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Therapeutic nucleic acids provide versatile treatment options for hereditary or acquired
diseases. Ionic complexes with basic polymers are frequently used to facilitate nucleic
acid9s transport to intracellular target sites. Usually, these polyplexes are prepared
manually by mixing two components: polyanionic nucleic acids and polycations. However,
parameters such as internal structure, size, polydispersity and surface charge of the
complexes sensitively aûect pharmaceutical eûciency. Hence a controlled assembly is of
paramount importance in order to ensure high product quality. In the current study, we
present a microûuidic platform for controlled, sequential formulation of polyplexes. We use
oligo-amidoamines (termed 8oligomers9) with precise molecular weight and deûned
structure due to their solid phase supported synthesis. The assembly of the polyplexes was
performed in a microûuidic chip in two steps employing a design of two successive Y
junctions: ûrst, siRNA and core oligomers were assembled into core polyplexes. These core
oligomers possess compacting, stabilizing, and endosomal escape mediating motifs.
Second, new functional motifs were mixed to the core particles and integrated into the
core polyplex. The iterative assembly formed multi-component polyplexes in a highly
controlled manner and enabled us to investigate structure - function relationships. We
chose nanoparticle shielding PEG and cell targeting folic acid (termed 8PEG-ligands9) as
functional components. The PEG-ligands were coupled to lipid anchor oligomers via strain
promoted azide 3 alkyne click chemistry. The lipid anchors feature four cholanic acids for
inserting various PEG-ligands into the core polyplex by non-covalent hydrophobic
interactions. These core - lipid anchor - PEG-ligand polyplexes containing folate as cell
binding ligand were used to determine the optimal PEG-ligand length for transfecting
folate receptor-expressing KB cells in vitro. We found that polyplexes with 20 mol % PEG-
ligands (relative to ncore oligomer) showed optimal siRNA mediated gene knock-down when
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containing deûned polyethylene glycol (PEG) domains of in sum 24 and 36 ethylene oxide
(EO) repetitions. These results conûrm that transfection eûciency depends on the linker
length and stoichiometry and are consistent with previous ûndings using core - PEG-ligand
polyplexes formed by click modiûcation of azide-containing core polyplexes with DBCO-
PEG-ligand. Hence successive microûuidic assembly might be a potentially powerful route
to create deûned multi-component polyplexes with reduced batch-to-batch variability.
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36 Abstract

37 Therapeutic nucleic acids provide versatile treatment options for hereditary or acquired diseases. 

38 Ionic complexes with basic polymers are frequently used to facilitate nucleic acid9s transport to 

39 intracellular target sites. Usually, these polyplexes are prepared manually by mixing two 

40 components: polyanionic nucleic acids and polycations. However, parameters such as internal 

41 structure, size, polydispersity and surface charge of the complexes sensitively affect 

42 pharmaceutical efficiency. Hence a controlled assembly is of paramount importance in order to 

43 ensure high product quality. In the current study, we present a microfluidic platform for 

44 controlled, sequential formulation of polyplexes. We use oligo-amidoamines (termed 

45 8oligomers9) with precise molecular weight and defined structure due to their solid phase 

46 supported synthesis. The assembly of the polyplexes was performed in a microfluidic chip in two 

47 steps employing a design of two successive Y junctions: first, siRNA and core oligomers were 

48 assembled into core polyplexes. These core oligomers possess compacting, stabilizing, and 

49 endosomal escape mediating motifs. Second, new functional motifs were mixed to the core 

50 particles and integrated into the core polyplex. The iterative assembly formed multi-component 

51 polyplexes in a highly controlled manner and enabled us to investigate structure - function 

52 relationships. We chose nanoparticle shielding PEG and cell targeting folic acid (termed 8PEG-

53 ligands9) as functional components. The PEG-ligands were coupled to lipid anchor oligomers via 
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54 strain promoted azide 3 alkyne click chemistry. The lipid anchors feature four cholanic acids for 

55 inserting various PEG-ligands into the core polyplex by non-covalent hydrophobic interactions. 

56 These core - lipid anchor - PEG-ligand polyplexes containing folate as cell binding ligand were 

57 used to determine the optimal PEG-ligand length for transfecting folate receptor-expressing KB 

58 cells in vitro. We found that polyplexes with 20 mol % PEG-ligands (relative to ncore oligomer) 

59 showed optimal siRNA mediated gene knock-down when containing defined polyethylene glycol 

60 (PEG) domains of in sum 24 and 36 ethylene oxide (EO) repetitions. These results confirm that 

61 transfection efficiency depends on the linker length and stoichiometry and are consistent with 

62 previous findings using core - PEG-ligand polyplexes formed by click modification of azide-

63 containing core polyplexes with DBCO-PEG-ligand. Hence successive microfluidic assembly 

64 might be a potentially powerful route to create defined multi-component polyplexes with reduced 

65 batch-to-batch variability.

66

67 Introduction

68 Together with deepened understanding of molecular pathways in hereditary and acquired human 

69 diseases comes a growing field of possible applications for nucleic acid-based drugs (Shi, 

70 Kantoff, Wooster, & Farokhzad, 2016). Recent clinical trials have hinted at the therapeutic 

71 potential of non-viral gene carriers (Sardh et al., 2018; Titze-de-Almeida, David, & Titze-de-

72 Almeida, 2017), culminating in the approval of patisiran (Haussecker, 2018; Tournev et al., 

73 2018). Payloads of these synthetic carriers are usually various nucleic acids that are condensed 

74 into particles by cationic lipids (Kulkarni, Cullis, & van der Meel, 2018) or polycations (Lächelt 

75 & Wagner, 2015). These polycations have been the focus of extensive research in the past and 

76 have been continuously improved to find the optimal balance between various properties, for 

77 example compaction, intracellular release (Leong & Grigsby, 2010), cell uptake, serum 

78 stability, and toxicity (Hall, Lächelt, Bartek, Wagner, & Moghimi, 2017). Formulation, however, 

79 is only gradually seen to be of importance as well (Valencia, Farokhzad, Karnik, & Langer, 

80 2012). Analogous to approval procedures of protein based drugs, manufacturing processes are an 

81 integral part of the product and therefore control over them is critical (Wilhelm et al., 2016). 

82 Polyplexes (Felgner et al., 1997) are often prepared by batch wise mixing polycations with 

83 nucleic acids either by vigorous pipetting or shaking. Although this method is convenient, 

84 particle formation is kinetically controlled and charge neutralization in polyplexes occurs in 

85 around 50 ms (Braun et al., 2005). Consequently, limited batch-to-batch reproducibility 

86 inevitably leads to variable particle properties, which in turn complicate the establishment of 

87 precise structure 3 function relationships. Size and shape, for example, play a major role in 

88 deciding the uptake route into cells (Rejman, Oberle, Zuhorn, & Hoekstra, 2004; Sykes, Chen, 

89 Zheng, & Chan, 2014). They are, however, heavily influenced by assembly conditions. 

90 Moreover, each additional component included in the formulation complicates the preparation of 

91 defined nanoparticles. Generally, there are two distinct approaches to standardized nanoparticle 

92 production. The top-down process, on the one side, produces particles from larger materials, for 

93 example with the PRINT method developed by DeSimone and co-workers (Rolland et al., 2005). 
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94 The advantage of this approach is a high control over size and shape of printed particles. The 

95 bottom-up process, on the other side, produces particles from smaller building units or starting 

96 materials which assemble into nanosized objects. In case of ionic polyplexes, the self-assembly 

97 process is based on electrostatic interaction between oppositional charged materials, however 

98 control over size and shape is challenging. A widely used macrofluidic approach to standardize 

99 nanoparticle production is the application of a T-junction. It enables the continuous production of 

100 large quantities of, for example, lipoplexes (Kiefer, Kimpfler, Peschka-Süss, Garidel, & 

101 Clement, 2004) or polyplexes (Kasper, Schaffert, Ogris, Wagner, & Friess, 2011) with a 

102 turbulent mixing regime. Microfluidic approaches (Liu, Zhang, Fontana, Hirvonen, & Santos, 

103 2017) to the bottom-up production of polyplexes can be broadly divided in droplet (Seemann, 

104 Brinkmann, Pfohl, & Herminghaus, 2012) - and hydrodynamic focussing (C. Y. Lee, Wang, Liu, 

105 & Fu, 2016) - based systems. Both methods are suitable, since polyplex production is performed 

106 in aqueous systems and requires fast reaction times. Emulsion based systems have the advantage 

107 of discrete reaction chambers with picolitre volumes, but they are usually unstable and need 

108 additional surfactants and oily phases to stabilize droplets (Ho, Grigsby, Zhao, & Leong, 2011). 

109 Laminar flow-based systems have the advantage of producing carriers continuously while 

110 mixing of reactants is diffusion controlled only. Mixing speeds can be manipulated by employing 

111 baffle structures, organic solvents or external energy sources to influence the time scales 

112 reactants need to reach their counterparts allowing for a greater control over particle properties. 

113 It has been shown in previous studies that microfluidic-based assembly improves 

114 physicochemical properties of produced particles (Belliveau et al., 2012; Grigsby, Ho, Lin, 

115 Engbersen, & Leong, 2013; Koh et al., 2009). Besides control over the assembly process, control 

116 over the precise structure of nanoparticle9s components is essential as well. Solid phase 

117 supported synthesis of sequence defined oligo(ethanamino)amides (Schaffert et al., 2011) in our 

118 lab has the potential to integrate any functional element at any place in the oligomer9s structure. 

119 The crucial parameter is the biological performance of polyplexes assembled from these 

120 oligomers. We have identified key units in the oligomer9s structure: polycationic succinoyl tetra-

121 ethylene pentamine (Stp) units for complexing nucleic acids and tyrosines and fatty acids for 

122 stabilizing (Fröhlich et al., 2012; Troiber et al., 2013) the resulting nanoparticle. Usually, 

123 additional chemical moieties, e.g. for or for shielding the nanoparticle and targeting (Klein et al., 

124 2018) certain receptors, are integrated into the oligomer9s structure to increase biological 

125 performance. These additional units, albeit required for efficient nucleic acid delivery, can alter 

126 polyplex formation processes (Freund, Lächelt, Gruber, Rühle, & Wuttke, 2018). We set out to 

127 combine the advantages of sequence defined oligomers with enhanced control over the 

128 formulation process in order to generate precise multi-component polyplexes. To this end, we 

129 have used a laminar flow-based micromixer to generate polyplexes continuously. We show that 

130 the production of three and four component polyplexes, containing siRNA, cationic core 

131 oligomers, lipid anchors and different PEG-ligands, is feasible and we use this system to identify 

132 the best PEG-ligand length for transfecting KB cells. We compared and tested the same set of 

133 PEG-ligands on previously published two component polyplexes.
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134

135 Materials & Methods

136 Materials

137 Main suppliers: Biochrom (Biochrom GmbH, Berlin, Germany), Iris (Iris Biotech GmbH, 

138 Marktredwitz, Germany), Promega (Promega GmbH, Mannheim, Germany), Roth (Carl Roth 

139 GmbH + Co. KG, Karlsruhe, Germany), Sigma (Sigma-Aldrich Chemie GmbH, Munich, 

140 Germany, now part of Merck KGaA, Darmstadt, Germany), Thermo (Thermo Fisher Scientific 

141 GmbH, Schwerte, Germany), VWR (VWR International GmbH, Darmstadt, Germany).

142 Solvents: Purified water (produced with Ultra Clear® GP UV UF, Evoqua Water Technologies 

143 GmbH, Günzburg, Germany), acetone HPLC grade (VWR), dichloromethane ACS reagent 

144 (DCM, Bernd Kraft GmbH, Duisburg), dimethylformamide peptide grade (DMF, Iris), dimethyl 

145 sulfoxide for synthesis (DMSO, Acros Organics, Geel, Belgium), N-methyl pyrrolidon peptide 

146 grade (NMP, Iris), acetonitrile for HPLC (VWR), methanol for HPLC (VWR), ethanol Ph.Eur. 

