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24 ABSTRACT

25 We recently reported that polyethylenimine (PEI; molecular weight of 600 Da) acted as a 

26 vaccine adjuvant for liposomal group A Streptococcus (GAS) vaccines, eliciting immune 

27 responses in vivo with IgG antibodies giving opsonic activity against five Australian GAS 

28 clinical isolates. However, to date, no investigation comparing the structure-activity 

29 relationship between the molecular weight of PEI and its adjuvanting activity in vaccine 

30 development has been performed. We hypothesized that the molecular weight and quantity of 

31 PEI in a liposomal vaccine will impact its adjuvant properties. In this study, we successfully 

32 formulated liposomes containing different molecular weights of PEI (600, 1800, 10k and 25k 

33 Da) and equivalents of PEI (0.5, 1 and 2) of branched PEI. Outbred mice were administrated 

34 the vaccine formulations intranasally, and the mice that received a high ratio of PEI 600 

35 reported a stronger immune response than the mice that received a lower ratio of PEI 600. 

36 Interestingly, mice that received the same quantity of PEI 600, PEI 10k and PEI 25k showed 

37 similar immune responses in vivo and in vitro. This comparative study highlights the ratio of 

38 PEI present in the liposome vaccines impacts adjuvant activity, however, PEI molecular weight 

39 did not significantly enhance its adjuvant properties. We also report that the stability of PEI 

40 liposomes is critical for vaccines to elicit the desired immune response.

41
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45 Vaccine immunization is a significant tool in the protection and/or treatment of human health 

46 from infectious diseases and cancer.1-2 Subunit vaccines play an important part in the 

47 development of modern-day vaccines, as they have been shown to reduce the risk of infection, 

48 avoid autoimmune responses, and simplify the manufacture and storage process when 

49 compared with traditional vaccines.3-4 However, subunit vaccines (e.g. peptide-based subunit 

50 vaccines) lack the complementary immune stimulants from pathogens (adjuvants) and effective 

51 delivery systems to elicit the necessary immune responses to be an effective vaccine.5 

52 Traditionally, adjuvants are mineral salts (e.g. alum), mineral oils (e.g. MF59) or components 

53 derived from pathogens (e.g. polysaccharides and toxins) which activate both innate and 

54 adaptive immunological responses.6-7 Polymers, including polyphosphazenes,8-9 poly(tert-

55 butyl acrylate),10-12 chitosan13-15 and polyethylenimine (PEI)16-18 have also been used as vaccine 

56 adjuvants. PEI is a commercially available, cationic polyelectrolyte (linear or branched) with 

57 a molecular weight ranging from 200 Da to 800 kDa.19 Vaccines containing PEI have shown 

58 significant improvement in their efficiency against a variety of infections and tumors through 

59 maturation enhancement of antigen presenting cells (APCs), increased proliferation of effector 

60 cells and enhanced production of antibodies.20

61 To deliver vaccine antigen(s) and adjuvant to the desired location in the body to maximize a 

62 vaccines efficacy, the selection of a delivery system is crucial. Liposomes have been widely 

63 explored in recent decades as potential vaccine delivery systems, which benefit from reduced 

64 aggregation of vaccine components, providing an enhanced depot effect for vaccine antigens 

65 and enabling slow-release technology for improved antigen uptake.21-23 In addition, liposomes 

66 as an intranasal delivery systems have shown improved immunogenicity for subunit vaccines.24 

67 However, to date, licensed vaccines for humans are still limited to the prevention of infections 

68 for a small range of bacteria and viruses, and the prevention and treatment of cancer (e.g. 

69 cervical cancer and prostate cancer).25

70 Group A Streptococcus (GAS) is a gram-positive bacterial etiologic agent resulting in a wide 

71 range of human diseases, including mild ailments (e.g. throat irritations and dermis infections), 

72 to fatal invasive illnesses (e.g. toxic shock syndrome, necrotizing fasciitis) and post-infectious 

73 complications (e.g. rheumatic fever and rheumatic heart disease).26 In 2017, Watkins et al. 

