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Simultaneous quantification of multiple RNA cargos co-loaded into 
nanoparticle-based delivery systems 

Abhijeet Lokras a,1, Akash Chakravarty a,1, Thomas Rades a, Dennis Christensen b, 
Henrik Franzyk c, Aneesh Thakur a, Camilla Foged a,* 

a Department of Pharmacy, Faculty of Health and Medical Sciences, University of Copenhagen, Universitetsparken 2, 2100 Copenhagen Ø, Denmark 
b Department of Infectious Disease Immunology, Statens Serum Institut, Artillerivej 5, 2300 Copenhagen S, Denmark 
c Department of Drug Design and Pharmacology, Faculty of Health and Medical Sciences, University of Copenhagen, Jagtvej 162, 2100 Copenhagen Ø, Denmark   

A R T I C L E  I N F O   

Keywords: 
mRNA 
siRNA 
Quantification 
Nanomedicine 
IP-RP-HPLC 

A B S T R A C T   

Robust, sensitive, and versatile analytical methods are essential for quantification of RNA drug cargos loaded into 
nanoparticle-based delivery systems. However, simultaneous quantification of multiple RNA cargos co-loaded 
into nanoparticles remains a challenge. Here, we developed and validated the use of ion-pair reversed-phase 
high-performance liquid chromatography combined with UV detection (IP-RP-HPLC-UV) for simultaneous 
quantification of single- and double-stranded RNA cargos. Complete extraction of RNA cargo from the nano-
particle carrier was achieved using a phenol:chloroform:isoamyl alcohol mixture. Separations were performed 
using either a C18 or a PLRP-S column, eluted with 0.1 M triethylammonium acetate (TEAA) solution as ion- 
pairing reagent (eluent A), and 0.1 M TEAA containing 25 % (v/v) CH3CN as eluent B. These methods were 
applied to quantify mRNA and polyinosinic:polycytidylic acid co-loaded into lipid-polymer hybrid nanoparticles, 
and single-stranded oligodeoxynucleotide donors and Alt-R CRISPR single guide RNAs co-loaded into lipid 
nanoparticles. The developed methods were sensitive (limit of RNA quantification < 60 ng), linear (R2 

> 0.997), 
and accurate (≈ 100 % recovery of RNA spiked in nanoparticles). Hence, the present study may facilitate 
convenient quantification of multiple RNA cargos co-loaded into nanoparticle-based delivery systems.   

1. Introduction 

RNA therapeutics are rapidly gaining momentum due to the ad-
vancements in our understanding of the requirements for chemical 
stabilization and immune-modulation of multiple types of RNA-based 
drugs, e.g., small interfering RNA (siRNA) (Jayaraman et al., 2012) 
and messenger RNA (mRNA) (Karikó et al., 2011). However, RNA is a 
large and hydrophilic molecule, which is highly susceptible to degra-
dation by serum nucleases, and it generally does not permeate cellular 
membranes. Hence, delivery systems, e.g., lipid nanoparticles (LNPs), 
are essential to protect RNA against degradation, and to transport it 
across the cellular membrane to reach the intracellular target. An 
example is mRNA vaccines (Polack et al., 2020; Baden et al., 2021), 
which have effectively enabled the society to combat the coronavirus 
disease 2019 pandemic. Currently investigated future applications 
include more complex multivalent mRNA vaccine candidates, which are 

composed of several different mRNAs encoding multiple antigens, either 
to strengthen protective immunity, and/or to target several pathogens 
simultaneously. Another example is the CRISPR/Cas9 gene editing 
technology, where co-delivery of Cas9 endonuclease and sgRNA into 
cells is used to modify gene function (Qiu et al., 2021; Miller et al., 2017; 
Wei et al., 2020). Recently, the first CRISPR/Cas9-based gene editing 
formulation NTLA-2001, which is composed of mRNA encoding Cas9 
and sgRNA co-loaded into LNPs, was tested in a phase 1 clinical trial, 
resulting in a highly efficacious dose-dependent reduction in serum 
transthyretin protein levels (Gillmore et al., 2021). These examples 
highlight the growing interest for the combined use of multiple nucleic 
acid-based drugs. 

Compared to DNA, RNA is highly sensitive to degradation via 
different mechanisms, including chemical, physical, and enzymatic 
mechanisms, and in particular to the presence of ribonucleases (Packer 
et al., 2021). Improper sample handling during manufacturing and 
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storage may easily result in contamination with RNases, which hampers 
formulation development and the quality of the resulting formulation. 
Quality control measures and analytical methods for analyzing the pu-
rity and stability of RNA have played imperative roles in the develop-
ment and characterization of RNA-based therapeutics and vaccines 
(Knezevic et al., 2021). 

In addition, it is important to quantify the administered dose and the 
bioavailability of the RNA to understand the pharmacokinetics and 
pharmacodynamics of the drug substance. The therapeutic effect may 
depend on the release and endosomal escape of the cargo contained in 
the delivery system after cellular uptake (Maugeri et al., 2019) and may 
be dose-dependent. Thus, it is imperative to quantify each RNA cargo in 
delivery systems loaded with multiple RNAs. Although fluorescent dyes, 
e.g., the RiboGreen reagent, are widely used for quantification of nucleic 
acids, they cannot be used for simultaneous quantification of multiple 
RNA cargos, because the readout represents the cumulative fluorescence 
of all RNA cargos co-loaded into the delivery system. 

Ion-pair reverse phase HPLC (IP-RP-HPLC) is a versatile analytical 
method that is used to separate and quantify nucleic acid-based drug 
substances (Close et al., 2016). For example, it is considered as one of the 
revolutionary techniques that has enabled separation and purification of 
non-modified and nucleoside-modified mRNA (Karikó et al., 2011). The 
separation principle is based on complex formation between the poly-
anionic nucleic acid and a positively charged ion-pairing reagent, fol-
lowed by separation of the neutral and relatively hydrophobic 
complexes using RP-HPLC. Ion pairing reagents are widely available, 
inexpensive, and can be combined with other volatile alcohols to 
improve the separation of guanine-rich oligonucleotides (Basiri et al., 
2017). 

An important prerequisite for quantification of the RNA cargo of 
nanoparticles is complete extraction of RNA from the carrier. A number 
of solvents have been employed for extracting RNA from nanoparticles, 
e.g., non-ionic detergents (Berensmeier, 2006), organic solvent/aqueous 
phase mixtures (Oude Blenke et al., 2018), and phenol:chloroform:iso-
amyl alcohol (PCIA) (Blakney et al., 2019). Non-ionic detergents are the 
most widely used extraction reagents due to effective extraction of 
nucleic acid cargos from lipid-based nanocarriers. However, detergents, 
in general, are detrimental to HPLC columns and the liquid chroma-
tography flow path, and may cause signal suppression. Cargos based on 
siRNA (Huang and Fish, 2019), sgRNA (Wei et al., 2022), and mRNA 
(Kanavarioti, 2019) have been quantified using IP-RP-HPLC in a number 
of studies, but simultaneous quantification of multiple RNA cargos co- 
loaded into delivery systems remains a challenge. 

In this study, we used a reverse phase C18 column to develop an IP- 
RP-HPLC method enabling simultaneous quantification of different 
single- and double-stranded RNA cargos co-loaded into different types of 
delivery systems, i.e., LNPs, lipoplexes, and lipid-polymer hybrid 
nanoparticles (LPNs) (Fig. 1). In addition, we also quantified multiple 
RNA cargos simultaneously using a PLRP-S column, which has been 
utilized previously for separation of oligonucleotides (Karikó et al., 
2011). 