147 (VWR), piperidine peptide grade (Iris), pyridine puriss. p.a. (Acros Organics, Geel, Belgium), n-

148 hexane puriss. p.a. (VWR), tert-butylmethylether for synthesis (tBME, VWR).

149 Chemicals: (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid ultra-pure (HEPES, Biomol 

150 GmbH, Hamburg, Germany), D0(+)glucose monohydrate DAB (Loewe Biochemica GmbH), 

151 NaOH pellets puriss. (VWR), NaOH 1M standard solution (Thermo), HCl 1M standard solution 

152 (VWR), glycylglycine, g 99 % (Sigma), MgCl2 x 6 H2O, p.a. (Merck), 

153 ethylenediaminetetraacetic acid-Na2 x 2H2O g 99 % (EDTA, Sigma), DL-dithiothreitol g 98% 

154 (DTT, Sigma), 52-ATP-K2 g 92 % (Sigma), coenzyme A Li3 g 93 % (Sigma), glycerol g 86 % 

155 Ph.Eur. (Roth), bromophenol blue ACS reagent (Sigma), tris base g 96% (Sigma), boric acid g 

156 99.5% (Sigma), KCl p.a. (Sigma), Na2HPO4 p.a. (Merck), KH2PO4 p.a. (Merck), protected 

157 Fmoc-³-amino acids (Iris), Fmoc-N-amido-dPEG12-acid (discrete PEG), Fmoc-N-amido-

158 dPEG24-acid (Quanta Biodesign, Powell, Ohio, USA), N10-(tri- fluoroacetyl)pteroic acid 

159 (Clauson-Kass A/S, Farum, Denmark), Fmoc-Glu-O-2-PhiPr (VWR), 2-chlorotrityl chloride 

160 resin (200-400 mesh, 1% DVB crosslinking, Iris), ammonia solution 25% Ph.Eur. (Roth), N,N-

161 diisopropylethylamine (DIPEA, Iris), trifluoroacetic acid peptide grade (TFA, Iris), 

162 triisopropylsilane g 98 % (TIS, Sigma), phenol p.a. (AppliChem GmbH, Darmstadt, Germany), 

163 KCN ACS reagent (Sigma), acetic anhydride g 99 % puriss. p.a. (Sigma) , benzotriazol-1-yl-

164 oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP, MultiSynthech, Witten, 

165 Germany), 1-hydroxybenzotriazole hydrate g 97 % (HOBt, Sigma), 5³ cholanic acid g 99 % 

166 (Sigma), sephadex G10 (VWR), agarose BioReagent (Sigma), Sylgard® 184 

167 polydimethylsiloxane silicon elastomer base (PDMS, Dow Corning GmbH, Wiesbaden), PDMS 

168 curing agent (Dow Corning GmbH, Wiesbaden), uranyl formate, Dibenzocyclooctyne-PEG4-N-

169 hydroxysuccinimidyl ester g 95 % (DBCO, Sigma), tri-chloro(1H,1H,2H,2H-

170 perfluorooctyl)silane g 97 % (Sigma).

171 Dyes: Ethidium bromide 10 mg/ml in H2O (Sigma), 3-(4,5-dimethylthiazol-2-yl)-2,5-
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172 diphenyltetrazolium bromide (MTT, Carl Roth), DBCO-PEG4-Atto488 (Jena Bioscience GmbH, 

173 Jena, Germany), GelRed# 10000x in H2O (VWR), ninhydrin g 95 % purum (Sigma).

174 Nucleic acids: siGFP sense: 59-AuAucAuGGccGAcAAGcAdTsdT-39, antisense: 59-

175 UGCUUGUCGGCcAUGAuAUdTsdT-39 (Roche Molecular Systems, Inc, California, USA), 

176 siAha1-Cyanine 5 (Cy5) sense: 59-(Cy5-NHC6)-GGAuGAAGuGGAGAuuAGudTsdT-39, 

177 antisense: 59-ACuAAUCUCcACUUcAUCCdTsdT-39 (Roche Molecular Systems, Inc, 

178 California, USA), siCtrl sense: 59- AuGuAuuGGccuGuAuuAGdTsdT-39, antisense: 59- 

179 CuAAuAcAGGCcAAuAcAUdTsdT-39 (Roche Molecular Systems, Inc, California, USA). Small 

180 letters: 29 methoxy; s: phosphorothioate. 

181 Cell culture: 100x benzylpenicillin sodium (10000 E) + streptomycinsulfate (10 mg/ml) solution 

182 (Biochrom), Gibco# fetal bovine serum, (FBS, Thermo), RPMI 1640 (R2405-500ML, Sigma), 

183 RPMI 1640, folate free (27016021, Thermo), 10x trypsin/EDTA in PBS (Biochrom), collagen A, 

184 0.1 % in HCl, 1 mg/ml (Biochrom), heparin sodium 25k (Ratiopharm, Ulm, Germany), cell 

185 culture 5x lysis buffer (Promega), VivoGlo# D-luciferin potassium (Promega).

186 Further materials: Microreactors (MultiSynTech, Witten, Germany), carbon coated copper grids 

187 (Ted Pella, Inc. USA, 300 mesh, 3.0 mm O. D.), 96 well plates (TPP 92096, Faust Lab Science 

188 GmbH, Klettgau, Germany), cell culture flasks (TPP90075, Faust Lab Science GmbH, Klettgau, 

189 Germany), Versilon#-Inert-Schlauch SE-200, 1.6 x 3.2 mm, Wd 0.8 mm, PP-T-Tüllenverbinder 

190 1.6 mm, PP-Luer connector, female, PP-Luer connector, male (ProLiquid GmbH, Überlingen, 

191 Germany), Hamilton syringes: syr 1 ml 1001 TLL, dinner = 4.61 mm, syr 500 µl 1750 TLL-XL, 

192 dinner = 3.26 mm, syr 100 µl 1710 TLL-XL, dinner = 1.46 mm, needles: NDL ga27, 90 mm, pst4 

193 (Hamilton Bonaduz AG, Switzerland), syringe pumps: LA-122, LA-120, LA-160 (Landgraf 

194 Laborsysteme HLL GmbH, Langenhagen, Germany), LabView 2017 (National Instruments, 

195 Austin, Texas, USA), biopsy puncher (World precision instruments; ID = 0.96 mm; OD = 1.26 

196 mm)

197 Oligomer Synthesis

198 All oligomers have been synthesized by solid phase supported synthesis (SPSS). The synthesis of 

199 the core oligomers CO (id: 991) and CON (id: 1106) has been described in detail by Klein et al. 

200 (Klein et al., 2016) The synthesis of discrete PEG(dPEG)-folic acid oligomers (termed 8PEG-

201 ligands9) has also been reported in detail by Klein et al. (Klein et al., 2018b), however only for 

202 PEG-ligands with PEG24 (id: 1139) or PEG48 (id: 1140). Here, PEG-ligands without PEG 

203 (PEG0, id: 1323), with STOTDA (N3-succinyl-4,7,10-trioxa-1,13-tridecanediamine, named 

204 8PEG39 in this manuscript, id: 1324) and PEG12 (id: 1325) were synthesized analogous to the 

205 PEG-ligands with longer PEG chains. Basically, Fmoc-Glu-O-2-PhiPr was coupled to the ³-
206 amine of a Lys(Dde)-loaded resin followed by N10-(trifluoroacetyl)pteroic acid to produce 

207 functional folic acid. The trifluoroacetyl group was deprotected with 25 % aqueous ammonia 

208 solution : DMF = 1 : 1. After standard Dde deprotection (2 vol % hydrazine in DMF), the 

209 lysine9s ·- amine was modified with the designated dPEG chain followed by a DBCO-acid 

210 (dibenzocyclooctyne-acid). For PEG0, DBCO-acid is directly coupled to the lysine9s · amine. 
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211 For PEG3, STOTDA9s (N-Fmoc-N3-succinyl-4,7,10-trioxa-1,13-tridecanediamine) succinic acid 

212 is coupled to the lysine9s · amine and the DBCO-acid to STOTDA9s terminal amine after Fmoc 

213 deprotection. Special care needs to be taken when cleaving the final product from the resin, since 

214 DBCO is sensitive to high concentrations of TFA and can be converted into unreactive side-

215 products (X. Wang, Gobbo, Suchy, Workentin, & Hudson, 2014). Therefore, a cleavage cocktail 

216 with only 5 % TFA was used (DCM : TFA : TIS = 92.2 : 5 : 2.5). Cleavage duration was 60 min. 

217 The synthesis and analysis of the lipid anchor oligomers LA (id: 1203) and LAE (id: 1223) is 

218 described in the supplemental information (1. Lipid Anchor Oligomer Synthesis, 2. Chemical 

219 structures). 

220 Polyplex Preparation

221 Core

222 The amount of siRNA is the key parameter determining quantities of all other reagents in 

223 polyplex formation. For measurements and in vitro experiments, polyplexes with a final 

224 concentration of 0.025 mg/ml siRNA were produced. A nitrogen to phosphate (N/P) ratio of 12 

225 was used to determine the amount of core oligomer (CO, Fig. 1A or CON, Fig. 1C) relative to 

226 the amount of siRNA. The N/P ratio sets the number of primary and secondary amines in the 

227 oligomer9s structure in relation to the number of phosphates in the RNA9s backbone.

228 The conventional method of polyplex perparation was done with pipettes and rapid mixing in a 

229 batch wise process. The solvent 3 if not noted differently 3 was hepes buffer pH 7.4 with 5 % 

230 glucose (HBG). Here, CO solution (cCO = 0.504 mg/ml) was added quickly to a siRNA solution 

231 (csiRNA = 0.05 mg/ml) of equal volume and mixed by rapid pipetting, achieving a final siRNA 

232 concentration of 0.025 mg/ml. Subsequently, the formulation has been incubated for 45 min.

233 For automated polyplex production at a T-junction, siRNA in HBG (csiRNA = 0.05 mg/ml) and 

234 CO in HBG (cCO = 0.504 mg/ml) or HBG with 50 % acetone were loaded into two separate 

235 syringes (1 ml, Hamilton) that were connected with silicon tubes (SE-200, ProLiquid) to a T-

236 junction (PP-T-Tüllenverbinder, ProLiquid). Each syringe was driven by a separate syringe 

237 pump (LA-120, LA-160) that run at the same speed (flowrates (FR) for each pump were 0.5, 1.0, 

238 2.0, 5.0 and 30.0 ml/h) except for experiments with a final acetone concentration of 2.5 % (csiRNA 

239 = 0.027 mg/ml; FRsiRNA = 0.917, 1.833, 4.583, 9.167, 55.000 ml/h; cCO = 3.026 mg/ml; FRCO = 

240 0.083, 0.167, 0.417, 0.833, 5.000 ml/h). The final product was collected and incubated for 45 

241 min before use. siRNA concentration in the final formulation was 0.025 mg/ml.

242 For controlled core polyplex production using microfluidics, the right channel in Fig. 1B was 

243 used albeit without the second meander and without both S2 inlets. siRNA in HBG (csiRNA = 

244 0.033 mg/ml) was loaded into S4 and CO in HBG or HBG with 50 % acetone (cCO = 3.025 

245 mg/ml) was loaded into S3. Both syringes were driven by separate syringe pumps. Flow rates 

246 (FR) were 100 µl/h for S3 and 900 µl/h for S4, respectively. The final product was diluted with 

247 HBG to reach csiRNA = 0.025 mg/ml. 
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248 Addition of Lipid Anchor and Lipid Anchor 3 PEG-Ligand Oligomers

249 It was determined before that 20 mol % lipid anchor oligomer or lipid anchor 3 PEG-ligand 

250 oligomer in relation to nCO offered an optimal balance between efficacy and aggregation of the 

251 final product (data not shown).

252 Lipid anchor or lipid anchor 3 PEG-ligand oligomers were added in two different ways to core 

253 polyplexes. If the complete product is assembled in one continuous process, the right channel in 

254 Fig. 1 will be used. siRNA in HBG (csiRNA = 0.033 mg/ml) was loaded into S4 (FR = 900 µl/h) 

255 and CO in HBG or HBG with 50 % acetone (cCO = 3.025 mg/ml) was loaded into S3 (FR = 100 

256 µl/h). Lipid anchor or lipid anchor 3 PEG-ligand oligomers in HBG with 50 % acetone were 

257 connected to S2. The flow rate of each syringe was 50 µl/h at a total flow rate of 1100 µl/h, 

258 resulting in a flow rate ratio of lipid anchor oligomer to core polyplex of 1:11. The final product 

259 was diluted with HBG to csiRNA = 0.025 mg/ml.