74 reported that owing to no licensed GAS vaccine and effective therapeutic measures except for 

75 antibiotic treatment in early infectious stage, rheumatic fever and rheumatic heart disease 

76 related to reoccurring and/or untreated GAS infection was primarily responsible for more than 
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77 320,000 deaths worldwide each year.27 Consequently, GAS has been listed as one of the top 10 

78 pathogens worldwide and represents a heavy global health burden.28 

79 To enhance the efficacy of experimental vaccines against these awful diseases, including GAS, 

80 researchers have focused their efforts towards vaccine delivery systems and/or adjuvant 

81 development. We recently reported that unmodified-PEI 600 and lipidated-PEI 600 as vaccine 

82 adjuvants for liposomal (formulated from cholesterol and dipalmitoylphosphatidylcholine 

83 [DPPC]) vaccine delivery systems for the mucosal delivery of a GAS B cell and universal T 

84 helper peptide epitopes were proven to elicit both mucosal and systemic immune responses in 

85 vivo (mice).16 Further, these IgG antibodies showed significantly strong opsonic activities 

86 against five GAS clinical isolates derived from Australian patients.16 

87 PEI has been used in vaccine delivery for a few decades, and before this, PEI was most widely 

88 used in gene delivery applications where researchers delivered polynucleotides (e.g. DNA and 

89 siRNA) to cells.20 There is a relationship between the molecular weight of PEI and PEIs ability 

90 to deliver these complexed polynucleotides, where higher molecular weight PEI (e.g. 25k Da) 

91 demonstrated enhanced delivery compared to lower molecular weight PEI (e.g. 600 Da).29  

92 However, to date, the investigation of PEI molecular weight has been limited to gene delivery 

93 applications, and to the top of our knowledge, no one has reported the relationship between 

94 PEI molecular weight and its adjuvant activity in vaccine development. 

95 In this study, we investigated the balance between the adjuvant efficacy of 1) molecular weight 

96 of PEI (e.g. G1, PEI 600; G4, PEI 1800, G5, PEI 10k; G6, PEI 25k) on vaccine adjuvant 

97 activity, and 2) the ratio of PEI 600 in the vaccine formulations (e.g. G1: 1 equivalent; G2: 0.5 

98 equivalent; G3: 2 equivalents) (Figure 1 and Table 1). Also, the concentrations of different PEI 

99 were calculated based on the monomers (Table 1). To formulate the GAS vaccine constructs, 

100 lipopeptide LCP-1, composed of the GAS B cell epitope (J8) conjugated to a universal T helper 

101 epitope (P25) and a lipid core sequence (ser-ser-C16-C16) was used. J8, identified from the 

102 conserved C-repeating region of the GAS M protein, has been shown to elicit a humoral 

103 immune response with an opsonic antibody protection.30 The GAS M protein is a major 

104 virulence factor on the cell wall of GAS bacteria, but the cross-reactivity between this M 

105 protein and the human heart leads to an autoimmune response.31 J8 was designed to provide 

106 the necessary protection required as a B cell epitope and avoid the T cell-mediated autoimmune 

107 responses.32 However, T helper cell activation is critical in major histocompatibility complex-

108 II (MHC-II) molecule recognition in the adaptive humoral immunity.33 To elicit the necessary 
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109 T cell responses, a universal T helper epitope (P25) was included in the vaccine constructs.16, 

110 34-36 The lipid core sequence (ser-ser-C16-C16; Figure 1) in this vaccine has been shown to target

111 toll like receptor 2 (TLR 2), enhancing APC uptake, where the long C16 hydrophobic tails 

112 enable incorporation of the P25/J8 epitopes into the vaccine liposomes.3, 34, 37-39 To compare 

