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A B S T R A C T   

Lipid nanoparticles (LNPs) containing ionizable cationic lipids are proven delivery systems for therapeutic 
nucleic acids, such as small interfering RNA (siRNA). It is important to understand the relationship between the 
interior pH of LNPs and the pH of the external environment to understand LNP formulation and function. Here, 
we developed a simple and rapid approach for determining the pH of the LNP core using a pH-sensitive fluo
rescent dye-based DNA probe. LNP siRNA systems containing pH-responsive DNA probes (LNP-siRNA&DNA) 
were generated by rapid mixing of lipids in ethanol and pH 4 aqueous buffer containing siRNA and DNA probes. 
We demonstrated that DNA probes were readily encapsulated in LNP systems and were sequestered into an 
environment at a high concentration as evidenced by an inter-probe FRET signal. It was shown that the pH of 
LNP encapsulated probes closely follows the pH increase or decrease of the external environment. This indicates 
that the clinically approved LNP RNA systems with similar lipid compositions (e.g., Onpattro and Comirnaty) are 
highly permeable to protons and that the pH of the interior environment closely mirrors the external environ
ment. The pH-dependent response of the probe in LNPs was also confirmed under buffer conditions at various 
pHs. Furthermore, we showed that the pH-sensitive DNA probe can be incorporated into LNP systems at levels 
that allow the pH response to be monitored at a single LNP level using convex lens-induced confinement (CLiC) 
confocal microscopy. Direct visualization of the internal pH of single particles with the fluorescent DNA probe 
was achieved by CLiC for LNP-siRNA&DNA systems formulated under both high and normal ionic strength 
conditions.   

1. Introduction 

Small interfering RNA (siRNA) and messenger RNA (mRNA)-based 
therapeutics enabled by lipid nanoparticle (LNP) delivery systems hold 
great promise for treating cancer, hereditary genetic disorders, and 
neurological and infectious diseases (Cheng et al., 2022; Hu et al., 2020; 
Witzigmann et al., 2020). The clinical potential of LNP RNA systems was 
first demonstrated by the LNP siRNA formulation, Patisiran (Onpattro), 
which was approved as a novel treatment for transthyretin-mediated 
amyloidosis (Adams et al., 2018; Akinc et al., 2019; Kulkarni et al., 
2019a). The subsequent global success of the LNP mRNA COVID-19 
vaccines (e.g., Comirnaty developed by Pfizer-BioNTech) has greatly 
amplified interest in developing LNP RNA therapeutics (Han et al., 2021; 

Kulkarni et al., 2018; Semple et al., 2010; Sun and Lu, 2023). These LNP 
RNA formulations contain ionizable cationic lipids, which are positively 
charged at acidic pH to allow the entrapment of negatively charged 
nucleic acids, but are neutral at physiological pH to minimize cytotox
icity. Furthermore, protonation of the ionizable lipids in the acidic en
dosome following uptake into cells can promote electrostatic 
interactions between the LNPs and the endosomal membrane. These 
interactions have been proposed to disrupt the endosomal membrane, 
leading to the release of nucleic acid cargos into the cytoplasm (Hafez 
et al., 2001; Han et al., 2021). Previous studies have estimated that less 
than 2 % of siRNA can escape the endosome and reach the cytosol for 
LNP-mediated siRNA delivery (Gilleron et al., 2013; Zheng et al., 2023). 
However, the precise details whereby endocytic pH regulates endosome 
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escape of RNA entrapped in ionizable LNPs remain unclear. 
It is important to develop an analytical tool to directly monitor the 

pH microenvironment experienced by ionizable lipids in LNPs during 
endocytosis. In addition, previous work indicates that during LNP for
mation, as the pH is raised from 4 to 7.4, the ionizable cationic lipids 
adopt a neutral form which promotes the fusion of small vesicles 
(formed at pH 4) into larger particles with amorphous “oil droplet” or 
“solid core” electron-dense cores at pH 7.4 (Kulkarni et al., 2018). 
However, there is no direct evidence that the interior of the LNP reflects 
the outer environment during this process. Again, a simple and rapid 
method for the monitoring of the pH microenvironment of ionizable 
lipids in LNPs is required. 