260 Alternatively, conventionally prepared core polyplexes (csiRNA = 0.032 mg/ml, cCO = 0.319 

261 mg/ml) were fed into both inlets connected to syringe S1 (left channel sketch) with the lipid 

262 anchor oligomers filled into syringe S2. In this case, flow rates were 126.5 µl/h for S2 and 600 

263 µl/h for each S1 resulting in a flow rate ratio of 1:10.5. The final product was diluted with HBG 

264 to csiRNA = 0.025 mg/ml. The difference in flow rates between the two set-ups is due to separate 

265 optimization steps. Both set-ups resulted in large volumes of core solution and only a thin stream 

266 (see Fig. 1B) of lipid anchor solution at the junction, accelerating the solvent exchange from 50 

267 % to 4.8 % acetone and facilitating the association of the hydrophobic lipid anchor with the fatty 

268 acids in the core9s structure. It is always indicated which method for producing core 3 lipid 

269 anchor 3 PEG-ligand polyplexes was used. 

270 Characterization

271 DLS Measurement

272 For DLS measurements samples were prepared to contain 1.5 µg siRNA in 60 µl hepes buffered 

273 glucose pH 7.4 (HBG) at 25 °C and the corresponding amount of oligomer. Refractive index and 

274 viscosity of the solution were calculated using the solvent builder integrated into the software 

275 (Zetasizer family software update v7.12). Viscosities and refractive indices (RI) are reported in 

276 Table 1. RI of all particles was estimated to be 1.45. In case of a CO core with N/P 12 and 20 

277 mol % of LA, 16.6 µg and 2.8 µg were used, respectively. For size measurements, light scattering 

278 was measured at a 173° angle (backscatter) with a flexible attenuator with a Zetasizer Nano ZS 

279 ZEN 3600 (Malvern Panalytical Ltd) in DTS1070 micro cuvettes. (Malvern Panalytical Ltd) 

280 Samples were measured three times with 12 - 15 sub runs each. The mean z-average in nm of 

281 those three runs is reported with error bars corresponding to the 95 % confidence interval of the 

282 three runs. The underlying intensity distribution is depicted as violin plots in order to gain a 

283 better understanding of the formulation9s size distribution. The extension of the violin plot in x 
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284 direction corresponds to the percentage of the total intensity measured at the specific 

285 hydrodynamic diameter depicted on the y axis. 

286 If zeta potential is measured, the sample will be taken from the cuvette after the size 

287 measurement, diluted with HBG to 800 µl and reloaded into the same cuvette. Light scattering 

288 was measured at a 90° angle with a flexible attenuator. Samples were measured three times 

289 (main runs) with enough sub runs to gather more than 10000 total counts (usually 12-15). The 

290 mean zeta potential of those three runs is reported with error bars corresponding to the zeta 

291 deviation9s mean of each main run.

292 Gel Shift

293 A 1 % [w/w] suspension of agarose in TBE buffer (149 mM TRIS, 89 mM boric acid, 2 mM 

294 EDTA in demineralized water) was heated until the agarose was dissolved. After a short cooling 

295 period, 0.1 % GelRed® 10000x (Biotium Inc., Fremont CA) was added. The mixture was cast 

296 into its mould and a comb was added to create pockets. After 30 min the solidified gel was 

297 placed in an electrophoresis chamber and completely immersed in TBE buffer. Polyplexes were 

298 prepared as described above. Naked siRNA was used as positive control. CsiRNA was 0,025 

299 mg/ml in all samples. 4 µl loading buffer (8.21 mM glycerol, 60 mM EDTA, 0.003 mM 

300 bromophenol blue in purified water) was added to every sample and each was pipetted in a 

301 pocket in the solidified gel. The gel was run for 60 min at 80 V.

302 For serum gel shifts, polyplexes were produced with higher siRNA concentration (csiRNA = 0.25 

303 mg/ml) and diluted afterwards with fetal bovine serum (FBS) 1:10 to reach the desired csiRNA = 

304 0.025 mg/ml. Samples containing FBS were incubated at 37 °C up to 24 h until the loading 

305 buffer was added and they were pipetted into the gel9s pockets.

306 FRET 3 Experiments

307 Polyplexes were prepared conventionally (cf. Polyplex Preparation), albeit with a 1:2 siRNA-

308 Cyanine 5 (Cy5):siRNA mixture. Lipid anchors were incubated with 0.75 eq. DBCO-PEG4-

309 Atto488 (relative to azide content) over night at room temperature. Afterwards, the modified 

310 lipid anchor solution was diluted 1:2 with unmodified lipid anchor solution, leading to a 

311 theoretical degree of labelling of 37.5 %. The lipid anchor was added to the polyplexes using 

312 microfluidics (cf. Addition of Lipid Anchor and Lipid Anchor 3 PEG-ligand Oligomers). The 

313 final siRNA concentration was csiRNA = 0.1 mg/ml. Therefore, the final Cy5 and Atto488 

314 concentrations were 6.1 and 21.3 µmol/l, respectively. 30 µl of each sample was filled into a 96 

315 well plate and measured with a TEKAN pleat reader (Tecan Trading AG, Switzerland, Spark 

316 10M, SparkControl V 2.1) with the following set of filters: Cy5: excitation wavelength: 625 nm, 

317 bandwidth 35 nm; emission wavelength: 680 nm, bandwidth 30 nm; Atto488: excitation 

318 wavelength: 485 nm, bandwidth 20 nm; emission wavelength: 535 nm, bandwidth 25 nm; FRET: 

319 excitation wavelength: 485 nm, bandwidth 20 nm; emission wavelength: 680 nm, bandwidth 30 

320 nm. Measured fluorescence is divided by gain9s value to exclude amplifier effects.
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321 Polyplex Compaction and Heparin Competition Assay

322 Core polyplexes were prepared conventionally (cf. Polyplex Preparation). Solvents were HBG 

323 and HBG with 50 % acetone for core polyplexes and lipid anchor oligomers, respectively. 20 

324 mol % of indicated lipid anchor oligomers were attached to the polyplexes via solvent exchange 

325 inside the microchannel (Fig. 1B, left channel. The final solvent was HBG with 3.3 % acetone. 

326 20 µl of this mixture containing siRNA (0.025 mg/ml), CO (0.252 mg/ml), lipid anchor (LA: 

327 0.022, LAE: 0.023 mg/ml) were pipetted into a 96 well plate and incubated with 10 µl heparin 

328 solution (11.0; 55.0; 110.0; 165.0 IU/ml in HBG) or HBG for 15 min. Afterwards, 80 µl of a 0.5 

329 µg/ml ethidium bromide (EtBr) solution in HBG were added and the samples were incubated for 

330 another 5 min. The fluorescence of all samples was measured with a TEKAN plate Reader 

331 (Tecan Trading AG, Switzerland, Spark 10M, SparkControl V 2.1) utilizing the following set of 

332 filters: Excitation wavelength: 535 nm, bandwidth 25 nm; emission wavelength: 590 nm, 

333 bandwidth 20 nm. The well containing only siRNA and EtBr served as positive control and was 

334 also used to choose optimal gain and Z-position settings. All readings were normalized to 

335 samples containing free siRNA and EtBr only (positive control) and are presented here in 8[%] of 

336 positive control9.

337 Transmission Electron Microscopy

338 Core polyplexes were prepared conventionally (cf. Polyplex Preparation). Solvents were HBG 

339 and HBG with 50 % acetone for core polyplexes and lipid anchor oligomers, respectively. 20 

340 mol % of indicated lipid anchor oligomers were attached to the polyplexes using solvent 

341 exchange inside the microchannel (Fig. 1B, left channel) . The final solvent was HBG with 3.3 % 

342 acetone. Carbon coated copper grids (Ted Pella, Inc. USA, 300 mesh, 3.0 mm O. D.) were 

343 hydrophilized with a plasma cleaner under argon atmosphere (420 V, 1 min). The grid9s 

344 activated surface was placed face down on a 10 µl sample droplet for 3 min. Afterwards, the 

345 sample was removed with a filter paper and 5 µl staining solution (1.0 % uranyl formate in 

346 purified water) was placed on the grid and immediately removed to wash the sample off. 

347 Staining was performed with the same staining solution for 5 s. Afterwards, it was siphoned off 

348 with a filter paper and the remaining liquid was left to evaporate for 20 min. Grids were stored at 

349 room temperature. Samples were measured with a JEOL JEM-1100 electron microscope at 80 

350 kV acceleration voltage. 

351 Preparation of Microfluidic Channels

352 PDMS Channels

353 The microfluidic channels design was realized on a silica wafer with soft lithographic methods. 

354 The master microstructure was designed with the LPKF CAD/CAM software (LPKF Laser and 

355 Electronics) and made using SU8 process on silicon wafer. The microstructure of ~ 72 µm and ~ 

356 90 µm thickness for single- and double-meandering channel, respectively, was rastered using 
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357 LPKF ProtoLaser LDI UV-laser (LPKF Laser and Electronics). Utilized SU-8 3000 photoresist 

358 was processed in accordance with the manufacturer9s instructions. The SU-8 master was 

359 subsequently silanized in an evacuated desiccator for 12 h with tri-chloro(1H,1H,2H,2H-

360 perfluorooctyl)silane. The PDMS elastomer was mixed with 10 % [w/w] crosslinker, degassed, 

361 poured onto the wafer, and cured (75 °C, 4 h). Subsequently, PDMS was peeled from the wafer, 

362 holes for the inlets were pierced at the designated positions with a biopsy puncher, and it was 

363 bonded to a glass slide by plasma-induced oxidation (10 W high frequency generator power, 12 

364 seconds). The chip was left alone for 1 h to allow the reaction to complete. Afterwards, 

365 polyethylene tubes (length = 110 mm, inner diameter = 0.38 mm) were fitted into the holes in the 

366 PDMS and everything was covered with another layer of PDMS treated in the same way as 

367 mentioned above to seal the in- and outlets completely. A to scale model of both channels9 

368 layout can be found in the supplemental information together with a detailed description of the 

369 channel9s dimensions and calculations of Reynold9s and Dean9s numbers (3. Channel layout, 

370 supplemental figure S10, S11).

371

372 In vitro

373 Culture

374 We used KB cells (cervix carcinoma, derived from HeLa cells) for all in vitro experiments. The 

375 cell line is stably expressing an eGFP-Luciferase construct. The construct9s transfection process 

376 and origin of cells was described in Cengizeroglu9s thesis (Cengizeroglu, 2012) and first use was 

377 demonstrated by Dohmen et al. (Dohmen et al., 2012). For each experiment, cells were freshly 

378 thawed from a liquid nitrogen storage tank and passaged at least four times before experiments 

379 were conducted. Cells were subcultured when 70 3 90 % confluency was reached. Culture 

380 conditions were 37 °C and 5 % CO2. KB cells were cultured in RPMI-1640 supplemented with 

381 10 % fetal bovine serum (FBS) and 1 % penicillin / streptomycin (5 ml with 100 U/ml and 100 

382 µg/ml, respectively). 

383 Transfection

384 Cells were seeded into 96 well plates one day prior to transfection. All wells were pre-treated 

385 with 40 µl collagen solution per well (0.1 mg/ml, 30 min, 37 °C). Afterwards, cells were seeded 

386 with 4000 cells / well in 100 µl folate free Gibco# RPMI 1640 (Fisher scientific) supplemented 

387 with 10 % FBS. The next day, the medium in all wells was replaced with 80 µl fresh medium 

388 (RMPI 1640, FolA free) and 20 µl sample solution or HBG (negative control) was added. 