113 the adjuvant properties of these vaccines, the positive control used was Pep-2 (P25-J8 without 

114 lipid, Figure 1) co-administered with commercial adjuvant, cholera toxin subunit B (CTB), 

115 which showed promising antibodies production and high opsonic rate in the in vitro 

116 immunological assays. 30, 40 

117

118



6

119

DPPC and chlosterol LCP-1: GAS J8 antigen and T helper P25 conjugated to two C16 lipids

G1:
PEI 600 (1 eq) liposome + LCP-1

G2:
PEI 600 (0.5 eq) liposome + LCP-1

PEI 600

G4:
PEI 1800 (1 eq) liposome + LCP-1

P25Ac

J8Ac

K S S C16 C16 CONH2

LCP-1

G5:
PEI 10k (1 eq) liposome + LCP-1

G3:
PEI 600 (2 eq) liposome + LCP-1

P25 J8

Pep-2

PEI 1800

G6:
PEI 25k (1 eq) liposome + LCP-1

PEI 10k PEI 25k

CONH2Ac

120 Figure 1. Schematic illustration of the PEI-liposome vaccine formulations in aqueous solution. 

121 G1: Liposome encapsulating LCP-1 and branched PEI 600 Da (1 eq); G2: Liposome 

122 encapsulating LCP-1 and branched PEI 600 Da (0.5 eq); G3: Liposome encapsulating LCP-1 

123 and branched PEI 600 Da (2 eq); G4: Liposome encapsulating LCP-1 and branched PEI 1800 

124 Da (1 eq); G5: Liposome encapsulating LCP-1 and branched PEI 10k Da (1 eq); G6:  

125 Liposome encapsulating LCP-1 and branched PEI 25k Da (1 eq). LCP-1 is a GAS B cell 
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126 epitope (J8; QAEDKVKQSREAKKQVEKALKQLEDKVQ) conjugated to the universal T 

127 helper epitope (P25; KLIPNASLIENCTKAEL) and a lipid core (ser-ser-C16-C16; where ‘C16’ 

128 refers to the lipid, 2-amino-l-hexadecanoic acid). Pep-2, is P25-J8 peptide that used in a 

129 mixture with CTB as a positive control in the in vivo immunological study.

130

131 Table 1. Formulation of G1 – G6 vaccines

Liposome 

formulation*

DPPC

(mg)

Cholesterol

(mg)

LCP-1

(mg)

PEIs

(mg)

PEI polymer

concentration

(mM)

PEI monomer

concentration

(mM)

G1 1.25 0.25 1 PEI 600 

(0.25)

0.83 11.6

G2 1.25 0.25 1 PEI 600 

(0.125)

0.42 5.8

G3 1.25 0.25 1 PEI 600 

(0.5)

1.66 23.2

G4 1.25 0.25 1 PEI 1800 

(0.25)

0.28 11.6

G5 1.25 0.25 1 PEI 10k 

(0.25)

0.05 11.6

G6 1.25 0.25 1 PEI 25k 

(0.25)

0.02 11.6

132 * Final volume for each formulation is 0.5 mL

133

134 Both LCP-1 and Pep-2 were synthesized with solid phase peptide synthesis and purified and 

135 characterized as previously reported.5, 16, 41-42 The yield of both peptides ranged from 7% to 

136 17%, respectively, with a purity greater than 95% in both cases (Supporting Information, 

137 Figures S2 – S5). 

138

139 Liposomes were formulated with the thin-film hydration method (Table 1 and Supporting 

140 Information, Figure S1).16, 34 DPPC, cholesterol (both dissolved in chloroform) and LCP-1 

141 (dissolved in methanol) were mixed and evaporated in vacuo to make the thin film on the round 
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142 bottom flask. The film was hydrated with the toxin-free Milli-Q water with PEI dissolved, then 

143 vortexed and extruded using a 100 nm membrane at 50 – 60 °C to control the liposomes size. 

