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Abstract  29 

mRNA-based technology has emerged as a new class of medicines with a wide range of 30 

applications, including viral vaccines, cancer vaccines, and therapeutics for the treatment of 31 

metabolic diseases and cardiovascular conditions. Impurities, including double-stranded RNA 32 

(dsRNA), mRNA fragments, and mRNA multimers (aggregates) that result from the 33 

manufacturing of mRNA, as well as from subsequent purification, formulation, and storage, 34 

can potentially impact the safety and efficacy of mRNA medicines. 35 

mRNA higher-order structures and mRNA multimers (aggregates) can affect translational 36 

efficiency and also impact the efficiency of formulation into lipid nanoparticles. mRNA purity 37 

is typically analysed using denaturing or partially denaturing methods, precluding the detection 38 

of mRNA multimers (aggregates). In this study, we developed and utilised ion-pair reversed-39 

phase HPLC (IP-RP HPLC) under non-denaturing conditions to analyse mRNA multimers. 40 

The inclusion of 1 mM Mg²⁺ in the mobile phase stabilises mRNA higher-order structures, 41 

RNA:RNA interactions, and the formation of mRNA dimers/multimers, which can be readily 42 

separated from the mRNA monomers.  43 

The ability to resolve mRNA monomers from mRNA dimers/multimers was demonstrated for 44 

a range of mRNA sequences and lengths. Moreover, we have shown that the relative abundance 45 

of mRNA dimers/multimers is concentration dependent. Using the relative percentage of dimer 46 

vs concentration of monomer, we were able to determine that the Kd of the interaction between 47 

two eGFP mRNA monomers was 82.93 nM. Characterisation and sizing of the mRNA 48 

multimers was performed using mass photometry analysis following the purification of mRNA 49 

monomer and dimer/multimer peaks using IP-RP HPLC.  50 

Thus, non-denaturing IP-RP demonstrates significant advantages over current approaches for 51 

the analysis of mRNA multimers (aggregates). The high-throughput, temperature-dependent 52 

profiling of mRNA multimerisation using IP-RP HPLC will enable further comparative studies 53 

on the stability of mRNA multimers and provide important insights into potential factors 54 

influencing mRNA multimerisation. 55 

 56 

 57 

 58 
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1. Introduction  59 

The global success of the Covid-19 mRNA vaccines has fuelled further research into mRNA 60 

vaccines and therapeutics. Beyond vaccines, mRNA medicines have the potential as 61 

therapeutics for the treatment of metabolic diseases, cardiovascular disease and cancer vaccines 62 

[1–4]. mRNA medicines are routinely manufactured using in vitro transcription (IVT) from a 63 

DNA template [5,6]. However, impurities including double-stranded RNA (dsRNA), mRNA 64 

fragments, and mRNA multimers (aggregates) that result from the manufacturing of mRNA, 65 

as well as from subsequent purification, formulation, and storage, can potentially impact the 66 

safety and efficacy of mRNA medicines [2,7–9]. Therefore, robust analytical methods are 67 

required for the monitoring of mRNA purity and stability [10,11].  68 

RNA multimerisation, driven by intermolecular RNA:RNA interactions, plays an essential role 69 

in organising cellular space. These interactions drive biomolecular condensation, phase 70 

separation, and the formation of ribonucleoprotein (RNP) granules [12–14]. The resulting 71 

higher-order RNA structures are critical for regulating gene expression, cellular stress 72 

responses and viral replication. Together, these findings highlight the biological importance of 73 

RNA multimerisation. RNA:RNA interactions that promote multimer formation—most 74 

commonly observed in homodimers—include kissing-loop (KL) interactions, complementary 75 

base-pairing, and additional tertiary contacts (e.g., minor-groove interactions, A-stacking, and 76 

pseudoknot formation) [15,16]. 77 

Divalent cations, particularly Mg²⁺, are critical for stabilising tertiary and quaternary 78 

interactions between discrete RNA elements [17,18]. Mg²⁺ counterions both shield electrostatic 79 

repulsion from closely orientated phosphate backbones and form site-specific chelated 80 

interactions that bridge tertiary contacts. The resulting monomer–dimer populations may exist 81 

in either a dynamic equilibrium or a stable, non-interconverting state. The balance and the rate 82 

of interconversion are critically influenced by RNA concentration and other environmental 83 

conditions, such as temperature, pH, ionic strength, and divalent cation availability [19–21]. 84 

mRNA higher-order structures and multimers formed via aggregation can affect translational 85 

efficiency [1,2,22] and also impact the efficiency of formulation into lipid nanoparticles [23] 86 

and are, therefore, a critical quality attribute (CQA) of the mRNA drug substance. The 87 

assessment of mRNA purity includes identifying and quantifying the abundance of mRNA 88 