DNA-based fluorescent probes are powerful tools for analytical and 
biological applications (Huang et al., 2021; Juskowiak, 2011; Keshri 
et al., 2021; Zhao et al., 2017), including pH sensing and cellular pH 
mapping (Amodio et al., 2014; Modi et al. 2009, 2013). Furthermore, it 
is likely that such probes can be efficiently entrapped into LNPs given 
the efficient encapsulation of a variety of negatively charged macro
molecules, including siRNA, antisense oligonucleotides, and mRNA 
(Leung et al., 2015). Thus, a pH-sensitive dye-conjugated DNA probe 
could provide a strategy for directly monitoring the pH microenviron
ment of ionizable lipids inside LNPs. 6-Carboxyfluorescein (6-FAM), a 
derivative of fluorescein, has been widely used as a pH indicator in 
living cells due to its favorable spectral properties, reversible pH sensi
tivity, good photostability, and low leaking rate through the cell mem
brane (Le Guern et al., 2020). In addition, 6-FAM-DNA conjugates can be 
synthesized in a single step, and are inexpensive and easy to use. 

In this work, we used 6-FAM as a pH-sensitive dye to develop a 
fluorescent DNA probe for the direct monitoring of the pH microenvi
ronment that ionizable lipids in LNPs are exposed to. The dual-labeled 
fluorescent DNA probe was designed by conjugating 6-FAM and Alexa 
Fluor 647 (a pH-insensitive dye used as an internal reference) to the 
DNA duplex. LNP-siRNA&DNA systems were then constructed by co- 
encapsulating the pH-sensitive dye-based DNA probe with siRNA into 
LNPs. We demonstrated that the DNA probe could indicate the pH 
change inside LNPs in response to the pH change of the external buffer. 
The pH-dependent response of the probe was investigated under a range 
of pH conditions, and we demonstrated that the pH probe was associated 
with the LNPs by the presence of a FRET signal and by imaging single 
LNPs using convex lens-induced confinement (CLiC) confocal 
microscopy. 

2. Materials and methods 

2.1. Materials 

The ionizable lipid, DLin-MC3-DMA (MC3), was synthesized by the 
lab of Dr. Marco Ciufolini. The lipids, DSPC and PEG-DMG, were pur
chased from Avanti Polar Lipids. All other chemicals were purchased 
from Sigma Aldrich unless otherwise stated. All DNA oligonucleotides 
were synthesized and purified by Integrated DNA Technologies. DNA 
sequence (5′-3′) are as follows: 

O1-6FAM: 6-FAM - TACATTTTACGCCTGGTGCCT 
O2-A647: CCGACCGCAGGATCCTATAA - Alexa Fluor 647 
O3: TTATAGGATCCTGCGGTCGGAGGCACCAGGCGTAAAATGTA 

All the experiments were repeated three times, unless otherwise 
specified. 

2.2. DNA probe preparation 

All DNA oligonucleotides, including O1-6FAM, O2-A647 and O3, 
were mixed in 100 μL PBS at a concentration of 5 μM. The resulting 
mixture was first heated to 90 ◦C for 5 min and then cooled to 25 ◦C at a 
rate of 5 ◦C/15 min using a MJ Research PTC-200 Thermal Cycler. The 

assembled DNA probe was stored at 4 ◦C until usage. 

2.3. LNP formulation and characterization 

LNP-siRNA&DNA systems were formulated as previously described 
(Cheng et al., 2023; Kulkarni et al., 2019b), with slight modifications. 
All formulations were formulated by first dissolving lipids 
(DLin-MC3-DMA, Cholesterol, PEG-DMG and DSPC) into ethanol to a 
final concentration of 10 mM and at a ratio of 50/38.5/1.5/10 mol%, 
respectively. The lipid mixture was then rapidly mixed with an aqueous 
solution of siRNA and fluorescent DNA probes (at a 9:1 or 1:1 wt ratio) in 
NaOAc-NaCl (25 mM sodium acetate, 150 mM sodium chloride) pH 4 or 
NaOAc (25 mM sodium acetate) pH 4 buffer using a T-junction mixer at 
a 1:3 ethanol/aqueous buffer ratio (v/v) and a final flow rate of 20 mL 
min− 1. The amine-to-phosphate ratio (N/P) was 3. The resulting mixture 
was dialyzed overnight against >500-fold volume of various buffers 
(NaOAc-NaCl pH 4 buffer, pH 7.4 PBS, pH 4, 5, 6 or 7 citrate-phosphate 
buffer). The prepared LNPs were then sterile-filtered with a 0.2 μm 
Supor membrane syringe filter (Pall Corporation, Mississauga, ON, 
Canada) and concentrated in 30K Amicon ultracentrifugation units 
(EMD Millipore Corporation, Billerica, MA, USA). Total lipid content 
was calculated using the cholesterol concentration measured by a 
Cholesterol E Kit (Wako Diagnostics, Mountain View, CA, USA). Particle 
size (number mean) was measured via dynamic light scattering using a 
Malvern Zetasizer Nano ZS instrument. 