144 All liposomes were characterised with dynamic light scattering (DLS) and transmission 

145 electron microscopy (TEM) as per the method previously reported.16, 41 All liposomes, except 

146 G3, showed a positive charge around 40 mV (Table 2), which was similar to that of previous 

147 reported charges of similar PEI liposomes (Supporting Information, Figure S6 – S11).16 The 

148 positive charges are affiliated with the presence of LCP-1 (a positively charged lipopeptide) 

149 used in their formulation. Here, LCP-1 is anchored onto the surface of the liposome through 

150 the lipid tail providing this charge. We also noticed that in G3, increasing the concentration of 

151 PEI (2 eq) leads to a reduction of liposome surface charge, potentially hindering the orientation 

152 of the hydrophilic head of LCP-1 towards the outside of the liposome.

153 Table 2. Physicochemical characterization of liposomal vaccines.

Liposome
Diameter

(nm) ± STD

Polydispersity

Index (PDI) ± STD

Charge

(mV) ± STD

G1 135 ± 2 0.14 ± 0.01 37 ± 1

G2 127 ± 3 0.12 ± 0.01 38 ± 1

G3 240 ± 6 0.255 ± 0.004 23.1 ± 0.3

G4 218 ± 5 0.219 ± 0.008 38 ± 1

G5 126 ± 3 0.12 ± 0.01 40 ± 1

G6 126 ± 2 0.11 ± 0.02 40 ± 1

154

155 All vaccine liposomes, except G3 and G4, showed similar sizes (approximately 130 nm) with 

156 a low polydispersity index (PDIs; Table 2 and Supporting Information Figures S6- S11). The 

157 sizes and PDIs were similar to those previously reported.16 The low PDIs suggested that all 

158 vaccine liposomes are uniform in particle size. However, G3 and G4 liposomes showed a larger 

159 particle size (above 200 nm) in the beginning of the stability study with a PDI above 0.2 (Table 

160 2). Following a liposome stability test with storing the vaccine formulations at 4 °C, after one 
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161 week the size of G3 and G4 was significantly decreased to around 120 nm, but the surface 

162 charge of G3 was increased to around 30 mV (Figure 2). These results suggested that liposomes 

163 G3 and G4 were not stable over time, but liposomes in other groups were stable for storage for 

164 at least 1 month. 

165

0 20 40 60
100

150

200

250

Days post formulation

Pa
rt

ic
le

 s
iz

e 
(n

m
)

0 20 40 60
20

30

40

Days post formulation

Ze
ta

 p
ot

en
tia

l (
m

V) G2
G3
G4
G5
G6

G1

166 Figure 2. Long-term stability test of G1 – G6. Left: Particle size of G1 – G6 over 52 days. 

167 Right: Zeta potential of G1 – G6 over 52 days. G1: PEI 600 (1 eq) liposome + LCP-1; G2: 

168 PEI 600 (0.5 eq) liposome + LCP -1; G3: PEI 600 (2 eq) liposome + LCP -1; G4: PEI 1800 

169 (1 eq) liposome + LCP-1; G5: PEI 10k (1 eq) liposome + LCP-1; G6: PEI 25k (1 eq) liposome 

170 + LCP-1.

171

172 TEM images (Figure 3) indicated that G1 – G6 formed typical spherical structures often seen 

173 with liposomes, uniform in size in the solution, which were a similar size to that observed by 

174 DLS. However, the TEM showed different results from the PDI data from DLS. In DLS, all 

175 groups were with small PDIs indicating that all liposomes were in similar sizes. However, in 

176 TEM images, small fragments and broken liposomes were observed. The small fragments were 

177 identified to be from unbound, dried PEIs (Supporting Information, Figure S12 – S15), and the 

178 broken liposome is expected to be a result of the drying and dye addition processes necessary 

179 for TEM imaging (Supporting Information, Figure S16). Interestingly, after diluting the G3 