multimers/aggregates from mRNA monomers [10,11,24]. Therefore, analytical methods are 89 
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https://www.zotero.org/google-docs/?qgZm1B
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https://www.zotero.org/google-docs/?rFYEzm
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required for the analysis of mRNA multimers/aggregates. Currently, there are limited analytical 90 

techniques that both preserve mRNA higher-order structures, noncovalent mRNA interactions 91 

during analysis and provide the appropriate resolution of these high molecular weight mRNA 92 

species [22]. 93 

Size exclusion chromatography (SEC-HPLC) has been utilised for analysis of the structural 94 

characteristics, purity, and aggregation states of mRNA, characterising the mRNA in its native 95 

form [10,22,25–27]. SEC-UV methods have previously been used to detect the presence of 96 

mRNA aggregates in samples of GFP mRNA (980-996 nts) from alternative manufacturers 97 

and used to monitor the removal of non-covalently bound species [22]. Multi-angle light 98 

scattering (MALS) has been coupled to SEC in order to detect the molecular weight of 99 

separated mRNA species [25,28].  100 

SEC-HPLC has previously been used to analyse ssRNA of varying lengths [25]. Due to the 101 

large size of typical mRNA medicines, SEC columns with ultrawide pore sizes have been 102 

developed to provide adequate resolution for the separation of these large nucleic acids [10,22]. 103 

However, SEC-HPLC is typically a low-resolution chromatographic technique and baseline 104 

separation of complex mRNA samples is difficult to achieve, even with optimised buffer pH, 105 

column oven temperature and pore size (especially for species> 1000 nucleotides) [22,26]. 106 

Chromatographic run times can also be long, reducing sample throughput [26]. In addition, 107 

microcapillary electrophoresis (mCE) under native conditions has also been employed for the 108 

analysis of aggregates in mRNA samples [27]. Improved separation of eGFP mRNA monomers 109 

from aggregates using mCE was achieved when compared to SEC-HPLC. Moreover, mCE 110 

approaches require significantly reduced analysis times compared to SEC-HPLC and require 111 

less sample for analysis. However, further optimisation of mCE methods is needed to improve 112 

reproducibility and accuracy, especially given the charged nature and large size, which can 113 

cause adsorption to the capillary walls, leading to variation in signal intensity [27].  114 

Mass photometry (MP) has emerged as an additional analytical method capable of measuring 115 

mass and relative abundance of nucleic acids in solution. The technique is label-free and 116 

measures the mass of single molecules in solution by detecting changes in light scattering as 117 

species bind to a glass surface [25,27,29–31]. MP has shown its capability to deliver critical 118 

information on various CQAs, including mRNA length [31] and insights into mRNA purity, 119 

including the detection of noncovalent species, such as mRNA multimers [26,28]. MP analysis 120 

is therefore able to perform purity analysis of native mRNA species, detecting monomers, 121 
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multimers and mRNA fragments in 60 seconds. Furthermore, lower amounts of mRNA (~50-122 

100 ng) are required for analysis compared to alternative methods such as SEC and SEC-123 

MALS [27].  124 

In this study, we have developed and utilised non-denaturing IP-RP HPLC in conjunction with 125 

the inclusion of 1 mM Mg²⁺ in the mobile phase to study mRNA multimers. The ability to 126 

resolve mRNA monomers from mRNA dimers/multimers was demonstrated for a range of 127 

different mRNA sequences and lengths. Mass photometry mRNA analysis of the IP RP purified 128 

mRNA monomer and dimers/multimers was performed to further characterise and size the 129 

mRNA species. Furthermore, quantitative analysis of mRNA multimerisation was carried out 130 

across different column temperatures, enabling the relative abundance of mRNA  monomers 131 

and dimers/multimers to be compared across different mRNAs.  132 

 133 

2. Materials and methods  134 

2.1 Chemicals   135 

Triethylammonium acetate (TEAA) (HPLC grade, Glen Research), acetonitrile (ACN) (HPLC 136 

grade, Fisher), water (HPLC grade, Fisher), and a 2 M magnesium chloride solution (Sigma) 137 

were used to prepare mobile phases for IP-RP HPLC analysis. 1 X PBS solution was prepared 138 

for mass photometry from 10 X PBS solution (Fisher) diluted in nuclease-free water. In vitro 139 

transcription used NTPs (Roche), CleanCap® Reagent AG (BOC), inorganic pyrophosphatase 140 

(IPP) (Roche), T7 RNA Polymerase (Roche), HEPES (Gibco), Magnesium acetate (Sigma-141 