2. Materials and methods 

2.1. Materials 

CleanCap® fully 5-methoxyuridine-substituted enhanced green 
fluorescent protein (eGFP, 996 nucleotides, 352 kDa), firefly luciferase 
(FLuc, 1929 nucleotides, 652 kDa), and ovalbumin (OVA, 1437 nucle-
otides) pre-designed stock mRNA (1.0 mg/mL in 1 mM sodium citrate 
buffer, pH 6.4) were purchased from TriLink Biotechnologies (San 
Diego, CA, USA). 2′-O-Methyl-modified dicer substrate asymmetric 
siRNA duplex directed against tumor necrosis factor α (TNF-α siRNA, 
17928.334 g/mol) was generously provided by GlaxoSmithKline (Ste-
venage, UK) as a dried, purified, and desalted duplex (supplementary 
data, Table S1). Polyinosinic:polycytidylic acid [poly(I:C)] was ac-
quired from Sigma Aldrich, Denmark. Unmodified single-stranded oli-
godeoxynucleotide donor (ssODN) sequences 1, 2, 3, and 4, and sgRNA 
sequences 1 and 2 were custom-synthesized by Integrated DNA Tech-
nologies (Coralville, IA, USA) and dissolved in 10 mM TE buffer 
(Table S1). The ionizable lipids C12:200 and L5N12 were synthesized, 
purified, and characterized as reported previously (Love et al., 2010; 
Thanki et al., 2017). Poly(D,L-lactic-co-glycolic acid) (PLGA, lactide: 
glycolide molar ratio 75:25, average Mw: 20 kDa) was purchased from 
Wako Pure Chemical Industries (Osaka, Japan). PLGA with a lactide: 
glycolide molar ratio of 50:50 (average Mw of 24–38 kDa, Resomer 
503H) and poly(vinyl alcohol) (PVA) were acquired from Sigma Aldrich 
(St. Louis, MO, USA). Heparin-detergent (HD) solution was prepared in 
diethylpyrocarbonate (DEPC)-treated water at a concentration of 1 mg/ 
mL heparin (Sigma Aldrich) and 100 µM octyl-β-D-glucopyranoside 
(Sigma Aldrich). HPLC-grade triethylamine (TEA), CH3CN, acetic acid, 
ethanol, phenol, dichloromethane, and isoamyl alcohol were purchased 
from Fisher Scientific and VWR International A/S (Søborg, Denmark). 
Ultrapure water (PURELAB Flex, Elga Veolia, UK) was used to prepare 
the eluents. Quant-iTTM RiboGreen® RNA Reagent and Tris–EDTA 
buffer (10 mM Tris, 1 mM EDTA, pH 7.5) (TE buffer) were acquired from 

Fig. 1. Illustration of carriers (lipid nanoparticles, lipoplexes, and lipid-polymer hybrid nanoparticles) and cargos (ssRNA and dsRNA) used in the present study.  
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Molecular Probes, Invitrogen (Paisley, UK). 

2.2. Preparation and purification of lipid-polymer hybrid nanoparticles 
(LPNs) 

Lipid-polymer hybrid nanoparticles (LPNs, Table S2) were prepared 
either using the double emulsion solvent evaporation (DESE) method 
(LPN1-LPN3, Table S2), as reported previously (Thanki et al., 2019), or 
using the microfluidics mixing technology (LPN4-LPN7). For the 
microfluidics-based preparation, lipid and polymer were dissolved in an 
organic solvent (organic phase, Op), and the RNA cargo was dissolved in 
10 mM citrate buffer (pH 3.0), which constituted the aqueous phase 
(Ap). The Op and Ap were loaded into syringes and connected to a 
NanoAssemblr™ Ignite microfluidic mixer (Precision NanoSystems, 
Vancouver, Canada). The LPNs were dialyzed using a Slide-A-Lyzer 
dialysis cassette (Thermo Fisher Scientific, Roskilde, Denmark) with a 
3,500 MWCO against 1,000 volumes of ultrapure water with gentle 
magnetic stirring at 100 rpm for 12 h in separate chambers to remove 
the citrate buffer and the organic solvent. The dialysis medium was 
changed every 3 h, and the final formulations were collected in separate 
microcentrifuge tubes. Alternatively, the LPNs were diluted at a ratio of 
1:1 (v/v) in PVA solution (2 %, w/v) and subsequently subjected to 
ultracentrifugation, as reported previously (21). The supernatant was 
discarded to remove unencapsulated RNA, and the LPN pellet was 
redispersed in DEPC-treated water. 

2.3. Preparation of lipoplexes 

Lipoplexes (Table S2) containing eGFP mRNA were prepared using 
pipette mixing, following the principle of nanoprecipitation. L5N12 was 
dissolved in 90 % (v/v) ethanol in 10 mM citrate buffer (pH 3.0) as the 
Op, and eGFP mRNA was dissolved in nuclease-free water as the Ap. 
Lipoplexes were prepared by mixing the Op and the Ap by vigorous 
pipetting for 20 s, followed by vortexing for 1 min. 

2.4. Preparation and purification of LNPs 

C12:200-based LNPs (Wei et al., 2020) (sgLNP1-4, Table S2) were 
prepared by dissolving lipids in 90 % ethanol in 10 mM citrate buffer. 
The ssODN and sgRNA cargos were dissolved in 10 mM citrate buffer 
(pH 3.0). The Op and Ap were mixed using a NanoAssemblr™ Ignite 
microfluidic mixer at a flow rate ratio of 1:3 (Op:Ap) and a total flow rate 
of 12 mL/min, followed by dialysis for 2 h at room temperature (RT) 
against Dulbecco’s phosphate-buffered saline (D-8537 PBS, Sigma 
Aldrich, Copenhagen, Denmark). The LNPs were subsequently concen-
trated using Amicon Ultra 100 kDa membranes (Merck KGaA, Darm-
stadt, Germany) by washing >20 times to remove unencapsulated cargo. 

2.5. Extraction of RNA from nanoparticles 

The formulations were subjected to either one or all three extraction 
procedures, i.e., (i) HD-CHCl3, (ii) 1 % (w/v) Triton X-100, or (iii) PCIA 
for isolation of the cargo loaded into the nanoparticles. 

2.5.1. HD-CHCl3 extraction 
Cargo was extracted using CHCl3 and HD solution, essentially as 

reported previously (Thanki et al., 2017) with slight modifications. For 
HD extraction, 50 µL LPN or LNP dispersion were extracted with 200 µL 
CHCl3, followed by addition of 2 µL 2 % (w/v) PVA and 58 µL HD so-
lution. The mixture was vortexed vigorously for 2 min, and then 
centrifuged at 22,000 × g for 12 min. The aqueous supernatant was 
isolated carefully. 

2.5.2. Triton extraction 
The formulations were subjected to extraction with Triton-X-100 (1 

%, w/v) by dilution of the specific formulation at a volume ratio of 1:1 in 
Triton-X-100 (1 %, w/v). 

2.5.3. Phenol:chloroform:isoamyl alcohol extraction 
Equal volumes of formulation and PCIA mixture [25:24:1 (v/v/v)] 

were mixed in microcentrifuge tubes, vortexed for 20 s, and centrifuged 
at RT at 16,000 × g for 5 min. The supernatant containing the Ap 
(nucleic acid cargo) was isolated, diluted to 1 mL with nuclease-free 
water, and subsequently subjected to dialysis against 1,000 volumes of 
ultrapure water for 6 h using a dialysis cassette (10 kDa MWCO, Thermo 
Fisher Scientific, Roskilde, Denmark). The dialysis medium was renewed 
after 3 h to ensure complete removal of the organic solvent. Following 
dialysis, the sample was collected and subjected to centrifugal filtration 
using an Amicon Ultra-pure centrifugal filter (3 kDa MWCO, 0.5 mL, 
Merck KGaA, Darmstadt, Germany) to concentrate the diluted sample. 
The retentate was collected and stored in HPLC vials. 

2.6. Physicochemical characterization 

The formulations were characterized with respect to intensity- 
weighted mean hydrodynamic diameter (z-average) and polydispersity 
index (PDI), as reported previously (Thanki et al., 2017; Kauffman et al., 
2016) (Table S3). 

2.7. Quantification of RNA cargo using IP-RP-HPLC 

RNA cargo was quantified using IP-RP-HPLC applying an Agilent 
1260 Infinity HPLC system equipped with a diode array detector pre-set 
to 260 nm (Santa Clara, CA, USA). Separation was performed on a 
Phenomenex Luna C18 column (particle size 3 µm, pore size 100 Å, di-
mensions 150 mm × 4.6 mm i.d., Torrance, CA, USA), using 0.1 M 
triethylammonium acetate solution (TEAA) as eluent A and 0.1 M TEAA 
containing 25 % (v/v) CH3CN as eluent B. The pH value of both eluents 
was 7.0. The injection volume was pre-set to 30 µL. Two chromato-
graphic conditions, i.e., the column temperature (25 ◦C and 45 ◦C) and 
the percentage of CH3CN in eluent B, were investigated (Sentell and 
Dorsey, 1989) (Tables S4-S8). Chromatographic data processing and 
analysis were performed using the Agilent Chemstation Software. 

2.7.1. Quantification of TNF-α siRNA cargo 
A gradient elution method was developed for quantification of TNF-α 

siRNA using IP-RP-HPLC (Table S4). The acquisition time was pre-set to 
22 min, and the flow rate was 1 mL/min. To prepare a standard curve, a 
stock solution of TNF-α siRNA was prepared at a concentration of 18 
mg/mL in TE Buffer and serially diluted in HD solution in the range 
562.5 ng/mL–180 µg/mL for method development, and 840 ng/mL–27 
µg/mL for quantification of TNF-α siRNA in formulations. Subsequently, 
for quantification of TNF-α siRNA encapsulated in LPNs, the extracted 
sample was injected onto the column. TNF-α siRNA was quantified by 
integration of the peak areas. The encapsulation efficiency (EE, %) of 
RNA (%) was calculated according to Eq. (1): 

EE(%) =
Concentration of TNF − α siRNA in the sample

Theoretical concentration of TNF − α siRNA
× 100(%) (1) 

The analysis was performed in triplicates for both standards and 
samples. 