To quantify the encapsulation efficiency of total nucleic acids (siRNA 
and DNA) in LNPs, the same DNA probe without dye modification pre
pared using unmodified oligonucleotides was co-encapsulated with 
siRNA into LNPs as described above. Then the Quant-iT RiboGreen RNA 
Assay Kit (Wako Diagnostics, Mountain View, CA, USA) was used to 
quantify the encapsulation efficiency of total nucleic acids, in which the 
RiboGreen reagent (Excitation: 500nm/ Emission: 525 nm) shows bright 
green fluorescence upon binding to RNA or DNA. Triton X-100 can lyse 
the LNPs to release the encapsulated nucleic acids. The sum amount of 
siRNA and DNA used in the formulation was determined by treating the 
formulation with 1 % (v/v) Triton X-100 and incubating with Ribogreen 
reagent at room temperature for 5 min. The amount of un-encapsulated 
nucleic acids (siRNA and DNA) was determined by directly incubating 
the formulation with Ribogreen reagent at room temperature for 5 min. 
The encapsulation efficiency of total nucleic acids was calculated by 
subtracting the amount of un-encapsulated nucleic acids (siRNA and 
DNA) from the sum amount of siRNA and DNA used in the formulation, 
and dividing by the sum amount of siRNA and DNA used in the 
formulation. 

2.4. pH assays and fluorescence measurements 

Fluorescence measurements were performed with a PerkinElmer LS 
55 Fluorescence Spectrometer. The excitation wavelength of 6-FAM and 
Alexa Fluor 647 was 488 nm and 640 nm respectively. The emission 
spectra at the ranges of 510–750 nm and 650–760 nm were collected for 
each fluorophore. A length of 5 nm was set for both the excitation and 
emission slits. To test the particles’ behavior during pH increase, LNP- 
siRNA&DNA samples formulated and dialyzed against NaOAc-NaCl pH 
4 buffer were diluted 10 times with pH 7.4 PBS, followed by fluores
cence measurements. To lyse the particles, Triton X-100 was added to 
the diluted samples to a final concentration of 1 % (v/v). For buffer 
acidification, 0.1 N HCl was added to the diluted samples to lower the 
pH from 6.8 to 4. Alternatively, LNP samples (prediluted 10 times with 
pH 7.4 PBS) were diluted 5 times with NaOAc-NaCl pH 4 buffer until the 
final pH was 5. 

2.5. CLiC imaging 

The CLiC imaging device holds a flow cell constructed by a top glass 
coverslip (25 mm × 25 mm, 150 ± 20 μm-thick) containing an array of 
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embedded posts and a bottom glass coverslip (25 mm × 25 mm, 200 ±
10 μm-thick) containing an array of embedded microwells (Kamanzi 
et al., 2021). A deep micro-channel was present for the exchange of 
reagents. The array of posts (post diameter: 10 μm, depth: 20 nm), 
microwells (microwell diameter: 3 μm, depth: 500 nm), and the 
micro-channel were patterned by standard photolithography. This was 
followed by dry-etching of the microwells and posts using a reactive ion 
etching (RIE) technique, while the micro-channel was patterned using 
wet etching with hydrofluoric acid (Henkin et al., 2016). Both the top 
and bottom coverslips were passivated with polyethylene glycol (PEG) 
layers using silane chemistry, an amine-thiol cross-linker, and a cloud 
point PEGylation technique previously described in the literature 
(Emilsson et al., 2015; Kamanzi et al., 2021). The assembled flow cell 
was sealed in a custom microfluidic chuck for imaging. 

The microscopy setup and imaging process were performed as pre
viously described (Kamanzi et al., 2021). In short, the CLiC lens was 
controlled by a nanopositioner to a lowered position to deflect the top 
layer of the flow cell downward. This confined the suspension of parti
cles within the array of microwells. A 100 × oil immersion objective lens 
(Apochromat TIRF 100 × oil immersion objective lens N.A. 1.49, W.D. 
0.12 mm, F.O.V 22 mm) was used to image the particles. The LNP 
samples were excited by a 488 nm Coherent Sapphire LP laser and a 647 
nm Coherent Obis laser. Optimal emission filter settings were used for 
6-FAM (525 ± 50 nm, part number: Chroma ET525/50m) and Alexa 
Fluor 647 (680 ± 40 nm, part number: Chroma ET680/40m) to mini
mize the fluorescence bleed-through. The exposure time and laser power 
were 20 ms and 0.5 mW, respectively. Data analysis was performed by a 

MATLAB-based single particle tracking software developed in the lab. 