Aldrich), DTT (Thermo Fisher), Spermidine (Sigma Aldrich), Triton X-100 (Merck) and 142 

lithium chloride solution (7.5 M, Thermo Fisher Scientific). Sodium acetate solution (VWR) 143 

and absolute ethanol (Fisher) were used for mRNA precipitation. High-range Riboruler RNA 144 

ladder (Thermo Fisher) was used for sizing.  145 

2.2 mRNA sample preparation  146 

In vitro transcription  147 

5 different mRNAs of varying length, including 930 nt (eGFP), 1925 nt (fLuc), 1883 nt, 2098 148 

nt and a 4286 nt mRNA sequence encoding the SARS-CoV-2 spike protein (CSP) were 149 

synthesised from linearised plasmid DNA templates (see Table 1). mRNA was prepared using 150 

https://www.zotero.org/google-docs/?5e1URd
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in vitro transcription (IVT) using linearised DNA template (1 μg), NTPs (10 mM), 5’ cap (10 151 

mM), IPP (0.05 U/µL), RNase inhibitor (1 U/µL), T7 polymerase (246.1 U/µL) and nuclease-152 

free water. Reactions were incubated for 2 hrs at 37 ℃. 153 

Lithium chloride purification of mRNA  154 

Lithium chloride (7.5 M) was added to crude mRNA and incubated overnight at -20 ℃. 155 

Samples were centrifuged at 13,000 rpm for 20 minutes at 4 °C, supernatant discarded, and the 156 

pellet washed twice with ice-cold 80% ethanol. The pellet was resuspended in nuclease-free 157 

water.  158 

mRNA precipitation from ion-pair reagent  159 

mRNA was collected post UV detector, and sodium acetate was added to the sample to a final 160 

concentration of 0.3 M. 1 volume of ice-cold ethanol was added to the sample and was stored 161 

at -80 °C for at least 1 hour. Samples were centrifuged at 13,000 rpm for 20 minutes at 4 °C, 162 

supernatant discarded, and the pellet washed twice with ice-cold 80% ethanol. The pellet was 163 

resuspended in nuclease-free water.  164 

Heat treatment of mRNA samples prior to IP RP HPLC analysis 165 

Where stated, mRNA samples were heated to 75 °C for 5 minutes and cooled on ice for a 166 

further 5 minutes.  167 

2.3 Capillary gel electrophoresis  168 

Capillary gel electrophoresis was performed to determine the size and integrity of mRNA. 169 

Analysis was performed on a 5200 Fragment Analyzer system (Agilent). The DNF-471 RNA 170 

Kit (15 nt) (Agilent) was used for analysis. This included RNA separation gel, dsDNA inlet 171 

buffer, TE rinse buffer, intercalating dye, RNA diluent marker (15 nt), RNA ladder (from 200 172 

to 6000 nt) and capillary conditioning solution. A FA 12-Capillary Array Short, 33 cm capillary 173 

cassette was used (Agilent). Fluorescence detection was used in conjunction with an 174 

intercalating dye in the separation gel. RNA samples were heated to 70 °C for 5 minutes and 175 

cooled on ice prior to analysis [31]. The integrity was determined based on the peak area of the 176 

full-length intact mRNA and total peak areas, including the smaller degraded RNA (see Table 177 

1). 178 

https://www.zotero.org/google-docs/?2ccbSS
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2.4 IP-RP HPLC analysis   179 

IP-RP HPLC analysis of mRNA was performed using U3000 and Vanquish HPLC systems 180 

(Thermo Fisher) using a DNAPac RP 2.1 x 100 mm or a ProSwift 1S 4.6 X 50 mm (Thermo 181 

Fisher). Mobile phase A was 0.1 M TEAA, and mobile phase B was 0.1 M TEAA, 25% ACN. 182 

Alternative mobile phases for the native IP-RP HPLC were prepared by the addition of 183 

magnesium chloride to a final concentration of 1 mM Mg2+ in mobile phases A and B.  184 

HPLC separations were performed using the following gradients: 185 

Gradient 1: Mobile phase A was 0.1 M TEAA, and mobile phase B was 0.1 M TEAA, 25% 186 

ACN. The gradient consisted of a linear step from 25-30% over 1 minute, followed by a convex 187 

extension (curve 3) to 65% B over 14 minutes, flow rate 0.25 mL/min, UV detection at 260 188 

nm. 189 

Gradient 2: Mobile phase A was 0.1 M TEAA + 1 mM Mg2+, and mobile phase B was 0.1 M 190 

TEAA, 1 mM Mg2+, 25% ACN. The gradient consisted of a linear step from 15-20% over 1 191 

minute, followed by a convex extension (curve 3) to 70% B over 14 minutes, flow rate 0.2 192 

