/z (M+H+) 415.4.

405 Step 2: To a solution of YK‑226‑PM1 (190 mg, 0.42 mmol) and 2-octyldecyl 5-bromopentanoate 

406 (180 mg, 0.46 mmol) in 3 mL acetonitrile were added potassium carbonate (173 mg, 1.26 mmol) 

407 and potassium iodide (7 mg, 0.04 mmol). The mixture was heated to 70°C and stirred for 24 hours. 

408 After completion, the reaction was cooled to room temperature, and the solid was removed by 

409 filtration. The filtrate was concentrated under reduced pressure, and the residue was purified by 

410 silica gel chromatography (PE/EA) to yield YK-226-PM2 (281 mg, 0.35 mmol, 82.7%). C49H96N2O6, 

411 MS (ES): m/z (M+H+) 809.7.

412 Step 3: According to the method for preparing YK‑221, YK‑226‑PM2 (281 mg, 0.35 mmol) was 

413 used as starting material to obtain YK‑226 (210 mg, 0.30 mmol, 84.6%). C44H88N2O4, MS (ES): m/z 

414 (M+H+) 709.6.



415 1H NMR (400 MHz, Chloroform‑d) δ 4.09 (t, J = 6.8 Hz, 2H), 4.00 (d, J = 5.8 Hz, 2H), 3.40 – 3.18 (m, 

416 1H), 2.86 – 2.73 (m, 4H), 2.64 (t, J = 6.0 Hz, 2H), 2.46 (q, J = 7.1 Hz, 4H), 2.34 (q, J = 7.7 Hz, 4H), 

417 1.73 – 1.58 (m, 7H), 1.54 – 1.42 (m, 4H), 1.37 – 1.20 (m, 49H), 0.97 – 0.89 (m, 9H).

418

419 4. Experimental Sections

420 4.1 Cells and viruses. Human embryonic kidney-293T (HEK293T) cell lines were maintained in 

421 Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific) supplemented with 10% (vol/vol) 

422 dialyzed fetal bovine serum (FBS, Thermo Fisher Scientific), 100 U/mL penicillin, and 100 mg/mL 

423 streptomycin in a humidified atmosphere at 37 °C with 5% CO2. The parental RSV A2 (ATCC VR-

424 1540) and B18537 (VR-1580) were obtained from ATCC (American Type Culture Collection).

425

426 4.2 mRNA synthesis by in vitro transcription. DNase/RNase-free water was added in a 1.5 mL 

427 centrifuge tube, followed by 10× transcription buffer, NTPs, and CleanCap® Reagent AG. After 

428 each addition, ensure thorough mixing, then gently centrifuge to collect the contents at the 

429 bottom of the tube. Next, murine RNase inhibitor, inorganic pyrophosphatase, T7 RNA 

430 polymerase, and linearized DNA template were added and mixed. After 2 h incubation at 37 °C, 

431 DNase I (2 U/µL) was added and samples were incubated at 37 °C for another 30 minutes to digest 

432 the DNA template. Finally, RNA was purified using chromatographic purification method.

433

434 4.3 Preparation of mRNA-LNPs. The cationic lipids were dissolved in ethanol with DSPC (AVT 

435 (Shanghai) Pharmaceutical Technology Co., Ltd.), cholesterol (AVT (Shanghai) Pharmaceutical 

436 Technology Co., Ltd.) and DMG-PEG2000 according to a molar ratio of 45:10:43.5:1.5, 

437 respectively, to prepare ethanol lipid solution. For SM-102, a molar ratio of 50:38.5:10:1.5 was 

438 used. The ethanol lipid solution was quickly added to citrate buffer (pH=4~5), and vortexed for 

439 30s for later use. mRNA was diluted in citrate buffer (pH=4~5) to give an aqueous mRNA solution. 

440 Next, the lipid mixture was mixed with mRNA solution (with a volume ratio of 3:1) via microfluidics 

441 at a total flow rate of 12 mL/min. The resulting formulations were diluted to 10 times volume with 

442 PBS (Phosphate-Buffered Saline) buffer (pH=7.4, Life Science), and then ultrafiltered with a 300 

443 KDa ultrafiltration tube to remove ethanol. Finally, the LNPs encapsulated mRNA was filtrated 

444 through a 0.22 μm filter after diluting the mixtures by PBS to a certain volume.

445



446 4.4 Physiochemical characterization of LNPs. The particle size and polydispersity index (PDI) were 

447 determined by dynamic light scattering using Malvern laser particle size analyzer. 25 μL of the 

448 liposome solution was weighed, diluted to a final volume of 125 μL with normal saline, and added 

449 to the sample pool. Each sample was measured in triplicate. The measurement conditions were: 

450 90° scattering angle, and the temperature is 25 °C. The encapsulation efficiency was determined 

451 by Quant-iTTM RiboGreen RNA Quantitation Kit (ThermoFisher).

452

453 4.5 Luminescent detection of Fluc-mRNA. HEK-293T cells, cultured and passaged as described 

454 above, were seeded into a 96-well plate at a density of 1.0 × 104 cells per well and incubated for 

455 24 hours. An LNP formulation containing 50 ng of Fluc-mRNA was added to the cell culture 

456 medium of a 96-well plate, and further incubated for another 24 h. The corresponding reagent 

457 was added according to the instructions of the Gaussia Luciferase Assay Kit, and the fluorescence 

458 expression intensity of each well was detected by microplate reader (BioTek Synergy H1).