2.7.2. Simultaneous quantification of mRNA and poly(I:C) cargos 
A second gradient elution method was developed for the simulta-

neous quantification of eGFP mRNA and poly(I:C) using IP-RP-HPLC 
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(Table S5). The total run time for acquisition was pre-set to 38 min, and 
the flow rate was 1 mL/min. Standard solutions of eGFP mRNA and poly 
(I:C) were prepared in ultrapure water in the same vial at a concentra-
tion of 40 µg/mL eGFP mRNA and poly(I:C). This stock solution was 
serially diluted to 20, 10, 5, 2.5, and 1.25 µg/mL, respectively, in ul-
trapure water. The standards were analyzed in triplicates using IP-RP- 
HPLC. The resolution between the eGFP mRNA and poly(I:C) peaks 
was calculated using Eq. (2). 

Resolution =
Retention time of mRNA retention time of poly(I : C)

Peak width of mRNA + peak width of poly(I : C)
× 2

(2) 

For quantification of RNA loaded into LPNs and LNPs, similar 
working standards were prepared in both 1 % (w/v) Triton-X-100 and 
HD solution, separately, and run in the HPLC to obtain the respective 
standard curves, following which, Triton extraction and HD extraction 
were performed for the formulations (Table 1), and the samples 
extracted from the formulations were injected onto the column. Quan-
tification of RNA was performed by integration of the peak areas. The EE 
of eGFP mRNA and poly(I:C) in the formulations was calculated using 
Eq. (1). 

2.7.3. IP-RP-HPLC quantification of RNAs using a PLRP-S column 
The loading of RNAs loaded into the LPNs, i.e., eGFP mRNA, poly(I: 

C), and OVA mRNA, were quantified using IP-RP-HPLC, employing the 
same eluent system, i.e., 0.1 M TEAA (pH 7.0) as eluent A and 0.1 M 
TEAA + 25 % (v/v) CH3CN (pH 7.0) as eluent B. The column used for 
analysis was an Agilent PLRP-S column (particle size 3 µm, pore size 300 
Å, dimensions 150 mm × 2.1 mm i.d., Santa Clara, CA, USA). The col-
umn temperature was pre-set to 60 ◦C, and the flow rate was 0.3 mL/ 
min. UV detection was carried out at 260 nm, and the injection volume 
was pre-set to 15 µL. A gradient method was developed for simultaneous 
analysis of eGFP mRNA and poly(I:C), and for OVA mRNA and poly(I:C) 
(Table S6). For RNA quantification, [eGFP mRNA + poly(I:C)] and 
[OVA mRNA + poly(I:C)] working standards were prepared within a 
concentration range of 1.25–40 µg/mL, and both sets of standards were 
analyzed separately using IP-RP-HPLC with the PLRP-S column. Subse-
quently, the extracted samples were injected, and the EEs of the for-
mulations were calculated by integration of the peak areas. All standards 
and samples were analyzed in triplicates. In addition, FLuc mRNA 

standard solutions in the range of 1.25–20 µg/mL in DEPC-treated 
nuclease-free water were injected into the PLRP-S column. 

2.8. Simultaneous quantification of ssODNs and sgRNAs using a C18 
column 

An IP-RP-HPLC-UV method was developed (Table S7) for simulta-
neous quantification of ssODN and sgRNA. A total of six different se-
quences loaded into LNPs were quantified (Table S2). Four LNP 
formulations with different compositions (sgLNP1-4) were prepared. 
The column and chromatographic conditions used for analysis are 
described above. The method was used only to quantify the encapsu-
lated cargo, because unentrapped, linear RNA was removed by dialysis 
(20 kDa) and centrifugal filtration (300 kDa membrane). The PCIA 
extraction method was used for all formulations, for which a 1:1 dilution 
and vigorous mixing of the sgLNPs was done in the PCIA mixture, fol-
lowed by centrifugation at 16,000 × g for 5 min to isolate the extracted 
RNA. The extracted RNA was dialyzed with a 10 kDa dialysis membrane 
to remove PCIA, followed by up-concentration using a 3 kDa membrane 
filter. For RNA quantification, combined working standard solutions 
(ssODN1 and 2, and sgRNA1 and 2) or only (sgRNA1 and 2) or (ssODN3 
and 4 with sgRNA2) or (ssODN1 and 2 with sgRNA1) were prepared 
within a concentration range from 3.125 to 50 µg/mL. The C18 column 
was equilibrated with TEAA (0.1 M, pH 7.0) for at least 40 column 
volumes before injecting the standards or the samples. 

2.9. Method validation 

The IP-RP-HPLC and RP-HPLC methods were validated with respect 
to accuracy, precision, sensitivity, and reproducibility in accordance 
with the Q2 guidelines suggested by the International Conference of 
Harmonization (ICH) (Darwish et al., 2021). The linearity of the stan-
dard curves was measured as a function of coefficient of determination 
(R2). The reproducibility was assessed by determining the intraday 
variability of the developed analytical methods. The accuracy was 
measured by performing recovery experiments, in which known quan-
tities of standards were spiked into samples containing the respective 
analytes. The sensitivity of the methods was determined by calculating 
the limit of detection (LOD) and limit of quantification (LOQ). A factor 
3.3 was used as signal-to-noise ratio to calculate the LOD, and a factor 10 

Table 1 
Encapsulation efficiencies (EE)/loading, extraction method, and quantification technique used for the prepared formulations.  

Formulation Cargo EE/loading (%) EE Loading Extraction method Quantification technique 

LPN1 eGFP mRNA 26.2 x – HD-CHCl3 RiboGreen® assay 
4.7 x – HD-CHCl3 IP-RP-HPLC 

LPN2 eGFP mRNA 59.9 x – HD-CHCl3 RiboGreen® assay 
7.6 x – HD-CHCl3 IP-RP-HPLC 

LPN3 eGFP mRNA 74.6 x – HD-CHCl3 RiboGreen® assay 
8.9 x – HD-CHCl3 IP-RP-HPLC 

Lipoplexes eGFP mRNA 27.4 – x HD-CHCl3 IP-RP-HPLC 
34.4 – x Triton-X-100 IP-RP-HPLC 
99.4 – x PCIA IP-RP-HPLC 

LPN4 TNF-α siRNA 54.2 ± 0.4 x – Triton-X-100 IP-RP-HPLC 
97.1 ± 1.6 x – Triton-X-100 RiboGreen® assay 
66.6 ± 0.1 x – HD-CHCl3 IP-RP-HPLC 
94.5 ± 2.0 x – HD-CHCl3 RiboGreen® assay 

LPN5 eGFP mRNA 62.3 x – PCIA IP-RP-HPLC 
Poly(I:C) 35.9 x – PCIA IP-RP-HPLC 

LPN6 eGFP mRNA 62.3 ± 0.1 x – PCIA IP-RP-HPLC 
Poly(I:C) 35.0 ± 1.1 x – PCIA IP-RP-HPLC 

LPN7 OVA mRNA 42.8 ± 2.0 x – PCIA IP-RP-HPLC 
Poly(I:C) 36.8 ± 0.9 x – PCIA IP-RP-HPLC 

sgLNP1 sgRNA + ssODN Table 2 x – PCIA IP-RP-HPLC 
sgLNP2 sgRNA + ssODN Table 2 x – PCIA IP-RP-HPLC 
sgLNP3 sgRNA + ssODN Table 2 x – PCIA IP-RP-HPLC 
sgLNP4 sgRNA + ssODN Table 2 x – PCIA IP-RP-HPLC 

*The encapsulation efficiency calculated in this study is not only linked to formulation parameters, but includes all the losses that occur during the entire process, 
which are relatively higher for the ultracentrifugation process. 
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was used to calculate the LOQ, as suggested in the ICH Q2 guidelines. 

2.10. Quantification of RNA cargo using the RiboGreen® dye assay 

Total eGFP mRNA (encapsulated and surface-associated), and un- 
encapsulated eGFP mRNA in LPNs and LNPs were measured using the 
RiboGreen® dye assay, as reported previously (Geall et al., 2012). 
Briefly, total eGFP mRNA in the formulations was estimated by treating 
the formulations with 1 % (w/v) Triton X-100. To account for matrix 
effects, standard eGFP mRNA solutions were also diluted with 1 % (w/v) 
Triton X-100. The surface-associated and un-encapsulated eGFP mRNA 
were determined by mixing the formulations with TE buffer. The EE 
efficiency of eGFP mRNA in the formulations was calculated by sub-
tracting the amount of surface-associated and un-encapsulated eGFP 
mRNA (determined using TE buffer) from the total amount of eGFP 
mRNA (determined using Triton X-100), and dividing with the total 
amount of eGFP mRNA added to the formulation. 