(DNAPac RP 2.1 x 100 mm) or 0.50 mL/min (ProSwift 1S 4.6 X 40 mm), UV detection at 260 193 

nm. 194 

For convex gradients:  195 

 196 

 197 

2.5 Kd determination  198 

An 8 point concentration curve was used to determine Kd: 16.15 nM, 32.3 nM, 64.6 nM, 199 

129.2 nM, 193.8 nM, 258.38 nM, 322.98 nM, 645.96 nM. The relative abundance of the 200 

dimer ( % area) was plotted against concentration, and the Kd was determined by non-linear 201 

regression analysis using the Specific Binding with Hill Slope equation in GraphPad Prism 202 

version 10.5.0.         203 
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2.6 Mass photometry analysis  204 

Analysis of mRNA was performed using a TwoMP mass photometer (Refeyn). Glass 205 

coverslips, 24 x 50 mm, (Epredia, UK) were rinsed with Milli-Q water, methanol and then 206 

isopropanol (repeated twice) and dried under nitrogen. Glass coverslips were then submerged 207 

in 0.01% poly-L-lysine (PLL) for 5 mins for coating and left overnight to dry under nitrogen. 208 

RNA samples were diluted in 1X PBS solution to approximately 10 ng/µL and left at room 209 

temperature for 10 minutes before analysis. Droplet-free dilution using 1 X PBS solution was 210 

performed prior to sample measurement. Data was acquired for 60 seconds after the addition 211 

of RNA. Riboruler High Range RNA Ladder (ThermoFisher) was used as the calibration 212 

standard to perform mRNA sizing. Acquire MP and Discover MP software (Refeyn) were used 213 

to acquire and analyse data.  214 

 215 

3. Results and Discussion  216 

3.1 Separation of mRNA monomers and dimers (multimers) using non-denaturing IP-RP 217 
HPLC 218 

mRNAs with a wide range of sizes were synthesised using in vitro transcription for this study, 219 

including a 930 nt (eGFP), 1925 nt (fLuc), 1883 nt, 2098 nt and a 4286 nt mRNA encoding the 220 

SARS-CoV-2 spike protein (CSP).  A summary of all mRNA used in this study is shown in 221 

Table 1. The integrity of the mRNA was determined by capillary gel electrophoresis and IP-222 

RP HPLC under denaturing conditions (70 ℃) (see Supplementary Figure S1/S2). All mRNAs 223 

used in this study had an integrity of >90% (see Table 1), with good agreement between the 224 

IP-RP HPLC and CE analysis. However, analysis under denaturing (partially denaturing) 225 

methods such as capillary electrophoresis and denaturing IP-RP-HPLC prevents the analysis 226 

of mRNA higher-order structures, including non-covalent mRNA multimers or potential 227 

dsRNA impurities. As expected, under the typical denaturing conditions of  CE and IP-RP, 228 

only minor peaks to the right-hand side of the full-length mRNA were observed ((see 229 

Supplementary Figure S1/S2).  230 

Previous work has shown that RNA molecules form multimers that are stable under non-231 

denaturing analytical methods such as non-denaturing agarose gel electrophoresis [32,33], SEC 232 

[25,27,28] and mass photometry [25,30,31]. Therefore, further work was performed to develop 233 

alternative native chromatographic conditions that enable the analysis of mRNA higher-order 234 

https://www.zotero.org/google-docs/?CJuM3R
https://www.zotero.org/google-docs/?fYuM2x
https://www.zotero.org/google-docs/?v7PYMp
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structures, including the presence of mRNA multimers. Initial work showed that using low 235 

temperature in conjunction with IP-RP HPLC using TEAA mobile phases resulted in the 236 

presence of only a single peak corresponding to the full-length mRNA. The folding of RNA 237 

molecules, stabilisation of RNA secondary structures, and RNA:RNA interactions is dependent 238 

on the presence of divalent metal ions [34]. We have previously utilised and developed IP-RP 239 

HPLC in the presence of Mg2+ ions for the analysis of the human telomerase RNA (hTR) [35].  240 

These results demonstrated that, in the presence of Mg2+ ions, the dimer (or multimeric) hTR 241 

RNA species is stabilised and elutes later than the monomer [35]. Free Mg2+ concentration 242 

inside cells is approximately 0.5-1.2 mM [36,37]. Therefore, reflecting the physiological free 243 

Mg2+ concentration, ion-pair mobile phases were used with the addition of 1 mM Mg2+ for the 244 

analysis of mRNA and their higher-order structures/multimers. Initial work focussed on using 245 