3. Results 

3.1. Probe design and LNP formulation 

The DNA duplex-based fluorescent probe developed here was 
composed of three oligonucleotides (Fig. 1A), O1, O2 and O3, in which 
O1 and O2 were labeled with 6-FAM and Alexa Fluor 647 respectively. 
6-FAM exhibited excellent pH sensitivity between pH 4 to pH 7.4 
(Figure S1), while the fluorescent signal from Alexa Fluor 647 was stable 
across this pH range, which allowed the fluorophore to act as an internal 
standard. Due to the relatively long distance (>10 nm) between the two 
dyes, with a theoretical distance of 41 base pairs (approximately 14 nm), 
no intramolecular FRET signals were observed. The sensing mechanism 
of the fluorescent pH probe is based on the excellent pH sensitivity of 6- 
FAM. As a derivative of fluorescein (Le Guern et al., 2020), similarly, the 
ionic charge and chemical structure of 6-FAM vary with its surrounding 
pH, leading to fluctuations of the photophysical properties. Under basic 
conditions, 6-FAM exhibits a very high fluorescence quantum yield 
when excited at 488 nm, but the fluorescence gradually diminishes as 
the solution becomes more acidic. This fluctuation is attributed to the 
transition of the di/tri-anionic form of 6-FAM into a mono-anionic 
equilibrium. At pH 4, the 6-FAM fluorescence was undetectable 
(“Inactivated state”) under irradiation at 488 nm because it was in a 
mono-anionic or neutral form. When the pH was raised to neutral, the 
most fluorescent di/tri-anionic form of 6-FAM took prominence over 

Fig. 1. pH-sensitive dye-based DNA probe and LNP-siRNA&DNA formulation. (A) Schematic of the DNA-based fluorescent pH sensor. (B) Workflow of the LNP- 
siRNA&DNA formulation. (C) Particle size (number mean, left) and polydispersity index (PDI, right) of LNP-siRNA&DNA measured by dynamic light scattering (DLS). 
NaOAc-NaCl refers to particles formulated and dialyzed against NaOAc-NaCl pH 4 buffer, PBS stands for control particles formulated with NaOAc-NaCl pH 4 buffer 
and dialyzed against PBS (pH 7.4). (D) CryoTEM image of LNP-siRNA&DNA (pH 4). Particles were formulated and dialyzed against NaOAc-NaCl pH 4 buffer. 
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other forms (“Activated state”), leading to strong fluorescence visualized 
as a peak at 520 nm. 

LNPs with the Onpattro lipid composition (DLin-MC3-DMA, 
Cholesterol, PEG-DMG, DSPC at a molar composition of 50/38.5/1.5/ 
10) were formulated by rapid T-tube mixing of the lipids dissolved in 
ethanol with the aqueous buffer at pH 4 (Fig. 1B). Note there are two 
ways of formulating LNP RNA systems-either using pH 4 buffers with 
low ionic strength such as 25 mM sodium acetate (NaOAc) (Kulkarni 
et al., 2018) or using pH 4 buffers with high ionic strength such as 300 
mM NaOAc or sodium citrate (Cheng et al., 2023). The use of buffers 
with high ionic strength induces fusion between the small vesicles that 
form on dispersions of lipids in ethanol into an aqueous medium (Batzri 
and Korn, 1973), reaching a size limited by the PEG-lipid content, 
whereas the use of buffers with a low ionic strength results in small 
vesicles that fuse as the pH is raised on dialysis against PBS, again 
reaching a size dictated by the PEG-lipid content (Kulkarni et al., 2018). 
Here, as we wished to characterize formed LNP RNA systems both at pH 
4 and pH 7.4, we chose to use a high ionic strength NaOAc-NaCl (25 mM 
sodium acetate, 150 mM sodium chloride) pH 4 buffer. The size and 
morphology of the LNP-siRNA&DNA systems produced using the 
NaOAc-NaCl pH 4 buffer were characterized by dynamic light scattering 
(DLS) and cryogenic transmission electron microscopy (CryoTEM). After 
dialysis against NaOAc-NaCl pH 4 buffer to remove ethanol, the particle 
size was ~45 nm (Fig. 1C), similar to that of particles formed in 
NaCl-free NaOAc (25 mM sodium acetate) pH 4 buffer and dialyzed 
against PBS (pH 7.4) (Kulkarni et al., 2018). CryoTEM images showed 

that the LNP-siRNA&DNA exhibited the expected electron-dense core 
structures at both pH 4 and pH 7.4 (Fig. 1D, Figure S2). The encapsu
lation efficiency of total nucleic acids was estimated to be 85 % by the 
RiboGreen assay. A gel mobility shift assay (Figure S3) showed that no 
free DNA probe was detectable and further confirmed the high encap
sulation efficiency of DNA probes in LNPs. 