2.11. Determining mRNA integrity using denaturing capillary 
electrophoresis 

Denaturing gel electrophoresis was performed using an Agilent 2100 
Bioanalyzer system (Agilent Technologies, Palo Alto, CA, USA) to 
evaluate the chemical stability of eGFP mRNA after loading into LPNs 
using the DESE and microfluidics methods, respectively. The mRNA 
cargo was extracted from C12-200-based LPNs using a 1:1 (v/v) mixture 
of LPN dispersion to 25:24:1 (v/v/v) phenol:chloroform:isoamyl alcohol 
by vortexing and subsequent centrifugation at 16,000 × g for 5 min. The 
Ap containing the extracted mRNA was carefully removed and concen-
trated using an Amicon® Ultra-0.5 centrifugal filter (10 kDa MWCO, 
Sigma Aldrich) by centrifugation at RT for 30 min at 14,000 × g. The 
filter device was inverted, and the concentrate was recovered by spin-
ning down for 2 min at 1,000 × g. The mRNA concentration added to the 
chip was calculated based on: (i) the mRNA amount quantified in the 
formulation using the RiboGreen assay, and (ii) the volume of recovered 
mRNA concentrate. To analyze the samples using the Bioanalyzer, an 

Agilent RNA 6000 Nano kit was used, and the reagents were added to the 
chip following the manufacturer’s instructions. Samples were denatured 
at 70 ◦C for 2 min in a thermoblock, and 1 μL of each sample was loaded 
into the chip. The loaded chip was vortexed for 60 s at 2,000 rpm and 
run in the Bioanalyzer. Electropherograms were collected and analyzed 
using the 2100 Expert Software (Agilent Technologies). 

2.12. Statistics 

Data was analyzed using GraphPad Prism software (version 8, La 
Jolla, CA, USA). Data are presented as mean values ± standard deviation 
(SD). Standard curves were analyzed using linear regression to deter-
mine R2. Statistically significant differences were assessed using one- 
way analysis of variance (ANOVA) or paired t-test. The significance of 
the results is indicated according to p-values: *, p < 0.05; **, p < 0.01, 
and ***, p < 0.001. A p-value ≤ 0.05 was considered statistically 
significant. 

3. Results 

3.1. Development of IP-RP-HPLC method to quantify dsRNA using a C18 
column 

Quantification methods for two different dsRNA cargos, i.e., siRNA 
and poly(I:C), were developed using TEAA as the IP reagent. As a result, 
the hydrophobic IPs formed between siRNA and TEAA are adsorbed 
onto the hydrophobic C18 column. Several gradient conditions were 
evaluated to define the eluent composition (Tables S4 and S8), which 
shifts the partition of the relatively hydrophobic TEAA-siRNA IPs from 
the column to the eluent. Full-length TNF-α siRNA eluted at 13.1 min 
when using a gradient elution by varying the composition of eluent B 
[containing 25 % (v/v) CH3CN] from 40 to 50 % from the 5th to 8th min, 
and subsequently maintaining a constant concentration of 50 % 
(Table S8) for the remaining run (Fig. 2A). 

During the method development stage, the column compartment was 
pre-set to 25 ◦C for sample acquisition. Samples were also analyzed at a 

Fig. 2. A) Representative HPLC chro-
matograms of TNF-α siRNA (22.5 µg/mL 
in HD solution) analyzed at a column 
temperature of 25 ◦C having a retention 
time of 12.61 min, and 27.0 µg/mL TNF- 
α siRNA in HD solution analyzed at 
45 ◦C displaying a retention time of 
11.20 min. Gradient conditions for 
elution are presented in Table S8. B) 
Standard curve for TNF-α siRNA quan-
tification displaying plot of integrated 
peak areas vs. injected standards of TNF- 
α siRNA in the range of 563 ng/mL to 
180 µg/mL (R2 = 0.9991). C) Repre-
sentative chromatogram of poly(I:C) 
(180 µg/mL in HD solution). Chromato-
graphic analysis was performed at a 
column temperature of 25 ◦C, and 
separate peaks for inosine and cytidine 
were obtained at retention times of 9.49 
and 10.11 min, respectively. Gradient 
conditions for elution are presented in 
Table S8. D) Standard curves con-
structed from the two separated peaks of 
poly(I:C), displaying plot of integrated 
peak areas vs. injected standards of poly 
(I:C) in the range of 563 ng/mL to 180 
µg/mL (R2 = 0.9997 for peak 1, and R2 

= 0.9996 for peak 2).   
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column temperature of 45 ◦C. At these two temperatures, there was no 
major difference in the peak profile (Fig. 2A), showing that the analyte is 
chemically stable under the applied experimental conditions. However, 
at 45 ◦C, the retention time of TNF-α siRNA decreased by 1.4 min, and 
low-intensity peaks co-eluted with the main TNF-α siRNA peak. These 
low-intensity peaks (results not shown) may represent known impurities 
from the siRNA synthesis and purification processes. Following identi-
fication of the TNF-α siRNA peak, a standard curve was constructed in 
the concentration range of 0.563–180 µg/mL (Fig. 2B), corresponding to 
16.9 ng to 5.40 µg of injected TNF-α siRNA. The R2 was 0.9991 (Fig. 2B), 
highlighting the linearity of the standard curve. 

The second dsRNA cargo was poly(I:C), which is a mismatched 
double-stranded molecule mimicking dsRNA (Fig S1) composed of one 
strand of polyinosinic acid and one strand of polycytidylic acid, held 
together by two hydrogen bonds between each base pair. For method 
development, the column temperature was pre-set to 45 ◦C. In the 
chromatogram, two peaks were observed for poly(I:C) (Fig. 2C), which 
may represent different populations of discrete molecular weight poly(I: 
C) and/or variability in the structural integrity of the molecule (Kowash 
et al., 2019). The retention time difference between these two peaks was 
0.7 min. Poly(I:C) peaks were identified, based on comparison with a 
blank (HD solution). Complete elution of these two peaks was observed 
when in percentage of eluent B was increased from 20 % to 50 % from 
the beginning to 8 min post-acquisition (Tables S4 and S8). A standard 
curve was constructed from concentrations of 563 ng/mL to 180 µg/mL 
(Fig. 2D), corresponding to 16.9 ng to 5.40 µg poly(I:C) presented to the 
diode array detector. The R2 values for these two peaks were 0.9997 and 
0.9996, respectively, highlighting the linearity of the standard curves 
(Fig. 2D). Hence, the developed IP-RP-HPLC method can be used to 
quantify siRNA and poly(I:C). 

3.2. Quantification of ssRNA separately and simultaneously with dsRNA 
using a C18 column 

Based on the molecular weight (352 kDa), the hydrophobicity, and 
the length (996 nt) of eGFP mRNA, it is expected that the retention time 
of eGFP mRNA is longer than the retention times of both TNF-α siRNA 
and poly(I:C). Initially, the chromatographic conditions and gradient 
elution established above (Table S8) were used to investigate, whether 
gradually increasing the concentration of CH3CN, i.e., by reaching 50 % 
of eluent B at 8 min and maintaining this for the rest of the run (a total 
run time of 20 min), is sufficient to elute eGFP mRNA (80 µg/mL). The 
column temperature was maintained at 25 ◦C to prevent possible 
denaturation of the injected mRNA. However, no peaks were obtained 
until 20 min. Therefore, the total run time was extended to 43 min 
(Table S9), because eGFP mRNA was apparently retained on the col-
umn, most likely due to strong interactions between the more hydro-
phobic IP and the C18 column. Thus, a steeper gradient was used in 
which the percentage of eluent B was increased from 50 % at 25.2 min to 
100 % at 35 min. This resulted in the elution of TEAA-eGFP mRNA IP 
(Table S9). The eGFP mRNA eluted as a single peak at 28.32 min 
(Fig. 3A), confirming that the integrity of eGFP mRNA is maintained 
under these chromatographic conditions. 