TEAA mobile phase with the addition of 1 mM Mg2+  in conjunction with stationary phases 246 

with macro-porous particles and monolithic PS-DVB columns, which enables the high-247 

resolution separation of large RNA (>1000 nt) [38,39]. The addition of 1 mM Mg2+ to TEAA 248 

mobile phases did not alter the resolution or cause column stability issues as demonstrated by 249 

the separation of a 100 bp DNA ladder (see Supplementary Figure S3). 250 

Analysis of eGFP mRNA using non-denaturing IP-RP HPLC across varying column 251 

temperatures is shown in Figure 1A. The results show that the presence of two major peaks is 252 

seen at lower column temperatures (40 and 50 ℃) and only a single peak is observed at higher 253 

temperatures (> 60 ℃). It is proposed that in the presence of Mg2+ and temperatures <60 ℃, 254 

RNA:RNA interactions are stabilised. This results in a later elution time than the corresponding 255 

mRNA monomer, as observed at 40/50 ℃ for eGFP mRNA. In addition to the abundant 256 

proposed mRNA monomer and dimer peaks, later eluting peaks are also observed at 40/50 ℃ 257 

corresponding to proposed mRNA multimers.  The disruption of these weak RNA:RNA 258 

interactions by increasing temperatures yields a single chromatographic peak, consistent with 259 

the presence of only the mRNA monomer (see Figure 1A). 260 

To further characterise the proposed mRNA dimer/multimers, the two peaks observed during 261 

initial IP-RP HPLC separation were collected. These fractions were subsequently re-injected 262 

onto the IP-RP HPLC column directly (see Figure 1B/C). Re-injection of Peak 1 (mRNA 263 

monomer) and Peak 2 (mRNA dimer) at 45 ℃ resulted in retention times consistent with their 264 

original elution. Thus demonstrating the multimeric mRNA is stable following IP-RP HPLC 265 

purification. Furthermore, at 60 ℃, a complete shift in the retention time of peak 2 is observed, 266 

https://www.zotero.org/google-docs/?rfttXe
https://www.zotero.org/google-docs/?TkKxZJ
https://www.zotero.org/google-docs/?Zt2AZ9
https://www.zotero.org/google-docs/?GiOP0K
https://www.zotero.org/google-docs/?m3msiv
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aligning with the retention time of peak 1 (see Figure 1C). This is consistent with the complete 267 

dissociation of a non-covalently assembled mRNA multimer at the elevated temperatures. 268 

 In addition, alternative mobile phases were also employed, including stronger IP reagents, 269 

including hexylammonium acetate (HAA) (10 mM HAA + 1 mM Mg2+). However, under these 270 

conditions, lower resolution separation of larger RNAs and mRNA dimers/multimers was 271 

observed (see Supplementary Figure S4). Furthermore, using stronger IP reagents such as HAA 272 

requires a higher concentration of organic modifier to elute the RNA, which may also result in 273 

denaturation of the mRNA multimers.  274 

3.2 Mass Photometry analysis of mRNA multimers purified using IP-RP HPLC 275 

Mass photometry (MP) was used to characterise and size the corresponding mRNA species 276 

(monomer and dimer/multimer) isolated directly from IP-RP HPLC. Sizing of the eGFP mRNA 277 

was performed following calibration using a ssRNA ladder (200-6000 nts), demonstrating the 278 

ability of MP to accurately determine the size of the mRNA. The MP data for eGFP mRNA 279 

(prior to IP-RP HPLC purification) reveals additional, less abundant mRNA species of 280 

increased size, consistent with mRNA dimers or multimers (Supplementary Figure S5). 281 

Following IP-RP HPLC at 55 ℃, the corresponding peaks (1 and 2) were collected and 282 

analysed directly using MP (see Figure 2). The results showed that peak 1 corresponds to the 283 

eGFP monomer, and peak 2 showed the presence of multiple RNA species, with the most 284 

abundant corresponding to the mRNA dimer. It is interesting to note that the data also showed 285 

the presence of the mRNA trimer that was not observed from the mRNA monomer purified 286 

using IP-RP HPLC (see Figure 2).  287 

Following confirmation using MP that the additional peaks observed in the non-denaturing IP-288 

RP HPLC correspond to the eGFP mRNA dimers/multimers, further work was performed to 289 

optimise the separation and fractionation of the eGFP mRNA monomer, dimer and multimers. 290 

Fractionation of the central apex of the mRNA monomer and dimer peaks and an expanded 291 

fraction of the mRNA multimers was performed (see Figure 2C). MP was subsequently used 292 

to characterise and size these fractions (see Figure 2D). The results show that only the mRNA 293 

monomer was observed in peak 1, and predominantly the mRNA dimer was observed in peak 294 

2. Furthermore, the results show that for the peak (3), a wide range of mRNA multimers were 295 

identified, including trimer, tetramers, pentamers and hexamers for eGFP mRNA.   296 

 297 
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3.3 mRNA concentration affects multimerisation 298 