389 Samples were prepared completely inside the microfluidic channel (cf. Polyplex Preparation & 

390 Fig. 1B, right channel). siRNA concentration was 5 µg/ml in each well. Samples were always 

391 prepared in quintuplicates. Medium was exchanged again after 4 h, total incubation time was 48 

392 h at 37 °C, 5 % CO2.
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393 Luciferase Assay

394 Plates were taken from the incubator and all media was removed. 100 µl / well lysis buffer 

395 (Luciferase Cell Culture Lysis 5X Reagent, Promega, diluted 1:10 with purified water) was 

396 added and incubated for another 45 min. Plates were frozen at -80 °C until measurement. 35 µl / 

397 well of the cell lysate were transferred to white, opaque 96 well plates (BertholdTech) and 

398 measured with a Centro LB 960 luminometer (BertholdTech CENTRO, Driver V. 1.21, 

399 MikroWin, V. 5.2, 10 s integration / well). 100 µl LAR buffer per well (20 mM glycylglycine, 

400 1.0 mM MgCl2, 0.1 mM EDTA, 3.29 mM DTT, 0.548 mM ATP, 1.30 µM coenzyme A, adjusted 

401 to pH 8.5 with NaOH)) were automatically added by the machine. The output of this 

402 measurement is relative light units (RLUs) per well. The raw data was handled the following 

403 way. The mean value from each sample was calculated and was set in relation to the mean value 

404 of the respective negative control. Results are depicted in 8RLU [%] of HBG9. Error bars 

405 represent 95 % confidence intervals of five samples. 

406 MTT Assay

407 Plates were taken from the incubator and 10 µl / well 3-(4,5-dimethylthiazol-2-yl)-2,5-

408 diphenyltetrazolium bromide (MTT, Carl Roth, 5 mg/ml in PBS) were added and everything was 

409 incubated for another 2 h at 37 °C. Afterwards, the fluids were removed and the plates were 

410 frozen at -80 °C for at least 1 h. 100 µl / well dimethylsulfoxide (DMSO) were added and the 

411 plates were gently shaken at 37 °C for 20 min to dissolve the purple formazan dye. The 

412 absorbance at 590 nm of each well against the reference wavelength (630 nm) was measured 

413 with a TEKAN plate reader (Tecan Trading AG, Switzerland, Spark 10M, SparkControl V 2.1). 

414 The raw data was handled the following way. The mean value from each sample was calculated 

415 and was set in relation to the mean value of the respective negative control. Therefore, results are 

416 depicted in 8[%] of HBG9. Error bars represent 95 % confidence intervals of five samples.

417 Data analysis

418 Data was analyzed with R (V. 3.5.1) and RStudio (V 1.1.463). We always report means with 95 

419 % confidence intervals, except for zeta potential measurements. Mean zeta potential was 

420 reported +- mean of zeta deviations to allow for a better understanding of the underlying zeta 

421 distribution.

422 Data from cell culture experiments was normalized to its negative control, which was always on 

423 the same well plate as the respective samples.

424 A multifactorial two - way ANOVA was used to compare mean relative light unit reduction of 

425 core (CO + siRNA) polyplex formulations with two different lipid anchor oligomers and six 

426 different PEG-ligand oligomers. 

427 A multifactorial two - way ANOVA was used to compare mean relative light unit reduction of 

428 core (CON + siRNA) polyplex formulations with six different PEG-ligand oligomers at four 

429 different concentrations.
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430 After each ANOVA, post-hoc two sided student9s t tests were conducted between all samples. 

431 Test results were corrected for the family-wise error with Holm9s method. Significance was set 

432 to ³ < 0.05.

433 R code and raw data is made available here: https://figshare.com/s/24e1ceb3254c87357df6.

434 Results
435 The aim of our study is to demonstrate the precise production of multi-component polyplexes 

436 with a modular two-step microfluidic set-up. The device employs flow-focusing in combination 

437 with solvent exchange to allow for the successive assembly of multi-component nanoparticles. 

438 We show that the approach results in well-defined and reproducible polyplexes with controlled 

439 surface characteristics. It is used here to vary the surface layer in order to identify structure 

440 activity relationships between PEG-ligand length and transfection efficiency. Finally, we 

441 compare the findings with conventionally prepared polyplexes.
442

443 Design of the Delivery Systems

444 Oligomers for the formation of core polyplexes are designed to bind siRNA via electrostatic 

445 interactions and stabilize the resulting particle with its hydrophobic domains. Solid phase 

446 supported synthesis (SPSS) is used to allow for precise control over the oligomers9 sequence. 

447 (Fig. 1A) Core oligomers (CO) feature four cationic succinoyl tetra-ethylene pentamine (Stp) 

448 units that are flanked by three tyrosines (Y) on each side for aromatic and hydrophobic 

449 stabilization(Troiber et al., 2013). Lysines (K) are used to introduce a branch in the main chain 

450 for the attachment of two cholanic acids (CholA) for further stabilization (Fröhlich et al., 2012; 

451 Schaffert et al., 2011) and to provide attachment points for lipid anchor oligomers. Glycine (G) is 

452 used as a spacer. 

453

454 Figure 1: Sequence-defined oligomers and their corresponding nanoparticle production 

455 methods 

456 A: Oligomers used in polyplex formation: Lipid anchors were coupled to PEG-ligands before 

457 polyplexes were formulated. Building blocks represent natural amino acids (E = glutamic acid, 

458 G = glycine, H = histidine, K = lysine, Y = tyrosine), synthetic building blocks (Stp = succinoyl-

459 tetraethylene-pentamine, PEG = polyethylene glycol), fatty acids (CholA = cholanic acid), and 

460 moieties for bio-orthogonal click chemistry (N3 = azide, DBCO = dibenzocyclooctyne).

461 B: Production methods for polyplexes with CO oligomers: Formulations used are depicted on 

462 the left side with the id of their corresponding syringe (S1-4). Two different channels were used 

463 to produce nanoparticles during solvent exchange, a single channel (left) and a double channel 

464 (right). In the left channel pre-assembled core particles were mixed with lipdid anchors or lipid 

465 anchor PEG-ligand oligomers. In the double channel, the complete polyplex was assembled from 

466 its starting components. C: Core oligomer featuring an azide (CON): PEG-ligands were coupled 
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467 to CON after polyplex formation. Building blocks are described in panel A9s description. D: 

468 Production method for CON 3 PEG-ligand polyplexes.

469

470 The lipid anchor oligomers (Fig. 1A, LA, LAE) are designed to adsorb to the core polyplexes via 

471 hydrophobic interactions between cholanic acids. In addition, they feature a histidine 3 lysine 3 

472 histidine (H-K-H) motif to adjust solubility. The PEG12 3 chain exposes the terminal azide to the 

473 surrounding solution, increasing its accessibility to alkyne-bearing entities. The two glutamic 

474 acids (E) in LAE9s sequence increase attachment to positively charged core polyplexes and 

475 further adjust solubility. Formulation of core 3 lipid anchor polyplexes requires lipid anchors to 

476 be deposited on the core polyplex9s hydrophobic patches during solvent exchange inside the 

477 microchannel. This step is crucial for controlling the hydrodynamic diameter of generated 

478 nanoparticles, since adding lipid anchor oligomers manually yields a suspension of polydisperse 

479 aggregates. (Supplemental information, 4. Manual formulation of core 3 lipid anchor polyplexes, 

480 supplemental figure S12) 

481 Functional structures of interest can be coupled to lipid anchor oligomers by azide - alkyne click 

482 chemistry. This modification is possible either before deposition of lipid anchors on core 

483 polyplexes or afterwards. Here, PEG-ligand oligomers (Fig. 1A) were attached to lipid anchors 

484 24 h before formulation with core polyplexes. The PEG-ligands have been used to investigate the 

485 influence of PEG length on transfection efficiency. They feature one dibenzocyclooctyne 

486 (DBCO) moiety, a PEG chain, and one molecule folic acid (FolA). The DBCO group enables the 

487 rapid and copper free reaction with azide groups, while the folic acid moiety facilitates binding 

488 folic acid receptors. PEG chains serve two purposes in this design: firstly, to shield the core 

489 polyplexes9 positive charge, and secondly to expose folic acid to the environment. Their 

490 influence is investigated by using PEG chains of various lengths (number of ethylene oxide (EO) 

491 repetitions: 0, 3, 12, 24, and 48). Lipid anchors and PEG-ligands were coupled 24 h prior to 

492 polyplex formulation. Since lipid anchors already feature a PEG12 chain, lipid anchor 3 PEG-

493 ligand oligomers have a total number of 12, 15, 24, 36, and 60 EO repetitions.

494 CON oligomers, in contrast to CO oligomers, feature and additional azidolysine N-terminally 

495 (Fig. 1C). Consequently, PEG-ligands can be coupled covalently to CON containing core 

496 polyplexes. Generally, azide-bearing core oligomers were modified with PEG-ligands 45 min 

497 after polyplex formation (Fig. 1D) because coupling PEG-ligands to core oligomers before 

498 polyplex formation hampers siRNA compaction (Morys et al., 2017). This method has already 

499 been established by Klein et al. (Klein et al., 2018) and was used here to validate results 

500 generated with core polyplexes that had PEG-ligands attached by lipid anchors.
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501 Polyplex Characterization

502 Size

503 Core polyplexes (CO + siRNA) with comparable properties were generated either by 

504 conventional bulk mixing, or at a T-junction, or with microfluidics. Integrating lipid anchor or 

505 lipid anchor PEG-ligand oligomers increased size and pdi moderately. 

506 Hydrodynamic diameter, zeta potential, and pdi of polyplexes was measured by dynamic light 

507 scattering (DLS) (Fig. 2, Fig. 3) and sizes were confirmed with transmission electron microscopy 

508 (TEM) (Fig. 4). Compacting siRNA conventionally with core oligomers (CO) by rapid pipetting 

509 yields particles with a mean hydrodynamic diameter (dH) of 84 nm (Fig. 2A). The polydispersity 

510 index is very low (pdi < 0.20; Fig. 2B). Increasing control over this process either at a T-junction 

511 or with a microfluidic device, however, needs certain additional conditions to be met in order to 

512 produce similar particles. At a T-junction, the total flow rate needs to be very high (here: 60 

513 ml/h) to generate particles with a hydrodynamic diameter of 97 nm and a pdi < 0.20. Addition of 

514 acetone does only lead to comparable particles and pdis when flow rates of both components are 

515 identical, and CO is dissolved in 50 % acetone as depicted in Fig. 2 (dH = 104 nm, pdi < 0.23). 

516 This approach, however, results in an acetone concentration of 25 % in the final product 

517 requiring additional effort when using it in vitro or in vivo. The complete data set (influence of 

518 flow rate, acetone and flow rate differences of 1:2 or 1:10) can be found in the supplemental 

519 information (5. Polyplex production at a T-junction, supplemental figure S13). 

520 When preparing polyplexes, it is paramount to decrease diffusion lengths or to increase time 

521 needed for efficient siRNA compaction. Otherwise, influence on kinetically controlled polyplex 

522 formation is decreased and nanoparticles9 size and polydispersity increases. Diffusion lengths 

523 inside the micro channel were minimized by flow rate differences > 1:10 and acetone was used 

524 to retard siRNA compaction. Previous experiments have shown that feeding the two outer 

525 channels with diluted siRNA solution and the middle channel with concentrated CO solution 

526 generates particles in an acceptable size range (data not shown). Here, a substantial difference in 

527 pdi and hydrodynamic diameter was observed when polyplexes were generated with (dH = 95 

528 nm, pdi < 0.14) or without (dH = 149 nm, pdi < 0.11) additional acetone (Fig. 2). 

529

530 Figure 2: Comparison of core polyplex (CO + siRNA) production methods. 

531 A: Mean hydrodynamic diameter in nm. B: Mean polydispersity index (pdi). Method key: hand: 

532 Mixing equal volumes of CO and siRNA solution by vigorous pipetting. T-junc.: Mixing equal 

533 volumes of CO and siRNA solution (with or without 50 % acetone) at a T-junction at 60 ml/h 

534 total flow rate. Micro: Mixing an 11x larger volume of CO with siRNA solution (with or without 

535 50 % acetone) inside a microchannel at 1.326 ml/h total flow rate. Grey spheres: No acetone 

536 was used. Blue cubes: Acetone was used. Error bars correspond to 95 % confidence intervals; n 

537 = 3.