Based on the established quantitative methods, a modified method 
was developed to elute the eGFP mRNA with the same gradient as poly(I: 
C) by increasing the concentration of CH3CN during elution (Table S5). 
In a similar run, upon injecting the blank solution, no peaks were 
observed (results not shown), confirming that the peak observed 
initially was eGFP mRNA. In this case, the gradient developed for poly(I: 
C) elution (Table S4) was simply extended by increasing the percentage 
of eluent B from 50 % at 8 min to 87.5 % at 12 min during the run 
(Table S10). The chromatogram of a solution containing both eGFP 
mRNA and poly(I:C) at a total concentration of 8 µg/mL in HD solution 

Fig. 3. A) Representative HPLC chro-
matogram for peak identification of 80 
µg/mL eGFP mRNA in HD solution 
having a retention time of 28.3 min. 
Chromatographic condition: Flow rate 
= 0.5 mL/min, and column temperature 
= 25 ◦C. Gradient conditions for elution 
are presented in Table S9. B) Chro-
matogram of simultaneous quantifica-
tion of poly(I:C) and eGFP mRNA (8 µg/ 
mL) using the gradient elution method 
presented in Table S10. C) Chromato-
gram of simultaneous quantification of 
poly(I:C) and eGFP mRNA (20 µg/mL) 
using the optimized gradient elution 
method presented in Table S5. D) 
Gradual increase in the slope and inter-
cept of eGFP mRNA standard curve 
resulted in loss of linearity (R2 

= 0.9668, 
squares), whereas the linearity of poly(I: 
C) was maintained (R2 = 0.9996, dots).   
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displayed two peaks with retention times of 9.37 and 9.99 min, 
respectively, after which eGFP mRNA eluted at 11.4 min. The resolution 
between the second peak of poly(I:C) and the eGFP mRNA peak was 
2.87, although Gaussian peak shapes were not observed (Fig. 3B). 

It has previously been reported that the minimum resolution be-
tween two peaks should be > 1.5 for accurate quantitative analysis 
(Harris, 2004), provided they have a Gaussian shape. Hence, further 
optimization of the initial method developed for simultaneous quanti-
fication of eGFP mRNA and poly(I:C) was required to improve peak 
resolution, because the R2 value of the standard curves was < 0.96 (data 
not shown). To develop this method, the same poly(I:C) stock solution 
used for initial peak identification of poly(I:C) (Fig. 2C and Fig. 3B) was 
used. For optimization of the method described in Table S10, a freshly 
prepared standard solution of poly(I:C) from a new batch from the same 
manufacturer in TE Buffer (5 mg/mL) was used. Separation of eGFP 
mRNA and poly(I:C) with a resolution higher than 2.87 was achieved 
empirically by adjusting the percentage of eluent B during the gradient. 
A standard solution of 20 µg/mL eGFP mRNA and poly(I:C) in HD so-
lution was injected into the HPLC system, and the concentration of 
CH3CN during elution was increased gradually. From the previous ex-
periments (Fig. 3B, Table S10) it was observed that the gradient to 
separate the poly(I:C) and eGFP mRNA peaks was between 40 and 55 % 
of eluent B (Table S10). The optimized gradient method is described in 
Table S5. When gradually increasing the percentage of eluent B from 20 
% to 40 % between 3 and 5 min, and from 40 % to 48 % during the next 
2 min, and subsequently maintaining the percentage of eluent B at 48 %, 
from 7 min to 14.63 min, then poly(I:C) was eluted at a retention time of 
9.51 min (Fig. 3C). It was found that 48 % of eluent B was not sufficient 
for elution of eGFP mRNA. When the percentage of eluent B was 
increased from 48 % at 14.63 min to 75 % at 20.00 min, then eGFP 
mRNA eluted at 18.01 min (Fig. 3C). The optimized method resulted in 
an improved resolution of 20.63 between the eGFP mRNA and poly(I:C) 
peaks, which suggests that the IP-RP-HPLC method can be used for 
simultaneous quantification of eGFP mRNA and poly(I:C) co-loaded into 
a single nanoparticle formulation. 

During analysis, eGFP mRNA accumulated on the C18 column, which 
caused a gradual increase in the peak area after each injection, which 
could be related to a shorter wash time of 10 min (Fig S2A). Standards of 
eGFP mRNA and poly (I:C) were analyzed in triplicates for method 
validation, and the gradual increase in eGFP mRNA accumulation was 
determined by plotting the injections of each concentration vs the cor-
responding peak areas (Fig S2A). Linear regression of the peak areas of 
eGFP mRNA, after three consecutive injections of each of the samples, 
displayed a loss in linearity, with an R2 of 0.9668 (Fig. 3D), most likely 
due to inadequate washing of the column after each run. An optimized 
method to quantify eGFP mRNA was developed, where a series of blanks 
was run after each sample. For standards in the range of 1.25–5 µg/mL, 
two blanks were run after each injection, whereas for concentrations >

10 µg/mL, three blanks were run to elute residual eGFP mRNA retained 
on the column. Poly(I:C) was not retained on the column at a wash time 
of 10 min, which is evident by the almost constant peak areas, even after 
three injections (Fig S2B). The validated method for simultaneous 
quantitation of eGFP mRNA and poly (I:C) (Table S5), which included 
running blanks in between the standards, ensured that eGFP mRNA was 
fully eluted before the subsequent injection (Fig. S2C). 

3.3. IP-RP-HPLC method for simultaneous quantification of ssRNA and 
dsRNA using a PLRP-S column 

Based on the nucleotide length and molecular weight of eGFP mRNA 
(996 nt, 352 kDa) and OVA mRNA (1437 nt), it was hypothesized that 
these ssRNAs will have a longer retention time than the dsRNA poly(I:C) 
molecule. The PLRP-S column was equilibrated with 60 % eluent B for 
the first 4 min, and subsequently the percentage of eluent B was 
increased gradually to 100 % over a period of 5 min (Table S6). With 
this gradient, poly(I:C) eluted at 1.77 min (Fig. 4A). It was then observed 
that, when increasing the percentage of eluent B to 100 % over a period 
of 5 min, eGFP mRNA eluted at 9.43 min (Fig. 4A). The same method 
was used for simultaneous quantification of OVA mRNA and poly(I:C), 
and it was observed that poly(I:C) and OVA mRNA had retention times 
of 1.76 min and 9.38 min, respectively (Fig. 4B). The peaks displayed for 
RNAs upon separation using the PLRP-S column were sharper with a 
lower peak width and a higher resolution [60.3 between eGFP mRNA 
and poly(I:C), and 58.6 between OVA mRNA and poly(I:C)], in com-
parison to the resolution between the peaks that were obtained upon 
separation using the C18 column. The same method was applied to a 
standard curve of FLuc mRNA, and the resulting R2 value was 0.9992 
(Fig S4). 

3.4. Validation of quantification methods 

The IP-RP-HPLC methods for RNA quantification were validated in 
accordance with the Q2 Guidelines (Darwish et al., 2021) for precision, 
sensitivity, accuracy (Table 2), and reproducibility. The concentration 
range for standards of eGFP mRNA and poly(I:C) in nuclease-free water 
was 1.25–20 µg/mL when using a C18 column, while it was 1.25–40 µg/ 
mLfor the PLRP-S column. The latter range was also the range of the 
concentration for quantifying poly(I:C) and ovalbumin mRNA using the 
PLRP-S column. The mean peak area ± standard deviation (SD) was 
plotted against the amounts of working standards injected. The sensi-
tivity of the methods was determined by calculating the LODs and LOQs 
of the cargos, while the recovery was assessed as the percentage of 
spiked amounts of RNA in a specific volume of formulations, which was 
subsequently extracted, and the corresponding increase in peak area was 
noted. Linearity was assessed as a function of the standard curves 
(Table 2).The repeatability of the methods was also assessed to evaluate 

Fig. 4. A) Representative HPLC chromatograms of poly(I:C) and eGFP mRNA having retention times of 1.77 min and 9.43 min, respectively and B) chromatograms of 
poly(I:C) and OVA mRNA, having retention times of 1.76 min and 9.38 min, respectively, analyzed using a PLRP-S column using the gradient elution method 
presented in Table S6. 
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the precision of the developed method, i.e., the closeness of the values at 
similar experimental conditions. The intraday variability of the methods 
was determined to assess the repeatability. For each of the compounds, 
no significant differences were observed from the standard curves ob-
tained at different time points on the same day (Table S11). This shows 
that all the developed methods display adequate precision. 

3.5. Evaluation of encapsulation efficiency and loading of cargo using IP- 
RP-HPLC and the RiboGreen® dye assay 

The IP-RP-HPLC methods were compared to the standard Ribo-
Green® dye assay. Formulations LPN1-3 were prepared using the DESE 
method (Table S2). According to fluorescence spectroscopy data, the 
concentrations of eGFP mRNA in these formulations were 5.24, 11.98, 
and 14.93 µg/mL, respectively. However, based on IP-RP-HPLC data, the 
concentrations were only 0.94, 1.52, and 1.78 µg/mL. Hence, the dif-
ference between the encapsulation efficiencies measured using the two 
methods was very large (Fig. 5A). Evaluation of the mRNA integrity 

using the BioAnalyzer revealed that eGFP mRNA appeared to be 
degraded due to probe sonication (Fig S3), but it was not possible to 
distinguish between degraded and intact mRNA when using the Ribo-
Green® dye assay. To ensure analysis of mRNA under stable, loss-free 
conditions, L5N12 lipoplexes (Table S2) with eGFP mRNA were pre-
pared and subjected to HD-solution, Triton X-100, and PCIA extraction. 
The total loading (encapsulated + unencapsulated) of eGFP mRNA in 
the Lipoplexes was investigated using all three extraction methods, i.e., 
the HD-CHCl3, Triton X-100, and PCIA. The total loading of eGFP mRNA 
was 27.4, 34.4 and 99.4 % on extraction with HD-CHCl3, Triton-X-100, 
and PCIA, respectively. Thus, the PCIA method was crucial to ensure 
complete extraction of eGFP mRNA from the lipid-mRNA complex 
(Fig. 5B). 