The formation of protein multimers (dimers, trimers, etc.) is concentration-dependent, with 299 

higher concentrations generally favouring multimer formation [40–42]. Therefore, to further 300 

study the effects of mRNA concentration on multimerisation, a range of different 301 

concentrations (5 ng/µL (16.1 nM) to 200 ng/µL (645.9 6nM)) of eGFP mRNA were analysed 302 

using IP-RP HPLC in the presence of magnesium (Figure 3). A significant difference in the 303 

relative amounts of mRNA dimer (multimer) analysed at 54 ℃ comparing a low concentration 304 

of mRNA (5 ng/µL) where little or no mRNA dimer (multimer) (91.0% monomer, 9.0% 305 

multimers) is observed compared to the higher concentration (200 ng/µL) where the majority 306 

of the mRNA is present as dimers (multimers) with little or no monomer observed (14.3% 307 

monomer, 85.7% multimers) (see Figure 3B). 308 

Using the relative percentage of dimer vs concentration of monomer, we were able to determine 309 

that the Kd of the interaction between two eGFP mRNA monomers was 82.93 nM (Figure 3C). 310 

As the concentration of purified dimer from the IP-RP HPLC (~16.1 nM)  used for MP is lower 311 

than the Kd, this likely explains the presence of monomer in the purified dimer peak (peak 2) 312 

(see Figure 2D).   313 

 These results demonstrate that increasing eGFP mRNA concentration promotes the formation 314 

of mRNA dimers and multimers, a finding consistent with the concentration-dependent 315 

multimerisation observed for a range of RNAs [43,44]. Moreover, the ability to inject a wide 316 

range of different concentrations of mRNA highlights the ability to study the effect of 317 

concentration using IP-RP HPLC, which is not possible using mass photometry, where 318 

typically low concentrations of RNA are required for analysis.  319 

Further studies were performed by injecting different volumes of mRNA from the same 320 

concentration to study the effect of analysing different masses of mRNA (see Supplementary 321 

Figure S6). No difference in mRNA multimerisation was observed, demonstrating that mRNA 322 

multimerisation is independent of mass analysed on the IP-RP HPLC and varies with mRNA 323 

concentration. 324 

 325 

 326 

https://www.zotero.org/google-docs/?9YK4th
https://www.zotero.org/google-docs/?wfKssa
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3.4 Heat denaturation of mRNA samples prior to mRNA analysis of mRNA multimers. 327 

To further investigate the mRNA multimers and their potential dynamic equilibrium, the 328 

mRNA sample was heat-denatured (75 °C for 5 minutes) immediately before analysis by non-329 

denaturing IP-RP HPLC. Following the previous results that showed the relationship between 330 

mRNA concentration and mRNA multimerisation, experiments were performed using heat 331 

denaturation of the mRNA samples across a range of different mRNA concentrations (see 332 

Figure 4A). At a low eGFP mRNA concentration (10 ng/µL), heat denaturation of the mRNA 333 

reduced the relative amount of dimers and multimers, an effect observed across all column 334 

temperatures tested. These results are consistent with previous data obtained using heat 335 

denaturation prior to SEC analysis of mRNA [22,25]. However, at higher mRNA 336 

concentrations, mRNA dimers (multimers) were still present, indicating that this step did not 337 

result in the complete removal of the mRNA multimers. The non-denaturing IP-RP HPLC 338 

analysis across different column temperatures studied was consistent with previous 339 

observations for eGFP mRNA.  340 

Interestingly,  IP-RP HPLC analysis at 54 ℃ showed the highest relative abundance of mRNA 341 

dimer, indicating the temperature dependence on mRNA dimerisation (see Figure 4B). Indeed, 342 

mRNA is known to have complex thermal unfolding pathways, with many closely spaced 343 

transitions likely indicating closely related unfolding intermediates [45]. It is plausible that, 344 

analogous to protein behaviour, these partially unfolded states may be populated to a higher 345 

degree at elevated temperatures, allowing more dimerisation or oligomerisation to occur [46–346 

48]. It is important to note that the mRNA sample experiences a distinct thermodynamic 347 

environment, reflecting both the column temperature in combination with the pressure during 348 

the HPLC. This is likely to reduce the effective thermal energy experienced by the molecule 349 

compared to a sample heated at atmospheric pressure.  350 

In addition, further experiments were performed by heat-denaturing the mRNA sample prior 351 

to IP-RP HPLC analysis of the mRNA sample over a prolonged time period to study if the 352 

population of the mRNA monomer and multimers changes over time (see Supplementary 353 