538 The influence of lipid anchor and lipid anchor 3 PEG-ligand oligomers on core polyplexes was 

539 investigated. To this end, LA or LAE with or without their respective PEG-ligand oligomers (Fig. 
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540 1A) were attached to conventionally prepared core (CO + siRNA) polyplexes inside the 

541 microchannel (left channel, Fig. 1B). As described in detail in the methods section, it is essential 

542 to use concentrated lipid anchor solutions and diluted core polyplex solutions. This setting 

543 ensured that only a thin stream of lipid anchor solution is flowing through the Y - junction, 

544 accelerating the solvent exchange from 50 % to 4.8 % acetone and facilitating the association of 

545 the hydrophobic lipid anchor with the fatty acids in the core9s structure. Polyplexes9 particle size, 

546 pdi, and zeta potential were measured by DLS (Fig. 3). In order to gain a better understanding of 

547 the intensity distribution, violin plots are provided in addition to z-average values. Therefore, z-

548 average values can be better assessed based on the underlying distribution, be it mono- or 

549 multimodal. The expansion in x direction represents the relative frequency the respective size has 

550 been measured. The z-average is located close to the position with the largest expansion in x 

551 direction for mono modal distributions (e.g. in the panel labeled 8core9). When the distribution is 

552 multimodal, however, z-average9s position can be quite misleading (e.g. in the panel core - LAE, 

553 sample DP48F) and the intensity distribution needs to be considered.

554 The effect of adding 20 mol % (relative to nCO) lipid anchor or lipid anchor 3 PEG-ligand 

555 oligomers to core polyplexes depended on the PEG-ligand9s length on the respective lipid 

556 anchor. The addition of LA containing oligomers to the core formulation (dH = 123 nm, pdi < 

557 0.13) increased hydrodynamic diameters of resulting nanoparticles moderately from 131 nm (LA 

558 alone) to 169 nm (LA-DP48F). Additionally, pdi decreased with the addition of LA (pdi < 0.11) 

559 or LAE (pdi < 0.10) oligomers and increased from pdi < 0.12 to pdi > 0.20 with longer PEG-

560 ligands. The hydrodynamic diameter of LAE containing polyplexes was generally ~ 15 nm 

561 smaller than in LA containing formulations. Although, LAE oligomers with longer PEG-ligands 

562 were more likely to form aggregates (LAE-DP48F). As expected, zeta potential of core 

563 polyplexes alone in HBG was positive with ZP = 24 mV due to the high N/P charge ratio. 

564 Incorporation of 20 mol % LA or LAE with or without PEG-ligands had only limited effect on 

565 the particles9 zeta potential except for particles with DP48F PEG-ligands. (Fig. 3C) 

566 Incorporation of LA-DP48F or LAE-DP48F decreased mean zeta potential to 14 mV and 10 mV, 

567 respectively.

568 Finally, after having scrutinized all steps independently, core 3 lipid anchor 3 PEG-ligand 

569 polyplex production from its single components inside one microchannel was investigated. The 

570 double meander channel (depicted in Fig. 1B, right channel) was used. Syringe S3 was filled 

571 with siRNA in HBG, S4 with CO in HBG with or without 50 % acetone, and S2 with LA or LAE 

572 in HBG with or without 50 % acetone, with and without their respective PEG-ligands. Sizes 

573 were comparable to core 3 lipid anchor 3 PEG-ligand polyplexes with conventionally prepared 

574 cores when no acetone was used in the core production step. When CO was dissolved in 50 % 

575 acetone, however, polyplexes completely prepared with microfluidics had a smaller 

576 hydrodynamic diameter and pdi. (supplemental information, 6. Controlled Production of Core 3 

577 Lipid Anchor 3 PEG-Ligand Polyplexes from their Single Components, supplemental figure 

578 S14)

579
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580 Figure 3: Hydrodynamic diameter (dH), pdi, and zeta potential of core, core lipid anchor, 

581 and core lipid anchor 3 PEG-ligand polyplexes. Subfigures are divided in three panels. 8core9 

582 (green) depicts particle properties of the core polyplex formulation used for all subsequent 

583 modifications with 20 mol % lipid anchor and lipid anchor-PEG-ligands. 8core-LA9 (blue) and 

584 8core-LAE9 (orange) indicate the lipid anchor oligomer used for attaching PEG-ligands to the 

585 core polyplex. Formulation key: Px: number of total ethylene oxide repetitions (LA/LAE + PEG-

586 ligand), F: Folate. Detailed PEG-ligand description in Fig. 1A. A: Polyplexes9 hydrodynamic 

587 diameter with mean z-average (red dots) and respective intensity distribution depicted as violin 

588 plot (extension in x direction corresponds to the percentage of the total intensity measured at the 

589 specific size depicted on the y axis). B: Polydispersity index (pdi). C: Zeta potential measured in 

590 HBG pH 7.4. Statistics: A, B: Error bars correspond to 95 % confidence intervals. C: Error bars 

591 correspond to mean zeta deviations. N = 3. 

592 Lipid Anchor Integration

593 LA and LAE integrate into core polyplexes.

594 Investigation of LA and LAE integration into core polyplexes was carried out by transmission 

595 electron microscopy (TEM) and Förster resonance energy transfer (FRET) measurements. TEM 

596 measurements revealed that formulations from siRNA and CO form spherical particles with a 

597 diameter < 100 nm (Fig. 4B) which is in good agreement with DLS measurements (Fig. 3A). LA 

598 and LAE with or without covalently bound PEG-ligands alone form tubular or fibrous structures 

599 on the TEM grid that could not be found when formulated together with core polyplexes. This 

600 finding suggests that lipid anchor oligomers are indeed interacting with core polyplexes.

601 These findings obtained by TEM were supported by FRET measurements. Receiving measurable 

602 FRET signals implies a distance < 10 nm between chromophores (Clegg, 1996; Förster, 1948). 

603 Here, 50 % siRNA with one molecule Cy5 on the sense strand was used for conventional core 

604 polyplex formation. Lipid anchor oligomers were modified with 0.75 equivalents (relative to 

605 lipid anchors9 azide) DBCO-PEG4-Atto488 and subsequently deposited on the conventionally 

606 prepared core polyplex using solvent exchange inside the micro-channel. These polyplexes 

607 emitted strong FRET signals when Atto488 dyes were excited and fluorescence was measured 

608 from Cy5 dyes alone. (Fig. 4A) When CO was missing from the formulation, polyplex formation 

609 did not occur making energy transfer between dyes a function of their dilution only (sample 

610 8siRNA + LA9 in panel 8FRET9 in Fig. 4A). All control experiments (FRET measurements from 

611 polyplexes with only one dye and fluorescence measurements of both dyes separately) can be 

612 found in the supplemental information (7. FRET control experiments, supplemental figure S15).

613

614 Figure 4: FRET and TEM measurements of core (CO + siRNA) 3 lipid anchor polyplexes 

615 and their components. 
616 A: Title of each panel indicates dye measured. FRET: excites Atto488 (485 nm), measures Cy5 

617 (680 nm). Color indicates dyes used in this formulation. 8Sample9 specifies formulation 

618 composition: 8core + LA9: core polyplex with 20 mol % LA oligomer. 8siRNA + LA9: control 

619 formulation without core oligomer, i. e. no particle formation. Cy5 is coupled to sense strand of 

620 siRNA. Atto488 is coupled via azide 3 alkyne click chemistry to the azide of LA or LAE 
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621 oligomers. Measured fluorescence is divided by gain9s value to exclude amplifier effects. B: 

622 Vertical label: Scale represented by white bar of respective row. Horizontal label: Formulation 

623 visible in the respective column. 8Core9: Core polyplex. 8Core + LA/LAE9: Core-lipid anchor 

624 polyplex. 8Core + LA/LAE 3 DP24F9: Core-lipid anchor - PEG-ligand polyplex. Columns 

625 without 8core9 depict unformulated lipid anchors or lipid anchor 3 PEG-ligand oligomers in 

626 solution.

627 Stability

628 Lipid anchors do not influence stability of core polyplexes.

629 Polyplex stability was assessed with two different methods. The general ability of polyplexes to 

630 compact and hold siRNA back under the influence of an electric field was investigated with an 

631 agarose gel shift assay. Ability to compact siRNA and resist polyanionic stress was tested with 

632 an ethidium bromide displacement assay with or without additional heparin.

633 Polyplexes from CO and siRNA were prepared conventionally in HBG and lipid anchors ± PEG-

634 ligands were attached inside the micro channel. Samples were diluted 1:10 with HBG or serum 

635 (FBS). Additionally, samples containing serum were incubated at 37 °C for up to 24 h to assess 

636 stability under the influence of body temperature and serum components. There was no visible 

637 difference between all formulations at t = 0 h with or without additional FBS. At the 4 h mark, 

638 only small differences between samples were visible, while all samples retained most of their 

639 payload. After 24 h, core 3 lipid anchor or core 3 lipid anchor 3 PEG-ligand formulations 

640 revealed a slight decrease in siRNA retention capability in comparison to the core formulation 

641 alone. At this time, the core 3 LAE formulation seemed to be better at retaining siRNA than the 

642 core 3 LA formulation. When lipid anchors coupled with PEG-ligands were used, however, core 

643 3 LA 3 PEG-ligand formulations retained siRNA better than their LAE containing counterparts. 

644 (Supplemental information, 8. Gel shift assay, supplemental figure S16)

645 Polyplexes (CO + siRNA) were prepared conventionally and lipid anchors were added with 

646 microfluidics for the ethidium bromide displacement assay with and without heparin 

647 competition. In this assay, LA and LAE containing polyplexes showed an unaltered protection 

648 against dye displacement behavior. Fluorescence without additional heparin for core formulation, 

649 core 3 LA formulation and core 3 LAE formulation was 14 %, 18 %, and 11 % of the positive 

650 control, respectively. 1 IU/ml heparin increased fluorescence to 37 %, 39 %, and 22 %. Total 

651 displacement was observed at heparin concentrations above 5 IU/ml (supplemental information, 

652 8. Ethidium bromide displacement assay, supplemental figure S17).  

653 Toxicity

654 Core (CO + siRNA) 3 lipid anchor 3 PEG-ligand polyplexes do not alter the metabolic activity 

655 profile of KB cells in comparison to core polyplexes alone.

656 Different fatty acids in oligo-amidoamines have been shown to induce membrane leakage in 

657 erythrocytes and to increase cell death in in vitro cell assays (Klein et al., 2016; Reinhard, Zhang, 

658 & Wagner, 2017). Influence of target formulations completely prepared with microfluidics on 
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659 metabolic activity of KB cells was assessed by MTT assay to account for any apparent effects on 

660 cell survivability. The MTT assay correlates metabolic activity to the amount of formazan dye 

661 produced by oxidoreductase enzymes while consuming NAD(P)H. All formulations tested in this 

662 assay showed no reduction of formazan absorption relative to untreated KB cells (supplemental 

663 information: 10. MTT assay of core 3 lipid anchor 3 ligand polyplexes, supplemental figure 

664 S18). 
665

666 Transfection of Core 3 Lipid Anchor 3 PEG-Ligand Nanoparticles

667 Core (CO + siRNA) 3 lipid anchor 3 PEG-ligand nanoparticles with LA-DP24F or LAE-DP12F 

668 showed the largest effect on luciferase reporter gene silencing activity in KB cells.

669 KB cells possessing an eGFP-luciferase fusion gene controlled by a constitutively active 

670 promoter were used in all cell experiments. Gene expression can be modulated by RNA 

671 interference (RNAi): when siRNA (here: siGFP) reaches the cytosol and is incorporated into the 

672 RISC complex the corresponding mRNA is selectively degraded. In this case, luciferase fusion 

673 protein expression is reduced which in turn leads to a decrease of luciferase enzymatic activity. 