Following these results, LPN5 and LPN6 were formulated, and the 
RNA loaded in these formulations was subsequently extracted using the 
PCIA reagent. Unencapsulated RNA was apparently removed by ultra-
centrifugation. The EE of poly(I:C) and eGFP mRNA in LPN5, upon 
extraction with the PCIA mixture, was found to be 35.9 % and 62.3 %, 
respectively, while that of LPN6 was found to be 35 ± 1.1 % and 62.3 ±
0.1 % for poly(I:C) and eGFP mRNA, respectively, and 36.8 ± 0.9 % and 
42.8 ± 2.0 % for poly(I:C) and OVA mRNA, respectively, in LPN7 
(Table 1). 

3.6. Simultaneous quantification of ssODNs and sgRNAs using a C18 
column 

In this study, it was expected that ssODN eluted before sgRNA, 
because the former has an 89-nucleotide length, while the sgRNA has a 
100-nucleotide length, including six bases that are 2′-O-methyl 
substituted (Table S1). It was also expected that the ssODNs or sgRNAs 
would either co-elute as a single combined peak or as two close peaks 
without baseline separation due to very similar cargo characteristics, 
resulting in IP complexes displaying similar retention characteristics. In 
the previous methods developed using the C18 or PLRP-S column (Figs. 3 
and 4,Table S5 and S6), longer-length RNAs eluted later when the 
percentage of eluent B (0.1 M TEAA/25 % v/v ACN) was increased. 

The percentage of eluent B was increased from 20 % to 40 % in 5 min, 
followed by small increments of 2–4 % until 20 min (Table S7). With 
this multistep gradient, ssODN 1 and 2 eluted separately at 18.34 and 
19.52 min, respectively (Fig. 6A), despite having the same nucleotide 
length. The gradient was ramped up by increasing the percentage of 
eluent B to 60–70 % from 21 min to 28 min (Table S7). This steep 
gradient enabled elution of sgRNAs 1 and 2 as well (Fig. 6A). The same 
method was used for simultaneous quantification of ssODNs 1 and 2, 

Table 2 
Column type LOD, LOQ, recovery and linearity of the optimized methods for 
quantification of different types of RNA cargos.  

Cargo Column LOD 
(ng) 

LOQ 
(ng) 

Recovery 
(%) 

Linearity 
(R2) 

TNF-α siRNA C18  9.0  29.4 101.6 ±
4.0  

0.9995 

Poly(I:C) in poly(I: 
C) + eGFP mRNA 

C18  8.3  27.6 106.3 ±
3.9  

0.9998 

Poly(I:C)* in poly(I: 
C) + eGFP/OVA 
mRNA 

PLRP-S  2.9  8.9 100.2 ±
0.9  

0.9996 

eGFP mRNA in poly 
(I:C) + eGFP 
mRNA 

C18  17.6  58.6 103.5 ±
8.3  

0.9979 

eGFP mRNA in poly 
(I:C) + eGFP 
mRNA 

PLRP-S  9.3  28.2 101.1 ±
1.2  

0.9981 

Ovalbumin mRNA 
in poly(I:C) +
OVA mRNA 

PLRP-S  5.0  15.3 99.8 ± 1.9  0.9995 

Data represent mean values ± SD (n = 3, independent injections). The recovery 
was tested at three concentrations from 2.25 to 10 µg/mL in LPN4 (TNF-a 
siRNA), LPN5 (C18, poly(I:C) and eGFP mRNA), LPN6 (PLRP-S, poly(I:C) and 
eGFP mRNA), LPN7 (PLRP-S, poly(I:C) and ovalbumin mRNA). 

* Pooled data from six standard curves (i.e., three for eGFP mRNA and three 
for OVA mRNA). 

Fig. 5. A) Difference in the encapsulation efficiency of eGFP mRNA in LPNs, quantified using IP-RP-HPLC and the RiboGreen® assay, respectively. B) Loading of 
eGFP mRNA in Lipoplex 1, as displayed by HD-extraction, Triton- extraction and PCIA extraction. 
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along with sgRNAs 1 and 2, in sgLNP1 formulation (Table S2). It was 
observed that the peak characteristics and retention times of the 
extracted RNAs from LNPs were similar to those of the standards 
(Fig. 6B). The sgLNP2 formulation was loaded with only sgRNAs 1 and 
2, and thus no ssODN peaks were observed (Fig. 6C). The retention times 
of ssODNs 1 and 2 were reduced from 18–19 min to 11–12 min when 
another C18 column from the same vendor with overall similar proper-
ties, as stated by the manufacturer, was used. However, the retention 
time of sgRNA 1 was constant at approximately 23 min (Fig. 6D). The 
sgRNA peak intensity was reduced, because sgRNA 2 was not part of the 
analysis. The extracted ssODNs and sgRNA (sgLNP3) peak characteris-
tics were similar to those of the standard solutions (Fig. 6E), highlighting 

that this method can also be used to quantify three RNA cargos simul-
taneously. Here, ssODNs 3 and 4 co-eluted at 12 min, while the sgRNA 2 
eluted at 23 min (Fig. 6F). Moreover, sgLNP4 was formulated with 
ssODNs 3 and 4 and sgRNA 2 (Table S2), and these cargos could be 
quantified, highlighting that the method can be used for different RNA/ 
oligo combinations, but might require further optimization (Fig. 6G). In 
all cases, the R2 value was above 0.999 for all standard solutions in the 
range 3.125–50 µg/mL. The EEs of these cargos loaded into LNPs were 
estimated using the above developed methods (Table 3). 

Fig. 6. Representative HPLC chromato-
grams of A) 50 µg/mL combined stan-
dard solutions of ssODNs 1 and 2, and 
sgRNAs 1 and 2. Gradient conditions for 
elution are presented in Table S7 B) 
ssODNs 1 and 2, and sgRNAs 1 and 2 
extracted from sgLNP1 formulation. 
Gradient conditions for elution are pre-
sented in Table S7. C) sgRNAs 1 and 2 
extracted from sgLNP2 formulation. 
Gradient conditions for elution are pre-
sented in Table S7. D) 50 µg/mL com-
bined standard solutions of ssODNs 1 
and 2, and sgRNA 1. Gradient conditions 
for elution are presented in Table S7. E) 
ssODNs 1 and 2, and sgRNA 1 extracted 
from sgLNP3 formulation. Gradient 
conditions for elution are presented in 
Table S7. F) 50 µg/mL combined stan-
dard solutions of ssODNs 3 and 4, and 
sgRNA 1. Gradient conditions for elution 
are presented in Table S7. G) ssODNs 3 
and 4, and sgRNA 1 extracted from 
sgLNP4 formulation. Gradient condi-
tions for elution are presented in 
Table S7. H) Assessment of linearity of 
combined standard solutions of ssODN 1 
(R2 = 0.9998), ssODN 2 (R2 = 0.9990, N 
= 2, over a period of two months), 
ssODNs 3 and 4 (R2 = 0.9999, co- 
elution), sgRNAs 1 and 2 (R2 = 0.9998, 
co-elution), and sgRNA 1 (R2 

= 0.9995). 
The concentration range was 3.125–50 
µg/mL.   
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4. Discussion 

While multiple analytical methods exist for quantification of RNAs, e. 
g., ion-exchange chromatography-UV and asymmetric field flow frac-
tionation combined with multi-angle light scattering detection (Easton 
et al., 2010; Mildner et al., 2021), the techniques require specialized 
instrumentation and relatively expensive channels or columns. How-
ever, ion-pairing reagents are widely available with different chemis-
tries (Kanavarioti, 2019; Zhang et al., 2011) and can form IPs of varying 
hydrophobicity with a potential to separate many anionic compounds. 
The most widely used method in the field of quantification of oligonu-
cleotides in nanoparticulate formulations is the RiboGreen® dye assay, 
which can be used in cases where high sensitivity and low LOQ are 
paramount. The challenge is that this method cannot be used for 
simultaneous quantification of different classes of oligonucleotides/ 
nucleic acids, exhibiting similar physicochemical and structural 
properties. 