180 formulation with Milli-Q water and leaving for long term storage, the surface charge increased 

181 to the similar range of other formulations and the size also decreased. 
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182

183 Figure 3. TEM of G1 – G6 stained with 2% ammonium molybdate. 

184

185 In vivo immunological evaluation was performed in outbred female ARC Swiss mice. All mice 

186 received four intranasal immunizations (a single primary immunization and three boosts; 

187 Figure 4A). Mice (5 mice/group, 7-8 weeks old, female) were intranasally administered (15 μL 

188 /nostril) on days 0, 21, 42, and 63 with vaccine constructs (LCP-1, G1 – G6; Figure 1). The 

189 positive control group was administered Pep-2 (60 μg in 30 μL sterile Milli-Q water; 15 μL 

190 /nostril) co-administered with commercial CTB adjuvant (10 μg). The negative control group 

191 received sterile Milli-Q water (15 μL /nostril). Blood was collected from the tail tip one day 

192 prior to each immunization and 14-days following the final boost. Sera was analyzed using 

193 ELISA for total antigen-specific IgG antibodies. 

194

0 21 42
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3rd boost

77Outbred
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20 41 62
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197 Figure 4. (A) Immunization schedule. (B) J8-antigen specific sera IgG responses obtained in 

198 mice sera on day 77. Geometric mean of antigen-specific IgG titers is represented as a 

199 horizontal bar for each group of five mice. Statistical analysis was performed by one-way 

200 ANOVA followed by Tukey post hoc test where, probability value of p <0.05 was considered 

201 statistically significant (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 

202 ). G1: PEI 600 (1 eq) liposome + LCP-1; G2: PEI 600 (0.5 eq) liposome + LCP -1; G3: PEI 

203 600 (2 eq) liposome + LCP -1; G4: PEI 1800 (1 eq) liposome + LCP-1; G5: PEI 10k (1 eq) 

204 liposome + LCP-1; G6: PEI 25k (1 eq) liposome + LCP-1.

205

206 Following the third boost, sera collected from G1 – G3, G5, G6 and LCP-1 groups showed 

207 significant J8-specific IgG antibody titers when compared with mice who received Milli-Q 

208 water only (Figure 4B).  G1, G5 and G6 mice also demonstrated the highest IgG titers with no 

209 significant difference amongst the three vaccines. However, G4 mice showed the lowest IgG 

210 titers with two non-responding mice, and there was no significant difference between the G4 

211 mice and the negative control group. Mice that received the G3 vaccine also produced low IgG 

212 titers. The weaker responses of G3 and G4 vaccines is related to the liposomes which had lower 

213 stability over the course of the study, despite each vaccine being prepared fresh for each 

214 immunization (Figure 2). All vaccinated mice displayed variations in IgG titers. These 
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215 variations might be due to the use of outbred mice, which is a heterogeneous population and 

216 this is consistent with previous immunological assays.16, 43-44  

217

218 To evaluate the opsonic activities of sera IgG antibodies from these liposome vaccines, we 

219 performed an opsonization study against two GAS clinical isolates (D3840 and GC2 203) 

220 obtained from Australian hospitals (Figure 5). Pooled sera collected from mice that received 

221 the G1 (PEI 600 1 eq liposome + LCP-1) vaccine showed significantly strong opsonic activities 

222 against both GAS clinical isolates when compare to the negative control (water) group. Pooled 

223 sera obtained from mice administrated with the G5 (PEI 10 k 1 eq liposome + LCP-1) and G6 

224 (PEI 25k 1 eq liposome+ LCP-1) vaccines also showed significantly strong opsonic activities 

225 against only the GC2 203 GAS isolate. There was no significant difference in opsonic activities 

226 within these groups (G1, G5 and G6). 