3.2. Activation of LNP-siRNA&DNA in response to pH increases 

We first asked if the encapsulated fluorescent DNA pH probe can 
respond to a pH increase in the external buffer. At pH 4, when excited at 
488 nm, the probe showed non-detectable signals for 6-FAM; however, 
an emission peak of 6-FAM at 520 nm was observed when the pH was 
raised to 6.8 by diluting samples 10 times with PBS (Fig. 2A). Most 
interestingly, another peak appeared at 670 nm, suggesting a FRET 
interaction between 6-FAM and Alexa Fluor 647 in LNPs. Given that 
such a FRET signal was not detected for the free probe (Figure S1), this 
signal likely arose from an inter-probe interaction between 6-FAM and 
Alexa Fluor 647 when 6-FAM became activated at pH 6.8. To confirm 
this hypothesis, the LNPs were treated with Triton X-100 which would 
lyse the LNPs to release the encapsulated nucleic acids. The signal of 6- 
FAM at 520 nm increased dramatically, which could be attributed to the 
elimination of the self-quenching effects as the dye was no longer 
confined within the core of the LNP. Most importantly, the FRET peak at 
670 nm disappeared as the LNPs were lysed, confirming that the 
integrity of LNPs was essential to the FRET effects and the FRET indeed 

Fig. 2. Signal activation of DNA probes in LNP-siRNA&DNA. (A, B) Fluorescence emission spectra of DNA probes in LNP-siRNA&DNA at pH 4 and 6.8, when excited 
at 488 nm (A) and 640 nm (B). The fluorescent behavior of these samples following the addition of 1 % Triton X-100 (TX-100) was also shown. (C, D) Fluorescence 
emission spectra of DNA probes in LNP-siRNA&DNA dialyzed against citrate-phosphate buffer (containing 150 mM NaCl) at variable pHs, when excited at 488 nm (C) 
and 640 nm (D). Fluorescence intensity was normalized based on the lipid concentration. 
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originated from the inter-probe interaction inside the LNPs. Upon 640 
nm excitation, emission peaks of Alexa Fluor 647 at 670 nm were 
detected for particles in both pH 4 and 6.8 buffer, and the intensities of 
the signals were comparable (Fig. 2B), likely because the Alexa Fluor 
647 fluorophore was insensitive to pH changes. Increasing signal in
tensities together with a blue shift in the emission peak of Alexa Fluor 
647 were observed under both pH conditions with Triton X-100 
treatment. 

We next tested the pH probe in LNPs formulated and dialyzed under 
different buffer conditions. LNP-siRNA&DNA were formulated in 
NaOAc-NaCl pH 4 or NaCl-free NaOAc pH4 buffer, followed by dialysis 
against PBS. The activation of 6-FAM to produce a fluorescence signal at 
520 nm and the corresponding FRET peaks were observed for both 
particles (Figure S4). Triton X-100 treatment further confirmed that the 
FRET signals resulted from the interaction of the two probes inside the 
LNPs. We also tested the probe with LNP-siRNA&DNA (formulated in 
NaOAc-NaCl pH 4 buffer) dialyzed against citrate-phosphate buffer at 
various pHs ranging from 4 to 7 (Fig. 2C and D). As the pH increased, the 
emission signals of 6-FAM and the FRET signals both increased, indi
cating that the probe’s activation was dependent on the external buffer 
pH and that the internal core of the LNPs had the same pH as the external 
buffer. Also, the signal ratio of 6-FAM to Alexa Fluor 647 correlated well 
with the external buffer pH (Figure S5). The fluorescence ratio of 6-FAM 
to Alexa Fluor 647 was dramatically elevated by 12-fold (signal-to-noise 
ratio (S/N) = 11.9) as the pH increased from 4 to 7. It showed a wide 
dynamic range from pH 4 and 7 with a good linear relationship (R2 =

0.97). These results support the conclusion that the dual-labeled fluo
rescent DNA probe could serve as a ratiometric probe to determine the 

internal pH of LNPs. Of note, the sensitivity (S/N) of the encapsulated 
pH-responsive DNA probes for LNP internal pH sensing is comparable to 
or superior to existing DNA-based pH sensors (Table S1) (Huang et al., 
2015; Leung et al., 2019; Yue et al., 2021; Zhou et al., 2019). 