459

460 4.6 Cell survival rate determination. An LNP formulation containing 1.5 μg of Fluc-mRNA or the 

461 formulation of Lipofectamine 3000 were added to the cell culture medium of a 96-well plate, and 

462 further incubated for 24 hours. 10 μL of CCK-8 solution was then added to each well, and the 

463 culture plate was incubated in an incubator for 1 hour. The absorbance at 450 nm was measured 

464 by microplate reader (BioTek Synergy H1).

465

466 4.7 In vivo validation of the delivery efficiency. The LNP formulation containing Fluc-mRNA was 

467 injected intramuscularly into female BALB/C mice aged 4-6 weeks old and weighed 17-19 g, and 

468 the mice were intraperitoneally injected with fluorescent imaging substrate at specific time points 

469 after administration, where the mice were free to move for 5 minutes, and then the average 

470 radiation intensity (corresponding to fluorescence expression intensity) of the protein expression 

471 of the mRNA carried by the LNP in the mice was detected by the IVIS Spectrum instrument 

472 (AniView 600).

473 4.8 Enzyme-linked immunosorbent assay (ELISA). The high-binding 96-well plates (Corning) were 

474 coated with 50 μL of RSV prefusion-F (preF) protein (Acro Biosystems, RSF-V52H7) per well with 

475 a concentration of 2.0 μg/mL at 4 °C overnight. The plates were then washed three times with 

476 Washing Buffer (Biolegend, 421601) and incubated with Blocking Buffer (BovoGen, BSAS). The 

477 serum collected from immunized and control mice were initially diluted at 1:500. Then, a four-fold 



478 serial dilution was performed on all serum samples. 50 μL of samples per well were added to the 

479 plates for 2 h at 37 °C. Then, the plates were washed and then incubated with goat anti-mouse 

480 IgG (H+L) secondary antibody with HRP at 1:5,000 (Abcam, ab97023) for 45 min at 37 °C. Next, 

481 the plates were washed and 50 μL of TMB substrate solution (Biolegend, 421101) was added for 

482 10 min incubation at 37 °C. Then, 50 μL of stop solution (Biolegend, 423001) was added. 

483 SpectraMax iD3 Reader (Molecular Devices) was used to measure the Optical Density (OD450 and 

484 OD630).

485

486 4.9 Vaccination and neutralization studies. Mice received intramuscular injections with preF-

487 mRNA-LNPs (0.5 μg/animal) at weeks 0 and 3. Serum was collected 4 weeks after the second 

488 immunization and anti-RSV preF IgG titer was measured by ELISA as described above. To measure 

489 neutralizing titers, sera were heat inactivated and serially diluted into a 96-well plate.200 TCID50 

490 of RSV/A2 or RSV/B18537 virus were mixed with serial diluted sera at 1:1 ratio and incubated at 

491 37°C for 2h. A 8-point, 3-fold dilution curve was generated for each sample with starting 

492 concentration at 1:30. After incubation, Hep2 cells (ATCC/CCL-23) were added to each well 

493 (2.5×104 cells/well) and the plates were incubated at 37 °C for 5 days. Cells were then washed and 

494 fixed with acetone. Each well was then blocked by 5% BSA for 1h at room temperature. After 

495 washing with TBST three times, each well were incubated with Human respiratory syncytial virus 

496 (RSV) Fusion glycoprotein/RSV-F Neutralizing Antibody (Sino Biological, 11049-R338), followed by 

497 HRP-labeled Goat Anti-Rabbit IgG(H+L) (Beyotime Biotechnology, A0208). Next, the wells were 

498 washed and 100 μL of TMB substrate solution (Biolegend, 421101) was added for 10 min 

499 incubation at room temperature. Then, 100 μL of stop solution (hydrochloric acid) was added. 

500 SpectraMax iD3 Reader (Molecular Devices) was used to measure the Optical Density (OD450). 

501 Titers were calculated by four-parameter curve fit using GraphPad Prism® 7 software.

502 Mice were then challenged by RSV/A2 virus on day 43, and euthanized on day 47 for tissue 

503 harvesting. Viral titers in lungs were analyzed via plaque assay.

504

505 4.10 Histological analysis. Immediately after euthanasia, the left lung lobe was harvested and 

506 fixed by submersion in 4% paraformaldehyde for more than 24 h. Following fixation, the lungs 

507 were embedded in paraffin, sectioned and stained with hematoxylin and eosin (H&E). The blinded 

508 pathologist evaluated the H&E stained slides for evidence of peribronchiolitis (inflammatory cell 

509 infiltration around the bronchioles), perivasculitis (inflammatory cell infiltration around the small 



510 blood vessels), interstitial pneumonia (inflammatory cell infiltration and thickening of alveolar 

511 walls), and alveolitis (cells within the alveolar spaces). Slides were scored on a 0–4 severity scale.

512

513 4.11 Toxicity evaluation. To assess the in vivo toxicity of preF-mRNA-LNPs, mice were 

514 intramuscularly injected with preF-mRNA-LNPs (0.5 mg/kg of mRNA), with DPBS used as a control. 

515 Serum samples were collected 6 h post-injection to measure cytokine levels on ELISA plate reader 

516 of IL-1β, TNF-α, IL-6, and IFN-γ, according to the manufacturer’s instructions (Elabscience). Sera 

517 were obtained at Day 12 after three injections at Day 0, 3, 7 to evaluate the liver and kidney 

518 function (Automated Biochemical Analyzer).

519