227

228 Pooled sera from mice that received the G2 (PEI 600 0.5 eq liposome + LCP-1), G3 (PEI 600 

229 2 eq liposome + LCP-1) or G4 (PEI 1800 1 eq liposome + LCP-1) formulations failed to show 

230 any opsonic activity against both GAS clinical isolates, which was consistent with the low IgG 

231 antibody titers obtained (Figure 4B). However, pooled sera from G2 and G4 groups showed 

232 similar opsonic activities with the positive control (Pep-2 + CTB) group in the GC2 203 isolate. 

233 The average opsonic activities of the sera collected from the mice that received G1, G5 and 

234 G6 vaccines were around 35 – 45%, which was higher than the opsonic rate of the positive 

235 control group. However, the average opsonic rate from the G1 vaccinated group was lower 

236 than that of the previous study due to the low average IgG antibody in this study.16 This 

237 opsonization study suggested that all the liposomal vaccine candidates adjuvanted with PEI 

238 600 (G1), 10k (G5) and 25k (G6) elicit protective immunity against GAS where the opsonic 

239 activities are not significantly related to the molecular weight of PEI used. However, the 

240 quantity of PEI used (e.g. G2) and liposome stability (e.g. G3 and G4) are critical for intranasal 

241 liposomal vaccine formulation moving forward. 
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243 Figure 5: Average opsonization (duplicate from two independent cultures) of sera collected 

244 from mice on day 77 against two clinical isolates (D3840 and GC2 203) of GAS. G1: PEI 600 

245 (1 eq) liposome + LCP-1; G2: PEI 600 (0.5 eq) liposome + LCP -1; G3: PEI 600 (2 eq) 

246 liposome + LCP -1; G4: PEI 1800 (1 eq) liposome + LCP-1; G5: PEI 10k (1 eq) liposome + 

247 LCP-1; G6: PEI 25k (1 eq) liposome + LCP-1. Negative control pooled sera from five mice 

248 received Milli-Q water only. Positive control pooled sera from five mice received Pep-2 co-

249 administered with CTB adjuvant. Results are represented as an opsonization percentage that 

250 statistically compared to untreated wells as a reference and error is represented as standard 

251 error of the mean (SEM). Statistical analysis was performed by one-way ANOVA followed by 

252 Tukey post hoc test where, probability value of p <0.05 was considered statistically significant 

253 (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001). CFU = Colony 

254 forming unit.

255

256 In the development of efficient and safe GAS vaccines, PEI has the potency to act as an 

257 adjuvant for liposome-based GAS intranasal vaccines. In this study, we successfully 

258 formulated a library of liposome-based GAS intranasal vaccines containing different quantities 

259 of PEI (e.g. 0.5 eq, 1 eq and 2 eq) and molecular weights of PEI (e.g. 600, 1800, 10k and 25k 

260 Da), where PEI was externally and internally associated with liposomes leading to an 

261 immediate and sustained-released immune response in each formulation. Following a single 

262 primary immunization and three boosts of the vaccine liposomes intranasally to Swiss outbred 

263 mice, the mice developed J8-specific IgG immune responses. Mice that received the G1 (PEI 

264 600 1 eq liposome + LCP-1), G5 (PEI 10k 1 eq liposome + LCP-1) and G6 (PEI 25k 1 eq 
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265 liposome + LCP-1) formulations showed the highest IgG antibody titers and opsonic activities 

266 out of all groups assessed. However, the mice that received the G2 (PEI 600 0.5 eq liposome 

267 + LCP-1) formulation showed weaker immune responses when compared to the G1, G3 (PEI

268 600 2 eq liposome + LCP-1) and G4 (PEI 1800 1eq liposome + LCP-1) vaccines which failed 

269 to form stable liposomes leading to a reduced immune response in vivo. This study highlights 

270 that ratio of PEI present in the liposome vaccines impacting the adjuvanting activity, however, 

271 PEI molecular weight did not enhance its adjuvanting properties. The stability of PEI liposomes 

272 is also critical for vaccines to elicit the desired immune response.
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