674 Using an in vitro bioluminescence assay, gene silencing efficacy of the siRNA formulation can 

675 be correlated to the reduction of luciferase activity as measured in in relative light units (RLUs) 

676 as shown in Fig. 5. Non-siRNA dependent effects on luciferase activity were monitored with 

677 cells treated with identical polyplexes containing control siRNA only. Polyplexes were prepared 

678 from their starting materials using microfluidics (Fig. 1B, right channel)

679 Effects of lipid anchor and PEG-ligands on luciferase activity were estimated using a 

680 multifactorial two 3 way ANOVA. All calculated effects were statistically significant. Main 

681 effect of lipid anchors: F(1, 48) = 8.91, p = .032, Ë² =.02 , main effect of PEG-ligands: F(5, 48) 

682 = 14.78, p < .001, Ë² =.43, and the interaction effect between PEG-ligands and lipid anchors: 

683 F(5, 48) = 17.02, p < .001, Ë² =.32. 

684 After it was established that including lipid anchors and PEG-ligands influenced luciferase 

685 enzyme activity, post-hoc student9s t tests (HOLM corrected) were conducted to identify the 

686 statistical significance of each comparison (Tab. 2). Samples with LA are shown in figure 5A, 

687 samples with LAE in Fig. 5B. Supplemental figure S19 compares siGFP containing samples from 

688 Fig. 5A and 5B against each other to gauge the lipid anchor9s influence on the polyplexes gene 

689 silencing efficacy. 

690 Both sets showed an effect on eGFP-luciferase gene silencing activity that is dependent on the 

691 PEG-ligand9s length. For LA containing formulations, relative light units decreased with 

692 increasing PEG length, reached their base with DP24F and rose again with DP48F. The same 

693 pattern was observed with LAE containing formulations, except that the base was already 

694 reached with DP12F and effects of polyplexes with DP48F are comparable to the siCtrl 

695 containing particles.

696
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697 Figure 5: Luciferase activity assay of core (CO + siRNA) 3 lipid anchor 3 PEG-ligand 

698 polyplexes. 
699 All polyplexes were prepared using microfluidics. Luciferase enzyme activity was measured in 

700 relative light units (RLU) and is shown relative to values of buffer treated cells. Colors indicate 

701 type of siRNA used: Light color: control siRNA, saturated color: siGFPLuc siRNA. Formulation 

702 key: 8core polyplex9 (green bars): core polyplex formulation used for all subsequent 

703 modifications with 20 mol % lipid anchors and lipid anchor - PEG-ligands. P12: core polyplex 

704 with unmodified lipid anchor. Px: PEGx, F: Folate. Detailed PEG-ligand description in Fig. 1A. 

705 A: Polyplexes with LA (blue bars). B: Polyplexes with LAE (orange bars). Statistics: Tips of 

706 horizontal lines indicate compared samples. Comparison: two-sided student9s t 3 test with 

707 HOLM correction. N = 5. Key: NS: not significant at ³ = .05; ***: ³ < .001. Error bars 

708 correspond to 95 % confidence intervals. 

709 Table 2: 

710 Results of post-hoc tests of core (CO + siRNA) 3 lipid anchor 3 PEG-ligand polyplexes. 
711 Two-sided student9s t test with and without HOLM correction. Cohen9s d: Effect size. 

712 Magnitude: < 0.2: negligible. < 0.5: small. < 0.8: medium. < 1.20: large. > 1.20: very large. 

713 Bold values are significant at ³ < .05. Core: Core polyplex with siGFP and CO. LA/LAE: lipid 

714 anchor oligomers. 0: no PEG-ligand. D: DBCO, Px: PEGx, F: Folic acid.

715 Characterization of CON 3 PEG-Ligand Polyplexes

716 Increasing PEG-ligand length and molar amounts promotes aggregation.

717 We covalently bound PEG-ligands to CON core polyplexes prepared as described in Klein et al. 

718 (Klein et al., 2018) and depicted here in Fig. 1D. In brief, CON oligomers and siRNA were 

719 mixed manually and incubated for 45 min. Afterwards, PEG-ligands were added, and the azide-

720 alkyne click reaction was allowed to complete for 4 h. Results from these covalently modified 

721 polyplexes were used to confirm results generated with the lipid anchor containing system. The 

722 main difference between both formulations is the mode of incorporation of target PEG-ligands. 

723 On the one hand, CO based core polyplexes need lipid anchor oligomers for the non-covalent 

724 attachment of PEG-ligands. PEG-ligands are coupled covalently to lipid anchor oligomers before 

725 the polyplex formulation process. On the other hand, CON based core polyplexes feature azides 

726 that enable the PEG-ligand9s covalent integration into core polyplexes after core polyplex 

727 formulation. 

728 Additionally, we increased PEG-ligand concentrations to investigate their influence on particle 

729 size as well. We found that core polyplexes modified with 25 mol % PEG-ligand were all in the 

730 same size range (dH ~ 120 nm, Fig. 6A) and pdi (~ 0.15, Fig. 6B), except for formulations with 

731 DP48F (dH = 136 nm, pdi = 0.20). These results were comparable to CO based core 3 lipid 

732 anchor polyplexes with 20 mol % PEG-ligands (Fig. 3A, 3B), except with LAE which showed a 

733 substantial increase in size and pdi with DP48F. Increasing PEG-ligand concentration up to 100 

734 mol % did not substantially alter size and pdi of polyplexes with DF (dH = 122 nm, pdi = 0.16), 

735 DP3F (dH = 115 nm, pdi = 0.14), and DP12F (dH = 135 nm, pdi = 0.11), but had a large effect on 

736 size and pdi of DP24F (dH = 1817 nm, pdi = 0.62) and DP48F (dH = 8393 nm, pdi = 0.67) 
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737 containing particles which basically showed aggregation when functionalized with more than 25 

738 mol % PEG-ligands.

739

740 Figure 6: Hydrodynamic diameter (dH), pdi, and zeta potential of core (CON + siRNA) and 

741 core 3 PEG-ligand polyplexes. 

742 Subfigures are divided into five panels. Numbers indicate the amount of PEG-ligand used in mol 

743 % relative to nCON. Formulation key: 8core polyplex9: Unmodified CON 3 siGFP polyplex. Px: 

744 PEGx, F: Folate. Detailed oligomer description in Fig. 1A (PEG-ligands) and Fig. 1C (CON). 

745 A: Hydrodynamic diameter (dH) and mean z-average (red dots) with respective intensity 

746 distribution depicted as violin plot (extension in x direction corresponds to the percentage of the 

747 total intensity measured at the specific size depicted on the y axis). B: Polydispersity index (pdi). 

748 C: Zeta potential measured in HBG pH 7.4. Statistics: A, B: Error bars correspond to 95 % 

749 confidence intervals. C: Error bars correspond to mean zeta deviations. N = 3. 

750 Transfection of CON 3 PEG-Ligand Polyplexes 

751 The optimal PEG-ligand length is PEG12 or PEG24.

752 The influence of molar amount and PEG length of PEG-ligands on luciferase activity was 

753 estimated using a multifactorial two 3 way ANOVA. siCtrl polyplexes were included in addition 

754 to siGFP polyplexes to detect apparent toxicity and to attribute it to either PEG length, molar 

755 amount or both. Significant terms suggest an influence of the tested variable (PEG length and 

756 molar amount) on transfection efficiency. A significant interaction term indicates that both 

757 variables influence each other. Main effect of PEG length for siGFP: F(4, 90) = 3.71, p < 0.008, 

758 Ë² =.32, main effect of molar amount used with siGFP: F(1, 90) = 24.96, p < .001, Ë² =.36, 

759 interaction effect between PEG length and molar amounts with siGFP: F(4, 90) = 4.15, p = .004, 

760 Ë² =.04. 

761 The ANOVA with siCtrl polyplexes yielded the following results: Main effect of PEG length for 

762 siCtrl: F(4, 90) = 4.37, p < 0.003, Ë² =.23, main effect of molar amount used with siCtrl: F(1, 

763 90) = 2.48, p = .119, Ë² =.20, and the interaction effect of PEG length with molar amount with 

764 siCtrl: F(4, 90) = 13.52, p < .001, Ë² =.19. 

765 Post-hoc tests were used to quantify the influence of separate PEG-ligands on luciferase 

766 knockdown in comparison to the core polyplex formulation (Tab. 3 and 4). Cells treated with 

767 conventionally prepared CON polyplexes with siGFP showed a non-significant decrease in 

768 relative light units (RLUs) compared to polyplexes with siCtrl. Incubating polyplexes for 4 h 

769 with targeting PEG-ligands of various lengths decreased luciferase activity significantly 

770 compared to core formulation without PEG-ligands (Tab. 3). Increasing PEG-ligand 

771 concentration up to 100 mol % (relative to nCON) increased siGFP9s effect as well, but toxicity 

772 and aggregation tendency increased simultaneously. (Fig. 6, Fig 7B)

773 There was, however, a 8sweet spot9 for the positive influence of PEG-ligand length and molar 

774 amount. Increasing the number of PEG repetitions per PEG-ligand decreased RLUs up to PEG12 

775 when 25 mol % PEG-ligand was added. Longer PEG-ligands were not as powerful (Fig. 7A, 

776 panel 25 mol %). Gradually increasing total PEG-ligand amount relative to free azides increased 
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777 efficacy but lead to aggregation (Fig. 6) with associated toxicity (Fig. 7B, PEG24) and loss of 

778 function (Fig. 7A, PEG48) for some polyplexes with > 50 mol % PEG-ligands as well. PEG-

779 ligands with less than 24 PEG units did not exhibit aggregation or toxicity independent from the 

780 amount used.

781

782 Figure 7: Luciferase activity assay and MTT assay of core (CON + siRNA) 3 PEG-ligand 

783 polyplexes. 

784 Polyplexes were prepared conventionally. Colors indicate type of siRNA used: Light color: 

785 control siRNA, saturated color: siGFPLuc siRNA. 8core polyplex9 depicts particle properties of 

786 the naked core polyplex formulation used for all subsequent modifications. Panel9s key: x mol % 

787 PEG-ligands relative to nCON. Formulation key: Px: PEGx, F: Folate. Detailed oligomer 

788 description in Fig. 1A (PEG-ligands) and Fig. 1C (CON). A: Luciferase assay. Luciferase 

789 enzyme activity is measured in relative light units (RLU) and shown relative to values of buffer 

790 treated cells. B: MTT assay. Values are shown relative to values of buffer treated cells. 

791 Statistics: Error bars correspond to 95 % confidence intervals. N = 5.

792 Table 3: 

793 Results of post-hoc tests between core (siGFP + CON) polyplex formulations with and 

794 without PEG-ligands.

795 Two-sided student9s t test with and without HOLM correction. Cohen9s d: Effect size. 

796 Magnitude: < 0.2: negligible. < 0.5: small. < 0.8: medium. < 1.20: large. > 1.20: very large. 

797 Bold values are significant at ³ < .05. PEG-ligands are covalently bound to core polyplexes with 

798 siGFP and CON. Mol %: nPEG-ligand : nCON. D: DBCO, Px: PEGx, F: Folic acid.

799

800 Table 4: 

801 Results of post-hoc tests between core (siCtrl + CON) polyplex formulations with and 

802 without PEG-ligands.

803 Two-sided student9s t test with and without HOLM correction. Cohen9s d: Effect size. 

804 Magnitude: < 0.2: negligible. < 0.5: small. < 0.8: medium. < 1.20: large. > 1.20: very large. 

805 Bold values are significant at ³ < .05. PEG-ligands are covalently bound to core polyplexes with 

806 siCtrl and CON. Mol %: nPEG-ligand : nCON. D: DBCO, Px: PEGx, F: Folic acid.

807
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808 Discussion
809 We have shown that controlled production of simple two component polyplexes is feasible and 

810 that it can be extended to generate more sophisticated products. It depends on the aim of the 

811 experiment which method is most suitable. Conventional bulk mixing with pipets is best chosen 

812 when polyplexes must be prepared quickly and high control over mixing parameters is not an 

813 issue. It is problematic, however, if bulk mixing is the default method for preparing polyplexes, 

814 since size and polydispersity are heavily dependent on the concentration of its components and 

815 their respective volumes. T-junctions are best for continuously preparing large volumes of 

816 polyplex solutions with some control over mixing speed. Since the mixing is turbulent and flows 

817 are fast, however, mixing vastly different volumes can be challenging. Moreover, the high 

818 mixing speed required would limit the further automated processing of prepared polyplexes, if 

819 the next step involved pressure sensitive components. Microfluidics excel in producing 

820 polyplexes with a high degree of control over external mixing parameters and additional 

821 reactants, which is reflected in polydispersity indices around 0.1 for these polyplexes. 