3.3. Influence of acidification on pre-activated LNP-siRNA&DNA 

To determine the response of the encapsulated pH probe to decreases 
in the external pH, LNP-siRNA&DNA samples prepared in NaOAc-NaCl 
pH 4 buffer were first activated by a 10-fold PBS dilution to achieve a 
final pH of 6.8. By simply adding a small volume of hydrochloric acid 
(HCl), the buffer pH was then lowered to 4, while the total volume of 
samples only increased by 6 %. As expected, we detected a small 
decrease (~10 %) in the signal of Alexa Fluor 647 at 670 nm (Fig. 3B). In 
contrast, as shown in Fig. 3A, a dramatic decrease in the 6-FAM (~6.2- 
fold decrease in the 520 nm peak signal) and the FRET signal (~2.7-fold 
decrease in 670 nm FRET peak) was observed. 

We also lowered the pH from 6.8 to 5 by diluting the activated LNP 
sample 5-fold with the NaOAc-NaCl pH 4 buffer. When excited with light 
at 488 nm, 6-FAM showed a 22-fold signal reduction in the emission 
peak at 520 nm (Fig. 3C). The FRET signals displayed a 14-fold decrease 
in the 670 nm peak. The factors by which both signals decreased were 
significantly larger than the dilution factor of 5. Only a 4.6-fold decrease 
in the Alexa Fluor 647 signal at 670 nm was detected, which could be 
attributed to the change in volume (Fig. 3D). Another way to decrease 
the pH would be to re-dialyze the LNP-siRNA&DNA originally dialyzed 
against PBS with NaOAc-NaCl pH 4 buffer. Results showed that no 6- 
FAM and FRET signals were detected after the re-dialysis step 

Fig. 3. Monitoring the acidification of the inside of pre-activated LNP-siRNA&DNA. (A, B) Fluorescence emission spectra of DNA probes in pre-activated LNP- 
siRNA&DNA with the addition of HCl, when excited at 488 nm (A) and 640 nm (B). (C, D) Fluorescence emission spectra of DNA probes in pre-activated LNP- 
siRNA&DNA upon a 5-fold dilution with NaOAc-NaCl pH 4 buffer, when excited at 488 nm (C) and 640 nm (D). 
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(Figure S6). There was no difference between re-dialyzed LNPs and LNPs 
directly dialyzed against NaOAc-NaCl pH 4 buffer. The results demon
strate that activation of the probe encapsulated in LNPs is fully revers
ible and that decreases in the external pH corresponds to decreases in the 
internal pH of the LNPs. The producibility of the encapsulated fluores
cent DNA pH probe for monitoring LNP internal pH change was evalu
ated by repeating the experiments five times with five independent LNP 
formulations. A great producibility was observed for the acidification 
test (HCl addition or dilution with NaOAc-NaCl pH 4 buffer), as well as 
the aforementioned pH increase test (dilution with PBS) (Figure S7). 

3.4. CLiC imaging of LNP-siRNA&DNA at a single particle scale 

To further characterize the properties of the pH-sensitive probe, we 
investigated whether we could visualize pH changes in single LNPs using 
CLiC microscopy. CLiC microscopy is an emerging single molecule/ 
particle imaging technique (Leslie et al., 2010), which enables simul
taneous size and drug-loading measurements for individual LNP 
(Kamanzi et al., 2021). The weight ratio of siRNA and the DNA pH probe 
co-encapsulated in the LNPs was first optimized to achieve a good S/N 
for 6-FAM imaging (Figure S8), keeping the total weight of siRNA and 
DNA probe constant to ensure an amine-to-phosphate (N/P) ratio of 3. 
For LNPs containing siRNA and DNA probe at a 9:1 wt ratio, few par
ticles were observed in the 6-FAM channel (green) due to the relatively 
low loading of 6-FAM. When the weight ratio of siRNA and DNA probe 
was adjusted to 1:1, a good number of particles were visible in both the 
Alexa Fluor 647 and the 6-FAM channel. LNPs containing siRNA and 
DNA probe at 1:1 ratio, denoted as LNP-siRNA&DNA (1:1), were 
therefore chosen for the CLiC imaging study. 