IP-RP-HPLC coupled with UV detection is one of the most efficient IP 
chromatographic techniques for separation and quantification of oligo-
nucleotides/nucleic acids (Kanavarioti, 2019; Dickman and Hornby, 
2006; Studzińska et al., 2014; Nwokeoji et al., 2017). In the present 
study, this technique was used to develop methods for quantifying 
siRNA, co-loaded mRNA and dsRNA, or co-loaded sgRNA and ssODN in 
nanoparticles. In the case of RP chromatography, the oligonucleotides 
tend to adsorb and precipitate on the immobilized hydrophobic ligands 
on the stationary phase. The removal of these molecules is then solely 
based on desorption from the stationary phase to become re-dissolved 
into the eluent, thereby causing the compounds to be eluted. In addi-
tion to the molecular mass, the hydrophobicity of the analytes plays a 
role for the degree of retention of the oligonucleotides. Hence, the 
strength of organic content in the eluent determines the elution rate of 
the compounds. As the organic content of the eluent increases, e.g., by 
increasing the CH3CN content, the more hydrophobic analytes are 
eluted, in this case the oligonucleotides. These compounds display 
different nucleotide lengths and chemistries, which in the presence of 
the positively charged TEAA leads to the formation of IPs with varying 
hydrophobicity, which in turn will interact with the hydrophobic col-
umn matrix of the C18 column with different strengths. Adjusting the 
relative hydrophobicity of the eluent (e.g., by increasing the CH3CN 
content), causes differential elution of these IPs, with generally shorter 
RNAs complexed with IP eluting before longer ones. It has been reported 
previously that the elution of RNA is sequence-dependent (Azarani and 
Hecker, 2001; Huber et al., 1995). 

The overall purpose of the present study was to quantify siRNA under 
non-denaturing conditions, while allowing for a faster analysis time. It is 
a known phenomenon that an increase in the column temperature 
causes a decrease in the retention time of the analyte (Mereish and Ueda, 
1984) and may result in co-elution of some peaks. Hence, a column 
temperature of 45 ◦C was used for siRNA quantification. The same 
temperature was also employed for poly(I:C) and eGFP mRNA 
quantification. 

In our initial studies, poly(I:C) eluted as two peaks, which might be 
due to specific batch characteristics. In this study, different batches of 
poly(I:C) from the same manufacturer were used. When eGFP mRNA 

and poly(I:C) were analyzed simultaneously, poly(I:C) displayed only a 
single peak (Fig. 3C). In this case, a new stock of poly(I:C) was used, 
which indicates a variation in molecular weight between different 
batches. This also highlights that IP-RP-HPLC-UV can be used as a 
quality control tool, and that adequate characterization before addi-
tional downstream studies may help in understanding the system and 
impart the desired quality profile. 

The RiboGreen® assay can be used for quantifying a single nucleic 
acid cargo. However, the LPN formulation contained both eGFP mRNA 
and poly(I:C). Importantly, the optimized IP-RP-HPLC method can be 
used to determine the quantity of both eGFP mRNA and poly(I:C) 
simultaneously. It was found that eGFP mRNA displayed a longer 
retention time than poly(I:C). The eGFP mRNA is a single-stranded 
molecule having a chain length of 996 nt and a molecular mass of 
352 kDa, whereas poly(I:C) resembles dsRNA with a variable molecular 
weight with an upper limit, which is lower than that of eGFP mRNA 
(Kowash et al., 2019). As discussed earlier, for the formation of the IP 
complexes of oligonucleotides and nucleic acids, the ss or ds structure of 
the molecules is also an important factor in conferring different reten-
tion properties to the IP complexes. It has been described earlier that the 
exposed bases on ss nucleic acids interact directly with the hydrophobic 
column matrix (Azarani and Hecker, 2001). In case of dsRNA, the 
number of exposed bases is relatively lower, because the bases of the two 
strands are oriented towards each other, thus decreasing the hydro-
phobicity of the molecule. Thus, eGFP mRNA was expected to dispaly a 
higher hydrophobicity and a higher retention time than that of poly(I:C), 
being ss. However, under native, non-denaturing conditions, these dif-
ferences were present, but diminished, as shown by only a marginally 
increased retention time for the former, probably due to formation of 
local secondary structures (Katz and Burge, 2003; Meyer and Miklós, 
2005; Pedersen et al., 2006) that may alter the interactions with the 
column. Nevertheless, the optimized method can be used to quantify 
eGFP mRNA and poly(I:C) co-loaded into LPNs using a C18 column. A 
minor baseline drift was observed after elution of eGFP mRNA, which 
can be attributed to the increasing percentage of organic solvent in the 
eluent, causing a change in the refractive index of the mobile phase. In 
addition, we have observed that the smaller TNF-α siRNA elutes faster 
by maintaining a constant and lower concentration of eluent B 
(Table S8, Fig. 2A), which has been found to be insufficient for the 
elution of larger RNAs, i.e., eGFP mRNA. However, when increasing the 
concentration of eluent B, the mRNA peak is observed (Table S9, 
Fig. 3A), highlighting the fact that smaller and larger RNAs can be 
separated simultaneously using an optimized IP-RP-HPLC method like 
the one we have used for simultaneous quantification of poly(I:C) and 
eGFP mRNA. 

All the optimized methods for quantification of RNAs were validated 
to ensure reliability of the system for downstream applications in terms 
of physicochemical characterization of the developed formulations. To 
demonstrate the accuracy of the developed methods for quantification of 
RNAs, recovery experiments were performed using the optimized IP-RP- 
HPLC methods to delineate the possibilities for RNA losses within the 
liquid chromatography flow path. The recoveries for each of the RNA 
analytes were within the acceptance range of 95 ± 5 % to 100 ± 10 % 
(Table 2), as per the ICH Q2 Guidelines. This confirms the fact that, 

Table 3 
Encapsulation efficiencies of ssODNs and sgRNAs in LNPs, determined simultaneously using IP-RP-HPLC-UV.  

Formulation Encapsulation efficiency (%) 

ssODN 1 ssODN 2 ssODN 3 ssODN 4 sgRNA 1 sgRNA 2 

sgLNP1 92.3 80.2   93.7*  93.7* 
sgLNP2 – –   94.4*  94.4* 
sgLNP3 72.3 ± 6.1 74.6 ± 2.8   73.1 ± 4.9  – 
sgLNP4 – –  82.6*  82.6* 74.4  –  

* Coinciding numbers are due to co-elution of ssODNs or sgRNAs, and thus the encapsulation efficiency is an estimate. Data are represented as mean values ± SD (n 
= 2), where deviations are shown. 
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when formulations containing the respective RNAs were spiked with the 
standard RNAs corresponding to the formulation, an increase in the peak 
areas proportional to that of the corresponding standard was observed. 

Uponvalidation of the HPLC methods, formulations containing the 
cargos related to the developed quantification methods were prepared 
and subjected to quantification. The low encapsulation efficiencies 
measured using IP-RP-HPLC for formulations LPN1-3 (Fig. 5A) can be 
attributed to either the manufacturing method employed for the 
formulation development, or incomplete extraction. The LPNs were 
prepared using the DESE method, which involves a probe-sonication 
step (Thanki et al., 2017) that might be responsible for transferring 
sufficiently high energy to the eGFP mRNA molecules to cause partial 
degradation of the large mRNA molecule, i.e., breakdown of the mRNA 
strand at specific sites. Hence, probe sonication during manufacturing 
might results in encapsulation of these degraded (smaller) mRNA frag-
ments within the nanoparticles. In case of the RiboGreen® assay, the 
LPNs exhibited higher encapsulation, which might be due to the fact that 
most fluorescent dyes, which bind to nucleic acids, do not distinguish 
between intact nucleic acids and degraded nucleic acids (Nakayama 
et al., 2016), which could supposedly be the case for the RiboGreen® 
dye as well. The chromatograms for the same LPN formulations 
confirmed the observation that mRNA is degraded during formulation 
using the DESE method, because the peak areas were significantly lower, 
as compared to the peak areas of the standards. 