Figure S7). No significant change in the population of the mRNA dimers/multimers is observed 354 

over time, therefore demonstrating that there is a rapid equilibrium of the mRNA 355 

monomer/dimer in solution or under the chromatography conditions consistent with previous 356 

observations.  357 

 358 

https://www.zotero.org/google-docs/?gJP7Iv
https://www.zotero.org/google-docs/?5UvIpn
https://www.zotero.org/google-docs/?hMQUip
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3.5 Applications of non-denaturing  IP-RP HPLC for the analysis of mRNA 359 
multimerisation 360 

Following optimisation of the separation and the temperature-dependent analysis of eGFP 361 

mRNA multimers using non-denaturing IP-RP HPLC, further studies were employed to 362 

analyse a variety of alternative mRNAs, including a 1925 nt mRNA (fLuc), 1883 nt, 2098 nt 363 

mRNA and 4286 nt mRNA (CSP) (see Figure 5). Separation of the mRNA monomer from 364 

mRNA dimer/multimers was seen in a temperature-dependent manner, consistent with eGFP 365 

mRNA. Clear differences are observed for the IP-RP chromatograms for each of the different 366 

mRNAs, reflecting the relative abundance of mRNA monomer and mRNA dimer (multimers) 367 

present in each sample at the concentrations analysed. In particular, the 1925 nt mRNA (fLuc) 368 

shows a higher relative abundance of mRNA multimers in comparison to the 2098 nt mRNA. 369 

Mass photometry (MP) analysis, following the isolation and purification of the corresponding 370 

IP-RP HPLC peaks, confirmed that mRNA dimer/multimers are present in each of the later-371 

eluting fractions across all different mRNAs analysed (see Figure 6). 372 

 For the IP-RP HPLC-purified multimer peak of the 1883 nt mRNA, MP analysis shows the 373 

presence of multiple higher-order species, including dimer, trimer, and tetramer. In contrast, 374 

only the monomer was identified in the purified mRNA (peak 1).  MP analysis also supports 375 

the IP-RP chromatographic data, showing that the purified 1925-nt fLuc mRNA contains a 376 

higher relative abundance of multimeric species, notably trimers and tetramers. These results 377 

demonstrate the application of the non-denaturing IP-RP HPLC to rapidly determine and 378 

compare the relative abundance of mRNA multimers to monomers present in mRNA samples 379 

and provide important further insight into the stability of the non-covalent mRNA multimers 380 

by comparing their relative abundance at specific temperatures in the non-denaturing IP-RP 381 

HPLC. Further optimisation of the mobile phases, gradients and stationary phases will enable 382 

improved separation of the mRNA monomers from dimers/multimers for larger mRNAs, 383 

which is currently challenging.  384 

 385 

 386 

 387 

 388 
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4. Conclusions  389 

We have developed and utilised IP-RP HPLC under non-denaturing conditions to analyse 390 

mRNA multimers (aggregates). The inclusion of 1 mM Mg²⁺ in the mobile phase stabilises 391 

mRNA higher-order structures and RNA:RNA interactions, allowing their separation from 392 

monomers and relative quantification by IP-RP HPLC. The ability to resolve mRNA monomers 393 

from mRNA dimers/multimers was demonstrated for a range of mRNA sequences and lengths. 394 

Moreover, mRNA multimerisation was shown to be concentration dependent. These results 395 

demonstrate the importance of analysing mRNA multimerisation (aggregation) over a wide 396 

range of mRNA concentrations. In addition, when comparing mRNA multimers (aggregates) 397 

from different manufacturing batches or different suppliers, it is important that accurate 398 

quantification of the mRNA is performed using the same method or orthogonal methods prior 399 

to analysis. Typical mRNA concentrations can reach >1 µg/µL during in vitro transcription 400 

reactions. At these concentrations, the relative abundance of mRNA dimers/multimers is 401 

expected to be higher than that of mRNA monomers. Furthermore, the relative abundance of 402 

mRNA dimers was shown unexpectedly to increase with temperature until a threshold was 403 

reached, beyond which denaturation of the mRNA dimer to mRNA monomer then occurred. 404 

These results suggest that at a certain temperature, the mRNA adopts a specific higher-order 405 

structure(s) that facilitates the dimer formation. 406 

The ability to readily purify the mRNA monomers and dimers/multimers enables further 407 

characterisation and downstream studies. Further characterisation and sizing of mRNA 408 

multimers was directly performed using mass photometry analysis following the purification 409 

of mRNA monomer and dimer/multimer peaks using IP-RP HPLC. The ability to resolve 410 

mRNA monomers from mRNA dimers/multimers in short chromatographic run times for 411 

further downstream analysis demonstrates significant advantages over current approaches for 412 

the analysis of mRNA multimers (aggregates). In addition, we demonstrate the importance of 413 

performing the analysis over a wide range of temperatures and concentrations of mRNA to 414 

analyse mRNA multimerisation (aggregation).  The high-throughput, temperature-dependent 415 

profiling of mRNA multimerisation using IP-RP HPLC will enable further comparative studies 416 

on the stability of mRNA multimers and provide important insights into potential factors 417 

influencing mRNA multimerisation. 418 

 419 

 420 
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Legends to Figures:  449 