822 To demonstrate the advantages of this approach, we have produced multi-component polyplexes 

823 from their single components in one continuous experiment which would have been impossible 

824 with bulk mixing or at a T-junction. 

825 Morphology of core 3 lipid anchor polyplexes was shown with TEM and FRET experiments. 

826 TEM pictures revealed fibrous structures for samples containing only LA or LAE alone, with or 

827 without PEG-ligands. These structures, however, were not visible when core 3 lipid anchor 

828 polyplexes were examined. Moreover, FRET experiments showed a strong signal for labeled 

829 core (CO + siRNA 3 Cy5) 3 lipid anchor (Atto488) polyplexes that could not be observed in 

830 mixtures containing only siRNA-Cy5 and lipid anchor-Atto488 without CO. Taken together, 

831 both results indicate successful integration of lipid anchor oligomers into core structures.

832 The investigation of size, pdi and zeta potential of core 3 lipid anchor and core 3 lipid anchor 3 

833 PEG-ligand polyplexes showed matching results. Mean hydrodynamic diameter (dH) and mean 

834 pdi increased with increasing PEG-ligand length while zeta potential was gradually reduced. 

835 Zeta potential reduction could also be one reason for particles with longer PEG chains forming 

836 aggregates, since electrostatic repulsion was diminished. Similarly, polyplexes that had their 

837 PEG-ligands directly coupled to CON showed an increase in pdi and dH with PEG24 and PEG48 

838 containing PEG-ligands, specifically with PEG-ligand content > 25 mol %.

839 There is evidence that integration of PEG chains into electrostatically formed nanoparticles 

840 decreases its stability (Morys et al., 2017). On the one hand, this could be a critical problem if 

841 the polyplex disintegrates before it delivers its payload. On the other hand, it has been shown that 

842 increased stability has the potential to inhibit delivery as well, if the polyplex does not release its 

843 payload once inside the target cell (DV., NA., N., & DA., 2000; Leong & Grigsby, 2010). 

844 Therefore, a balance needs to be found between both extremes. Here, core 3 lipid anchor 

845 polyplexes and core polyplex alone produce similar results, both when treated with poly-anions 

846 in an ethidium bromide displacement assay with up to 5 IU/ml heparin and when siRNA 

847 compaction and retention is tested with a gel shift assay with or without incubation in 90 % 
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848 serum at 37 °C. These findings suggest an unaltered stability profile of core 3 lipid anchor 

849 particles compared to its naked core polyplex formulation. Even the addition of PEG-ligands to 

850 core 3 lipid anchor polyplexes did not alter serum gel shift results exceedingly until the 

851 formulation has been incubated for 24 h at 37 °C.

852 Biological activity of core 3 lipid anchor 3 PEG-ligand particles was investigated by silencing 

853 luciferase protein expression in KB cells in vitro. From previous studies, we anticipated that 

854 changing the PEG-ligand on the polyplexes would have the biggest impact on luciferase activity. 

855 ANOVA9s results confirmed our hypothesis. Additionally, the results revealed a barely 

856 significant influence of the lipid anchors used. The small effect can be explained by the lipid 

857 anchor9s function: since lipid anchors are designed to facilitate association with the core 

858 polyplex only, their effect pales in comparison to PEG-ligands which are especially designed to 

859 enhance uptake. However, lipid anchors apparently influence the effect of PEG length in PEG-

860 ligands by shifting the most efficient spacer from PEG12 for LA to PEG24 for LAE containing 

861 polyplexes. Additionally, tendency for aggregation seems to be increased with LAE. One could 

862 speculate, whether the small, non-significant reduction in mean zeta potential serves and suffices 

863 as trigger for aggregation. The biological activity of polyplexes containing 20 mol % lipid 

864 anchor - PEG-ligands is comparable to polyplexes from CON + siRNA with 25 or 50 mol % 

865 covalently bound PEG-ligands without lipid anchors. 

866 The predictive value of the lipid anchor containing systems has been assessed with the system 

867 published by Klein et al. (Klein et al., 2018). Here, 25 mol % PEG-ligands were covalently 

868 coupled to conventionally prepared polyplexes from CON and siRNA. Subsequently, KB cells 

869 were transfected. Indeed, the silencing pattern visible with core 3 lipid anchor - polyplexes was 

870 reproduced and the hinted-on problems with longer PEG chains 3 aggregations, toxicity 3 were 

871 also visible when PEG-ligand concentration was increased. All in all, results of this study 

872 suggest that lipid anchors could serve as a tool to investigate structure activity relationships on a 

873 wide variety of core polyplexes, especially when core oligomers lack functionalities for 

874 covalently binding additional structures.

875 Application of microfluidic devices for various tasks (Whitesides, 2006) and especially for 

876 producing delivery systems (Liu et al., 2017) usually improves quality of products. For example, 

877 Abstiens et al. (Abstiens & Goepferich, 2019) demonstrated that the continuous production of 

878 core 3 lipid anchor nanoparticles from PLGA and PLA-PEG with microfluidics leads to 

879 increased control over the production process which in turn generates nanoparticles with 

880 decreased size and polydispersity. Automated production of pDNA PEI polyplexes in T-

881 junctions has been shown by Kasper et al. (Kasper et al., 2011) in our lab. Continuous or batch 

882 wise production of PEI pDNA polyplexes with active mixing by surface acoustic waves (SAWs) 

883 has been demonstrated by Westerhausen et al. (Westerhausen et al., 2016) and Schnitzler et al. 

884 (in press)(Schnitzler et al., 2019). The decrease in size and polydispersity is most impressive in 

885 lipid nanoparticle formulations with siRNA (Chen et al., 2012; KrzysztoE et al., 2017). They all 

886 show that increasing mixing speeds decrease size and polydispersity. We show that similar 

887 improvements can be gained with a passive micromixer and sophisticated sequence-defined 
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888 oligomers and that multi-component polyplexes can easily be prepared automatically from their 

889 starting materials. 

890 These core 3 lipid anchor 3 PEG-ligand polyplexes were used to investigate the influence of 

891 PEG length on in vitro efficacy and to see if using lipid anchors had a predictive value for 

892 formulations with covalently bound PEG-ligands without lipid anchors. Luciferase assays 

893 revealed the influence of PEG length and PEG-ligand concentration on transfection efficiency. It 

894 has already been shown by Klein et al. (Klein et al., 2018) that their shortest PEG-ligand 

895 (DP24F) in combination with CON was most efficient in their study and that increasing PEG-

896 ligand concentration increased efficiency. Additionally, they demonstrated that even if 

897 polyplexes with longer PEG-FolA ligands (PEG48, PEG72) had bound to FolA receptors, uptake 

898 is strongly decreased. They did not show, however, how PEG-ligands with shorter PEG chains 

899 compete. We strengthen the results generated by Klein et al. by showing that there is indeed a 

900 strong association between PEG length and transfection efficiency with peak performance with 

901 PEG12 and PEG24 containing polyplexes. These two are also statistically highly significant 

902 different from the core 3 LA (p < .001) or core 3 LAE (p < .001) formulation alone. In this work, 

903 however, lipid anchor oligomers with an additional PEG12 chain were used, raising the total 

904 number of PEG monomer repetitions in LA-DP24F containing polyplexes to 36. All in all, our 

905 results suggest that using lipid anchors for investigating PEG-ligand performance is a valid way 

906 to screen core polyplex PEG-ligand combinations before synthesizing new structures.

907 Our results also suggest that transfection efficiency does not only depend on the PEG-ligand 

908 alone but on its chemical environment as well, since changing LA to LAE did significantly 

909 increase silencing efficiency of the DP12F PEG-ligand (supplemental figure S19, p < .001). It 

910 did also increase silencing efficiency of DP24F PEG-ligand on LA against LAE, albeit not 

911 significantly (p = .237). We also observed that increasing PEG length and PEG-ligand 

912 concentration increased aggregation disposition and decreased efficacy. This is in line with 

913 results from Abstiens et al. (Abstiens, Gregoritza, & Goepferich, 2018) who argue that 

914 increasing PEG-ligand length and PEG-ligand concentration lead to clustering of nanoparticles 

915 and a higher probability for PEG-ligand entanglement and shrouding and therefore decreased 

916 efficacy. 

917 The microfluidic system presented here has been designed for producing multi-component 

918 siRNA polyplexes from its starting materials. During the development process, two modules 

919 have been excessively tested: The first one for the production of core polyplexes, the other one 

920 for the attachment of lipid anchors and PEG-ligands. Further development should focus on the 

921 implementation of additional modules for different task, for example for producing pDNA 

922 polyplexes. Additionally, producing polyplexes without the help of organic solvents, which 

923 possibly alters the kinetically controlled assembly process, which needs mixing speeds in the 

924 order of 50 ms (Braun et al., 2005) to yield small particles, could facilitate the integration of this 

925 method into acetone intolerant applications. One solution could be the utilization of surface 

926 acoustic waves (Westerhausen et al., 2016) to avoid usage of organic solvents. In the end, there 

927 could be a small set of modules researchers could choose from according to the desired 
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928 properties of their particles. Furthermore, these modules should be integrated into a system that 

929 has the ability to automatically select from different starting materials and distribute polyplexes 

930 produced under controlled conditions to various containers. This approach would have the 

931 advantage to enable faster production of various samples in a controlled manner while producing 

932 less waste in a shorter period of time in comparison to conventionally produced polyplexes. The 

933 advantage of high throughput production of many different formulations, albeit with a 

934 completely different system, has already been shown by Wang et al. (H. Wang et al., 2010) 

935 The PEG-ligands presented here are successful in facilitating transfection when their density on 

936 the nanoparticle9s surface is large enough. Research by, for example, Lee et al. (H. Lee et al., 

937 2012), A. Antony (Antony, 1992) and S. Major et al. (Mayor, Rothberg, & Maxfield, 1994), 

938 show that folic acid receptors might require a certain number and distance of folic acid PEG-

939 ligands to successfully interact with their respective nanoparticles. Therefore, this system could 

940 be employed to test various multi-folate receptors on various optimized core structures to finally 

941 get an optimized product with ideal PEG-ligands for the target cell type.

942

943 Conclusions

944 In conclusion, we have shown that the controlled, continuous formulation of polyplexes from 

945 two and three components is advantageous. The subsequent anchoring of DBCO-PEG-folic acid 

946 (PEG-ligands) coupled to lipid anchors in core polyplexes enabled us to investigate the influence 

947 of PEG length on transfection efficiency, eliminating the need to alter siRNA complexing 

948 oligomers synthetically. We found that core (CO + siGFP) polyplexes - lipid anchor - PEG-

949 ligands with 24 to 36 ethylene oxide repetitions had the largest silencing effect on luciferase 

950 activity in KB cells. PEG-ligands with PEG60, however, were prone to forming aggregates. 

951 These results were validated on a previously published system which binds PEG-ligands 

952 covalently. We confirmed that the optimal number of EO repetitions in PEG-ligands was 24. 

953 PEG-ligands with less than 24 EO repetitions are advantageous at PEG-ligand concentrations > 

954 50 mol % (relative to ncore oligomer), because formulations containing g 50 mol % PEG-ligands 

955 with g 24 ethylene oxide repetitions tended to form aggregates.