The LNP-siRNA&DNA (1:1) sample was imaged before and after 
buffer exchange which could increase the pH from 4 to 7.4 (Fig. 4). 
Before the buffer exchange, the green channel exhibited very low fluo
rescence signals from the 6-FAM (Fig. 4 A-ii)), while the red channel 
showed strong signals from the Alexa Fluor 647 (Fig. 4 B-ii)). However, 
after buffer exchange, a large number of single LNPs with intense 6-FAM 
signals in the green channel were observed (Fig. 4 A-iv)). The Alexa 
Fluor 647 signal remained consistently strong (Fig. 4 B-iv)). This was 
further demonstrated by plotting histograms of mean intensities per 
CLiC micro-well, for the different imaging conditions used. Fig. 4 A-i) 
and A-iii) show significant shifts in the resulting histogram plots, with 

approximately 5-fold increase in the mean fluorescence signals 
measured (from 5.3 ± 0.2 to 23.4 ± 3.8 electrons). In contrast, the 
measured fluorescence of Alexa Fluor 647 (Fig. 4 B-i) and B-iii)) remains 
relatively constant (13.8 ± 3.5 to 15.9 ± 4.3 electrons). Time-lapse 
imaging allowed us to study the dynamics of the probes’ activation 
when the single LNPs were subjected to buffer exchange, showing that 
the 6-FAM signal increased within 271 ± 165 s (Supplementary Videos, 
Figure S9). 

Lastly, we performed CLiC imaging on the probe encapsulated inside 
the LNPs formed in the presence of NaOAc pH 4 buffer and then dialyzed 
against PBS (denoted as Onpattro LNP-siRNA&DNA (1:1)) to observe 
pH-dependent changes in the fluorescence intensity. In this commonly 
used formulation process (Kulkarni et al., 2018), small vesicles were 
formed during the mixing of lipids with the NaOAc pH 4 buffer, and 
these vesicles would subsequently fuse to form larger structures when 
dialyzed against PBS (pH 7.4). This process is driven by the deproto
nation of ionizable lipids and the resultant loss of charge which causes 
them to fall out of solution. DNA probes and siRNA at a 1:1 ratio (w/w) 
in the NaOAc pH 4 buffer were mixed with an ethanol solution of the 
lipids (Onpattro lipid composition) to produce a dispersion of small 
vesicles at pH 4 (Figure S10). Buffer exchange with PBS was then per
formed to form the Onpattro LNP-siRNA&DNA (1:1) (Figure S10). The 
pH probe signals were visualized using CLiC imaging before and after 
buffer exchange (Fig. 5). At pH 4 only a few particles were observed in 
the green channel due to the weak signal of 6-FAM at low pH 
(Fig. 5A–ii)). When the pH was raised to pH 7.4, a strong 6-FAM signal 
was observed as the small vesicles coalesced into larger LNPs 
(Fig. 5A–iv)). By contrast, the fluorescence of Alexa Fluor 647 from 
single particles remained consistently strong in the red channel before 
and after buffer exchange (Fig. 5B–ii)&iv)). Histograms of fluorescence 
intensities of 6-FAM per micro-wells (Fig. 5A–i)&iii)) displayed a sig
nificant increase in the average 6-FAM signal of single LNPs after buffer 
exchange (from 4.1 ± 0.6 to 16.9 ± 4.2 electrons), while no change was 
observed for the Alexa Fluor 647 signal (Fig. 5B–i)&iii), 15.2 ± 3.2 
electrons vs 15.4 ± 3.4 electrons). These results support the conclusion 
that the pH in the interior core of LNP RNA systems containing ionizable 
lipids reflects the exterior pH no matter which formulation technique is 
employed. 

Fig. 4. CLiC imaging of LNP-siRNA&DNA (1:1) before and after buffer exchange. (A) Representative image of LNPs in the 6-FAM channel and histograms of 
fluorescence intensities per micro-wells before (pH 4, i)&ii)) and after (pH 7.4, iii)&iv)) buffer exchange. The dotted lines in i) and iii) indicate the mean fluorescence 
intensities per micro-wells before and after buffer exchange, which are 5.3 ± 0.2 electrons and 23.4 ± 3.8 electrons respectively. Scale bar = 10 μm. (B) Repre
sentative image of the same LNPs in the Alexa Fluor 647 channel and histograms of fluorescence intensities per micro-wells before (pH 4, i)&ii)) and after (pH 7.4, 
iii)&iv)) buffer exchange. The dotted lines in i) and iii) indicate the mean fluorescence intensities per micro-wells before and after buffer exchange, which are 13.8 ±
3.5 electrons and 15.9 ± 4.3 electrons respectively. Scale bar = 10 μm. 
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4. Discussion 