Upon observing considerable differences in the EE of LPNs, Lip-
oplexes (Table 1) were prepared using pipette mixing, which implies a 
minimal risk of loss of mRNA, because it is a one-step mixing process 
performed in a single nuclease-free tube. Phenol-chloroform-isoamyl 
alcohol (PCIA) extraction is a method, which has traditionally been 
used for extraction/purification of nucleic acids from proteins (Greco 
et al., 2014). The purification protocol was modified in the present study 
by employing several solvent removal steps after phase separation to 
remove phenol that is mixed with the supernatant along with the 
aqueous phase, containing the nucleic acids. The supernatant, when 
directly injected into the column, displayed a solvent peak, which co- 
eluted with the eGFP mRNA peak (Fig S5), and hence the solvent 
peak (due to phenol) had to be removed. Therefore, the isolated su-
pernatant was dialyzed against 1000 volumes of ultrapure water, fol-
lowed by centrifugal filtration to concentrate the mRNA. The 
Lipoplexes, when extracted using the PCIA extraction method, and 
analyzed using IP-RP-HPLC, gave a 99.4 % loading, which is close to the 
theoretical 100 %. In contrast, Triton and HD-CHCl3 extraction resulted 
in a loading of < 35 %. Hence, it was confirmed that Triton extraction 
and HD-CHCl3 extraction using 1:1 or 1:3 dilutions is not sufficient to 
extract the cargo from the nanoparticles. The high encapsulation of 
LPN4 measured using the RiboGreen® assay (Table 1) can be explained 
by the 400-times dilution of the formulation in 1 % (w/v) Triton-X-100, 
which might be sufficient to extract the nucleic acids from the lipid- 
based carriers. However, a 400-times dilution of the formulation in 
Triton cannot be done prior to HPLC analysis as up-concentration with 
Triton is not possible, since the membrane filters are not compatible 
with 1 % (w/v) Triton-X-100. The PCIA extraction was confirmed with 
the LPN5 formulation, where the EE of eGFP mRNA was found to be 
62.3 %, which is higher than the loadings that were observed for Lip-
oplexes containing eGFP mRNA, when extracted with 1 % (w/v) Triton- 
X-100 / HD-CHCl3 extraction. Therefore, the PCIA extraction procedure 
combined with the optimized IP-RP-HPLC method of analysis can be 
used for accurately quantifying multiple nucleic acid cargos (within the 
size range of 996 nt) simultaneously, by introducing a slightly changed 
gradient elution, depending on the RNAs used for the formulations. 

. For the PCIA extraction method, phenol was removed using dialysis 
for LPN5, which is not cost-efficient, and hence an alternative method 
for purification was investigated. Therefore, LPN6, which is similar to 
LPN5, was subjected to PCIA extraction, and residual phenol was 
removed using centrifugal filtration. Similar EEs were observed for both 
LPN5 and LPN6 (Table 1), indicating that the use of centrifugal 

filtration for purification step after extraction can reduce the resources 
used in the steps, along with being more time-efficient. 

Having identified the optimal extraction technique and quantifying 
dsRNA and mRNA in LPNs, we investigated whether the technique could 
be extended to LNPs containing multiple RNAs or ssODNs. Numerous 
studies have used sgRNAs and Cas9 mRNA formulated as LNPs (Qiu 
et al., 2021; Kenjo et al., 2021; Finn et al., 2018). In some cases, sgRNA 
and Cas9 mRNA are formulated separately, and the formulations are 
subsequently mixed (Kenjo et al., 2021), while there are also reports of 
using RiboGreen® for determining co-encapsulation efficiencies of 
sgRNA and Cas9 mRNA (Han et al., 2022). In another study, UPLC-UV 
was used for quantifying mRNA and sgRNA (up to 25 nt). However, it 
is not clear whether unencapsulated mRNA was removed (Han et al., 
2022). In our study, we utilized sgRNA sequences 1 and 2, which were 
100 nt in length, while the ssODNs were 89 nt (Table S1). We developed 
a method in which up to two ssODNs and two sgRNAs in LNPs can be 
quantified simultaneously using a C18 column (Fig. 6). ssODNs 1 and 2 
were most likely separated due to their hydrophobicities / structural 
differences, since both of them had the same nucleotide length. In 
contrast, ssODNs 3 and 4 co-eluted. However, baseline resolution be-
tween closely eluting peaks may be achieved by using a shallower linear 
gradient (Lin et al., 2014), followed by a step gradient to a higher eluent 
B content. When baseline resolution of ssODNs or sgRNAs could not be 
achieved because of very similar retention characteristics of the IP 
complexes, the ratio of areas between the two sgRNAs and also between 
the ssODNs was constant, which allowed simultaneous quantification. 
ssODNs 1 and 2 could be separated and quantified independently by 
autointegration with peak splitting. Alternatively, the use of columns 
with a smaller pore size may help in resolving 100 nt RNA or oligonu-
cleotides (Wei et al., 2022). A step gradient might allow for a reduction 
of the analysis time by ensuring that peaks are eluted as close as possible 
without co-elution of non-related compounds. However, this may also 
result in poor repeatability across LC systems. Thus, to ensure robust-
ness, the gradients were kept linear, even though the analysis time had 
to be increased. Columns with varying pore sizes can be employed to 
ensure rapid separation, along with tunable retention characteristics 
(Yamauchi et al., 2013). 

In conclusion, the developed IP-RP-HPLC methods can be used for 
quantification of ssRNA and dsRNA, or ssODN and sgRNA simulta-
neously. The developed methods overcome the challenges exhibited by 
the RiboGreen® assay in distinguishing two or more RNAs simulta-
neously. Besides the IP-RP-HPLC method, the extraction of the nucleic 
acids from nanoparticles ensures complete recovery from LPN or LNP 
formulations. In our case, we modified the gold standard PCIA extrac-
tion process to remove residual phenol by dialysis, and thus translate the 
procedure into an analytical setup with a clean matrix, i.e., water, for 
HPLC analysis. 

The current study can be further used as a routine procedure for 
determination of the encapsulation efficiency of multiple cargos loaded 
into nanoparticles. A step beyond the present study is to develop 
gradient-based IP-RP-HPLC methods for quantifying RNAs / nucleic 
acids with similar nucleotide lengths and molecular weights using col-
umns with varying pore sizes and chemistries. 
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Karikó, K., Muramatsu, H., Ludwig, J., Weissman, D., 2011. Generating the optimal 
mRNA for therapy: HPLC purification eliminates immune activation and improves 
translation of nucleoside-modified, protein-encoding mRNA. Nucleic Acids Res 39. 

Katz, L., Burge, C.B., 2003. Widespread selection for local RNA secondary structure in 
coding regions of bacterial genes. Genome Res. 13 (9), 2042–2051. 

Kauffman, K.J., Mir, F.F., Jhunjhunwala, S., Kaczmarek, J.C., Hurtado, J.E., Yang, J.H., 
Webber, M.J., Kowalski, P.S., Heartlein, M.W., DeRosa, F., Anderson, D.G., 2016. 
Efficacy and immunogenicity of unmodified and pseudouridine-modified mRNA 
delivered systemically with lipid nanoparticles in vivo. Biomaterials 109, 78–87. 

Kenjo, E., Hozumi, H., Makita, Y., Iwabuchi, K.A., Fujimoto, N., Matsumoto, S., 
Kimura, M., Amano, Y., Ifuku, M., Naoe, Y., Inukai, N., Hotta, A., 2021. Low 
immunogenicity of LNP allows repeated administrations of CRISPR-Cas9 mRNA into 
skeletal muscle in mice. Nat. Commun. 12 (1), 7101. 

Knezevic, I., Liu, M.A., Peden, K., Zhou, T., Kang, H.-N., 2021. Development of mRNA 
vaccines: scientific and regulatory issues. Vaccines (Basel) 9 (2), 81. 

Kowash, H.M., Potter, H.G., Edye, M.E., Prinssen, E.P., Bandinelli, S., Neill, J.C., 
Hager, R., Glazier, J.D., 2019. Poly(I:C) source, molecular weight and endotoxin 
contamination affect dam and prenatal outcomes, implications for models of 
maternal immune activation. Brain Behav. Immun. 82, 160–166. 

Lin, C.Y., Huang, Z., Jaremko, W., Niu, L., 2014. High-performance liquid 
chromatography purification of chemically modified RNA aptamers. Anal. Biochem. 
449, 106–108. 

Love, K.T., Mahon, K.P., Levins, C.G., Whitehead, K.A., Querbes, W., Dorkin, J.R., Qin, J., 
Cantley, W., Qin, L.L., Racie, T., Frank-Kamenetsky, M., Yip, K.N., Alvarez, R., 
Sah, D.W.Y., de Fougerolles, A., Fitzgerald, K., Koteliansky, V., Akinc, A., Langer, R., 
Anderson, D.G., 2010. Lipid-like materials for low-dose, in vivo gene silencing. Proc. 
Natl. Acad. Sci. U.S.A. 107 (5), 1864–1869. 

Maugeri, M., Nawaz, M., Papadimitriou, A., Angerfors, A., Camponeschi, A., Na, M., 
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Pérez Marc, G., Moreira, E.D., Zerbini, C., Bailey, R., Swanson, K.A., 
Roychoudhury, S., Koury, K., Li, P., Kalina, W.V., Cooper, D., Frenck, R.W., 
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