956
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Figure 1
Sequence-deûned oligomers and their corresponding nanoparticle production methods

A: Oligomers used in polyplex formation: Lipid anchors were coupled to PEG-ligands before
polyplexes were formulated. Building blocks represent natural amino acids (E = glutamic
acid, G = glycine, H = histidine, K = lysine, Y = tyrosine), synthetic building blocks (Stp =
succinoyl-tetraethylene-pentamine, PEG = polyethylene glycol), fatty acids (CholA = cholanic
acid), and moieties for bio-orthogonal click chemistry (N3 = azide, DBCO =
dibenzocyclooctyne). B: Production methods for polyplexes with CO oligomers: Formulations
used are depicted on the left side with the id of their corresponding syringe (S1-4). Two
diûerent channels were used to produce nanoparticles during solvent exchange, a single
channel (left) and a double channel (right). In the left channel pre-assembled core particles
were mixed with lipdid anchors or lipid anchor PEG-ligand oligomers. In the double channel,
the complete polyplex was assembled from its starting components. C: Core oligomer
featuring an azide (CON): PEG-ligands were coupled to CON after polyplex formation. Building
blocks are described in panel A9s description. D: Production method for CON 3 PEG-ligand
polyplexes.
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Figure 2
Comparison of core polyplex (CO + siRNA) production methods.

A: Mean hydrodynamic diameter in nm. B: Mean polydispersity index (pdi). Method key:
hand: Mixing equal volumes of CO and siRNA solution by vigorous pipetting. T-junc.: Mixing
equal volumes of CO and siRNA solution (with or without 50 % acetone) at a T-junction at 60
ml/h total ûow rate. Micro: Mixing an 11x larger volume of CO with siRNA solution (with or
without 50 % acetone) inside a microchannel at 1.326 ml/h total ûow rate. Grey spheres: No
acetone was used. Blue cubes: Acetone was used. Error bars correspond to 95 % conûdence
intervals; n = 3.
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Figure 3
Hydrodynamic diameter (dH), pdi, and zeta potential of core, core lipid anchor, and core
lipid anchor 3 PEG-ligand polyplexes.

Subûgures are divided in three panels. 8core9 (green) depicts particle properties of the core
polyplex formulation used for all subsequent modiûcations with 20 mol % lipid anchor and
lipid anchor-PEG-ligands. 8core-LA9 (blue) and 8core-LAE9 (orange) indicate the lipid anchor
oligomer used for attaching PEG-ligands to the core polyplex. Formulation key: Px: number of
total ethylene oxide repetitions (LA/LAE + PEG-ligand), F: Folate. Detailed PEG-ligand
description in Fig. 1A. A: Polyplexes9 hydrodynamic diameter with mean z-average (red dots)
and respective intensity distribution depicted as violin plot (extension in x direction
corresponds to the percentage of the total intensity measured at the speciûc size depicted
on the y axis). B: Polydispersity index (pdi). C: Zeta potential measured in HBG pH 7.4.
Statistics: A, B: Error bars correspond to 95 % conûdence intervals. C: Error bars correspond
to mean zeta deviations. N = 3.
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Figure 4
FRET and TEM measurements of core (CO + siRNA) 3 lipid anchor polyplexes and their
components.

A: Title of each panel indicates dye measured. FRET: excites Atto488 (485 nm), measures
Cy5 (680 nm). Color indicates dyes used in this formulation. 8Sample9 speciûes formulation
composition: 8core + LA9: core polyplex with 20 mol % LA oligomer. 8siRNA + LA9: control
formulation without core oligomer, i. e. no particle formation. Cy5 is coupled to sense strand
of siRNA. Atto488 is coupled via azide 3 alkyne click chemistry to the azide of LA or LAE
oligomers. Measured ûuorescence is divided by gain9s value to exclude ampliûer eûects. B:
Vertical label: Scale represented by white bar of respective row. Horizontal label: Formulation
visible in the respective column. 8Core9: Core polyplex. 8Core + LA/LAE9: Core-lipid anchor
polyplex. 8Core + LA/LAE 3 DP24F9: Core-lipid anchor - PEG-ligand polyplex. Columns without
8core9 depict unformulated lipid anchors or lipid anchor 3 PEG-ligand oligomers in solution.
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Figure 5
Luciferase activity assay of core (CO + siRNA) 3 lipid anchor 3 PEG-ligand polyplexes.

All polyplexes were prepared using microûuidics. Luciferase enzyme activity was measured
in relative light units (RLU) and is shown relative to values of buûer treated cells. Colors
indicate type of siRNA used: Light color: control siRNA, saturated color: siGFPLuc siRNA.
Formulation key: 8core polyplex9 (green bars): core polyplex formulation used for all
subsequent modiûcations with 20 mol % lipid anchors and lipid anchor - PEG-ligands. P12:
core polyplex with unmodiûed lipid anchor. Px: PEGx, F: Folate. Detailed PEG-ligand
description in Fig. 1A. A: Polyplexes with LA (blue bars). B: Polyplexes with LAE (orange bars).
Statistics: Tips of horizontal lines indicate compared samples. Comparison: two-sided
student9s t 3 test with HOLM correction. N = 5. Key: NS: not signiûcant at ³ = .05; ***: ³ <
.001. Error bars correspond to 95 % conûdence intervals.
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Figure 6
Hydrodynamic diameter (dH), pdi, and zeta potential of core (CON + siRNA) and core 3
PEG-ligand polyplexes.

Subûgures are divided into ûve panels. Numbers indicate the amount of PEG-ligand used in
mol % relative to nCON. Formulation key: 8core polyplex9: Unmodiûed CON 3 siGFP polyplex. Px:

PEGx, F: Folate. Detailed oligomer description in Fig. 1A (PEG-ligands) and Fig. 1C (CON). A:
Hydrodynamic diameter (dH) and mean z-average (red dots) with respective intensity

distribution depicted as violin plot (extension in x direction corresponds to the percentage of
the total intensity measured at the speciûc size depicted on the y axis). B: Polydispersity
index (pdi). C: Zeta potential measured in HBG pH 7.4. Statistics: A, B: Error bars correspond
to 95 % conûdence intervals. C: Error bars correspond to mean zeta deviations. N = 3.
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Figure 7
Luciferase activity assay and MTT assay of core (CON + siRNA) 3 PEG-ligand polyplexes.

Polyplexes were prepared conventionally. Colors indicate type of siRNA used: Light color:
control siRNA, saturated color: siGFPLuc siRNA. 8core polyplex9 depicts particle properties of
the naked core polyplex formulation used for all subsequent modiûcations. Panel9s key: x mol
% PEG-ligands relative to nCON. Formulation key: Px: PEGx, F: Folate. Detailed oligomer

description in Fig. 1A (PEG-ligands) and Fig. 1C (CON). A: Luciferase assay. Luciferase
enzyme activity is measured in relative light units (RLU) and shown relative to values of
buûer treated cells. B: MTT assay. Values are shown relative to values of buûer treated cells.
Statistics: Error bars correspond to 95 % conûdence intervals. N = 5.
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Table 1(on next page)

Solvents used for DLS measurements.

Refractive indices (RI) and viscosities in centi poise (cP)
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Solvent Dispersant RI Viscosity [cP]
HBG 1.337 1.0366

HBG (1.7 % [V/V] acetone) 1.338 1.0782

HBG (3.3 % [V/V] acetone) 1.339 1.1045

HBG (5.0 % [V/V] acetone) 1.340 1.1324

HBG (6.7 % [V/V] acetone) 1.342 1.1750

1
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Table 2(on next page)

Results of post-hoc tests of core (CO + siRNA) 3 lipid anchor 3 PEG-ligand polyplexes.

Two-sided student9s t test with and without HOLM correction. Cohen9s d: Eûect size.
Magnitude: < 0.2: negligible. < 0.5: small. < 0.8: medium. < 1.20: large. > 1.20: very large.
Bold values are signiûcant at ³ < .05. Core: Core polyplex with siGFP and CO. LA/LAE: lipid
anchor oligomers. 0: no PEG-ligand. D: DBCO, Px: PEGx, F: Folic acid.
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Sample p value p value (corrected: 

HOLM)

Cohen9s d

Comparison: Sample to core 3 LA formulation

Core - LA - DF 0.018 0.142 1.45

Core - LA - DP3F < 0.001 < 0.001 2.79

Core - LA - DP12F < 0.001 < 0.001 5.21

Core - LA - DP24F < 0.001 < 0.001 5.72

Core - LA - DP48F < 0.001 < 0.001 5.00

Comparison: Sample to core 3 LAE formulation

Core - LAE - DF 0.316 1.000 0.69

Core - LAE - DP3F 0.452 1.000 0.39

Core - LAE - DP12F < 0.001 < 0.001 3.09

Core - LAE - DP24F 0.199 0.996 0.58

Core - LAE - DP48F < 0.001 < 0.001 3.36

Comparison: Core 3 LA 3 PEG-ligand vs. core 3 LAE 3 PEG-ligand

Core - LA - 0     0.030 0.213 1.66

Core - LA - DF     0.702 1.000 0.25

Core - LA - DP3F 0.861 1.000 0.12

Core - LA - DP12F   < 0.001 < 0.001 6.72

Core - LA - DP24F   0.040 0.237 1.55

Core - LA - DP48F   < 0.001 < 0.001 10.1
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Table 3(on next page)

Results of post-hoc tests between core (siGFP + CON) polyplex formulations with and
without PEG-ligands.

Two-sided student9s t-test with and without HOLM correction. Cohen9s d: Eûect size.
Magnitude: < 0.2: negligible. < 0.5: small. < 0.8: medium. < 1.20: large. > 1.20: very large.
Bold values are signiûcant at ³ < .05. PEG-ligands are covalently bound to core polyplexes
with siGFP and CON. Mol %: nPEG-ligand : nCON. D: DBCO, Px: PEGx, F: Folic acid.
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mol % PEG-ligand (siGFP 

+ CON polyplex)

p value p value (corrected: 

HOLM)

Cohen9s d

25 DF < 0.001 < 0.001 2.39

DP3F < 0.001 < 0.001 3.08

DP12F < 0.001 < 0.001 3.80

DP24F < 0.001 < 0.001 2.88

DP48F 0.006 0.006 1.24

50 DF < 0.001 < 0.001 1.37

DP3F < 0.001 < 0.001 3.74

DP12F < 0.001 < 0.001 4.44

DP24F < 0.001 < 0.001 1.80

DP48F < 0.001 < 0.001 2.80

75 DF < 0.001 < 0.001 4.04

DP3F < 0.001 < 0.001 5.75

DP12F < 0.001 < 0.001 7.01

DP24F < 0.001 < 0.001 7.15

DP48F < 0.001 < 0.001 2.33

100 DF < 0.001 < 0.001 5.83

DP3F < 0.001 < 0.001 6.84

DP12F < 0.001 < 0.001 7.42

DP24F < 0.001 < 0.001 7.62

DP48F < 0.001 < 0.001 2.84
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Table 4(on next page)

Results of post-hoc tests between core (siCtrl + CON) polyplex formulations with and
without PEG-ligands.

Two-sided student9s t-test with and without HOLM correction. Cohen9s d: Eûect size.
Magnitude: < 0.2: negligible. < 0.5: small. < 0.8: medium. < 1.20: large. > 1.20: very large.
Bold values are signiûcant at ³ < .05. PEG-ligands are covalently bound to core polyplexes
with siCtrl and CON. Mol %: nPEG-ligand : nCON. D: DBCO, Px: PEGx, F: Folic acid.
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mol % PEG-ligand (siCtrl + 

CON polyplex)

p value p value (corrected: 

HOLM)

Cohen9s d

25 DF < 0.001 0.007 2.33

DP3F < 0.001 < 0.001 3.18

DP12F < 0.001 < 0.001 2.30

DP24F < 0.001 < 0.001 3.02

DP48F 0.006 0.039 2.08

50 DF 0.433 1.000 0.42

DP3F 0.627 1.000 0.36

DP12F 0.329 1.000 0.57

DP24F 0.686 1.000 0.22

DP48F 0.064 0.319 0.93

75 DF < 0.001 < 0.001 2.97

DP3F < 0.001 < 0.001 4.99

DP12F < 0.001 < 0.001 3.49

DP24F < 0.001 < 0.001 6.10

DP48F 0.012 0.074 1.39

100 DF < 0.001 < 0.001 3.52

DP3F < 0.001 < 0.001 4.75

DP12F < 0.001 < 0.001 4.82

DP24F < 0.001 < 0.001 15.01

DP48F < 0.001 < 0.001 3.40
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