There are two important findings from this work. First, the pH- 
responsive DNA probe that was developed could be used to directly 
monitor the internal pH of LNP systems containing ionizable cationic 
lipids, and that the internal pH of the LNP systems with the Onpattro 
lipid composition mirrored the external pH. This finding implies that the 
internal pH of LNP RNA formulations approved clinically, such as 
Onpattro and Comirnaty, likely reflects the external pH of 7.4, consistent 
with how the ionizable lipid is in a neutral “solid oil core” form (Kul
karni et al., 2018). This is also consistent with a recent study on Com
irnaty LNPs that reported that there was no pH gradient between the 
LNP core and the external medium (Szebeni et al., 2023). Second, the 
FRET signal observed in this study is of particular interest as it supports a 
model where the encapsulated nucleic acid is sequestered at high con
centrations into a polar compartment within the LNPs at pH 7.4. The 
data presented supports the model shown in Figure S11. At pH 4, there 
was no detectable FRET between 6-FAM and Alexa Fluor 647 due to the 
inactive state of 6-FAM. When the pH was raised to 7.4, 6-FAM was 
activated, enabling efficient inter-probe FRET of 6-FAM and Alexa Fluor 
647 due to the proximity of the two dyes. Furthermore, FRET signals 
were dependent on the activation of 6-FAM and increased as the pH 
increased. When the pH was brought back to 4, 6-FAM returned to the 
inactive state, disabling the intermolecular FRET. This FRET signal im
plies a high concentration of encapsulated nucleic acids in polar regions 
of the LNP formulations at physiological pH, which is consistent with the 
proposed morphology such as inverted micelles(Leung et al., 2012) or 
“bleb”(Cheng et al., 2023) structures that contain encapsulated siRNA or 
mRNA. 

Compared to existing pH-sensitive fluorescent dyes, our rationally 
designed dual-labeled fluorescent DNA pH probe has several unique 
features. First, the use of a short DNA duplex (41 base pair) as a carrier of 
the pH-sensitive dye (6-FAM) and a mimic of siRNA is capable of 
encapsulating the dye into the LNP core specifically and therefore 
allowing for the monitoring of the pH microenvironment that ionizable 
lipids in LNPs are exposed to. In contrast, free pH-sensitive dyes cannot 
be specifically entrapped into the core of LNPs. Second, DNA can be cost- 
effectively synthesized and covalently conjugated with fluorophores in a 
single step. The covalent chemical conjugation of the DNA duplex with 
the 6-FAM and Alexa Fluor 647 could help anchor the dyes in the LNP 

core and prevent their leakage out of LNPs. Without such chemical 
conjugation, free cell dyes (pH sensitive or insensitive) can easily leak 
out of LNPs. Third, thanks to the stoichiometry of DNA hybridization 
(Leung et al., 2019), we incorporated the pH-sensitive fluorescent dye 
(6-FAM) and an internal reference dye (Alexa Fluor 647) to yield a 
ratiometric probe with a precise 1:1 stoichiometry. It holds great 
promise for practical applications of the probe for quantitatively 
measuring the interior pH of LNPs along endocytic pathways in living 
cells. However, free pH-sensitive dyes themselves lack the ability for 
precise quantification of pHs in LNPs or cells. 

To the best of our knowledge, this work represents the first inte
gration of a pH-responsive DNA nanoprobe into ionizable LNPs for direct 
determination of the interior pH of ionizable LNPs. The developed pH- 
sensitive dye-based fluorescent DNA sensor exhibits a wide working 
range, high sensitivity, and unique ability of sensing the pH of solid 
cores of ionizable LNPs (Table S1). Furthermore, the pH-sensitive DNA 
probe can be encapsulated into ionizable LNPs at levels sufficient, which 
allows for direct visualization of the internal pH of single LNPs by CLiC 
imaging. 

5. Conclusions 

In summary, we reported a dual-label fluorescent DNA pH probe 
which could be readily integrated into ionizable LNPs for the pH sensing 
purpose. The capability of the probe to determine the interior pH of 
ionizable LNPs has been demonstrated in bulk solution or at a single 
particle scale. The results of this investigation indicate that the ionizable 
lipids in the LNP RNA formulations experience a pH consistent with the 
adoption of a neutral form at physiological values. It is anticipated that 
this work will pave the way for applying functional nucleic acids and 
complex DNA nanostructures into LNPs for sensing, imaging and 
biomedical applications. 
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