 450 

Figure 1 Non-denaturing IP-RP HPLC separation of mRNA multimers. A) IP-RP 451 

chromatograms for the analysis of mRNA (eGFP 930 nt) showing the temperature dependent 452 

separation of the mRNA monomer from the mRNA dimer (multimers). B/C) IP-RP 453 

chromatograms of purified eGFP mRNA peak 1 (monomer) and peak 2 (dimer/multimer) 454 

purified at 50 °C, re-injected at varying temperatures (45-60 °C). HPLC separations were 455 

performed using gradient 2, UV detection at 260 nm.  456 

 457 

Figure 2 Mass Photometry analysis of mRNA multimers. A) IP-RP chromatograms for the  458 

analysis of eGFP mRNA (40 ng/µL) following heat denaturation (75 °C, 5 mins) at 55 °C. B) 459 

Mass Photometry analysis of peak 1 (>98% monomer) and peak 2 (dimer) purified using IP-460 

RP HPLC. The corresponding % monomer, dimer and trimer were determined based on the 461 

calculated size of the mRNA and counts from the mass photometer. C) IP-RP chromatograms 462 

for the analysis of eGFP mRNA (200 ng/µL) at 40 °C. D) Mass Photometry analysis of peak 1 463 

(100% monomer), peak 2 (>90% dimer) and peak 3 (multimers) purified using IP-RP HPLC. 464 

The corresponding % monomer, dimer and multimers were determined based on the calculated 465 

size of the mRNA and counts from the mass photometer. 466 

 467 

Figure 3 Concentration effects on mRNA multimerisation. A) IP-RP chromatograms for the 468 

analysis of selected concentrations of eGFP mRNA (5, 40 and 200 ng/µL). B) Overlaid IP-RP 469 

chromatograms of a wide range of eGFP mRNA concentrations (5-200 ng/µL).  IP-RP 470 

separations were performed using gradient 2 with UV detection at 260 nm. The corresponding 471 

mRNA monomer and mRNA dimer (multimers) are highlighted, including their relative 472 

abundance. C) % mRNA dimer concentration curve. Corresponding peak areas for the mRNA 473 

monomer and dimer were used to determine the % mRNA dimer for each mRNA 474 

concentration. The Kd was determined by non-linear regression analysis using the Specific 475 

Binding with Hill Slope equation. 476 

 477 

Figure 4 IP-RP HPLC mRNA multimerisation of heat-denatured eGFP mRNA.  IP-RP 478 

chromatograms for the analysis of eGFP mRNA (10, 40 and 200 ng/µL) following heat 479 

denaturation (75 °C, 5 mins) prior to direct analysis over a range of different column 480 

temperatures (45, 50 and 60 °C). The corresponding eGFP mRNA with no heat treatment is 481 
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shown in purple. B) IP-RP chromatograms for the analysis of eGFP mRNA (40 ng/µL) 482 

following heat denaturation (75 °C, 5 mins) prior to direct analysis over a range of different 483 

column temperatures (45-60 °C). IP RP separations were performed using gradient 1 with UV 484 

detection at 260 nm.   485 

 486 

Figure 5.  IP-RP HPLC analysis of mRNA multimerisation.  IP-RP chromatograms for the 487 

analysis of different mRNA sequences showing the temperature dependent separation of the 488 

mRNA monomer from the mRNA dimer (multimers). A) 1883 nt mRNA. B) 2098 nt mRNA. 489 

C) 1925 nt mRNA. D) 4286 nt mRNA. IP-RP separations were performed using gradient 1 490 

with UV detection at 260nm. The corresponding mRNA monomer and mRNA dimer 491 

(multimers) are highlighted. 492 

 493 

Figure 6. Mass Photometry analysis of mRNA multimers. A)   IP-RP chromatograms for the 494 

analysis of 1883 nt mRNA at 50 °C. B) Mass Photometry analysis of peak 1 (monomer) and 495 

peak 2 (dimer) purified using IP-RP HPLC. The corresponding % monomer and dimer/trimer 496 

were determined based on the calculated size of the mRNA and counts from the mass 497 

photometer. A)   IP-RP chromatograms for the analysis of 2098 nt mRNA at 40 °C. B) Mass 498 

photometry analysis of peak 1 (monomer) and peak 2 (dimer) purified using IP-RP HPLC. The 499 

corresponding % monomer and dimer/trimer were determined based on the calculated size of 500 

the mRNA and counts from the mass photometer. 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 
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