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Abstract

Here, we describe a method for tracking intracellular processing of small interfering RNA (siRNA)

containing complexes using automated microscopy controls and image acquisition to minimize

user effort and time. This technique uses fluorescence colocalization to monitor dual-labeled

fluorescent siRNAs delivered by silica nanoparticles in different intracellular locations, including the

early/late endosomes, fast/slow recycling endosomes, lysosomes and the endoplasmic reticulum.

Combining the temporal association of siRNAs with each intracellular location, we reconstructed

the intracellular pathways used in siRNA processing, and demonstrate how these pathways vary

based on the chemical composition of the delivery vehicle.
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Introduction

Understanding the intracellular processing of small interfering RNA
(siRNA) containing complexes is critical to the design of siRNA
delivery vehicles. While siRNAs trafficked to the cytoplasm can be
actively incorporated into the RNA interference (RNAi) pathway,
endosomal recycling and endolysosomal retention can result in siR-
NAs being exocytosed or degraded [1,2]. It is estimated that < 1%
of internalized siRNAs reach the cytoplasm [2]. Thus, to maximize
siRNA activity, it is useful to design delivery vehicles to enhance the
trafficking of siRNAs to the cytoplasm. However, it is unclear how
to optimize delivery vehicle characteristics for optimal intracellular
processing [3].

Confocal microscopy is the preferred method to study intracel-
lular trafficking, as fluorescent colocalization analysis can quan-
tify spatiotemporal biological interactions. However, it is currently
considered labor intensive, requiring constant operator supervision
to maintain well position, focal plane and cell viability over the
duration of the experiment [4,5]. For experiments focused specifically

on siRNA processing, several methods have been used to evaluate
the processing of both guide and passenger siRNA strands [6–8].
However, researchers generally have to choose between using fixed
cell images to identify the intracellular location of siRNAs or using
live cell images to obtain kinetic information related to siRNA
trafficking in a single intracellular location.

Here, we describe a method that overcomes these limitations
allowing researchers to track the kinetics of siRNA trafficking across
multiple intracellular locations. Our method uses automated multi-
well fluorescence imaging of stable cell lines to increase the through-
put of live-cell imaging and decrease the labor associated with image
collection, while not sacrificing data quantity or quality. We applied
our method to characterize the intracellular processing of siRNA-
containing complexes and measure kinetic variations that arise from
delivery by silica nanoparticles (sNPs) with different chemical com-
positions.

During the development of our assay, several points of automa-
tion were included to reduce operator intervention and improve
the throughput of live-cell imaging. Long-term cell viability and
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Fig. 1. Intracellular trafficking flowchart. A flow chart for tracking the intracellular localization of endocytosed molecules. Shown is the protocol for generating

live-cell, kinetic colocalization profiles between the molecules and multiple intracellular locations.

function were maintained with a stage-top incubator equipped with
temperature, humidity and CO2 control. Automated stage controls
were used to record and recall the exact X/Y coordinate of an image
position, allowing multiple wells to be imaged in a single live-cell
experiment. Nikon’s Perfect Focus System (PFS) was used to prevent
axial drift in the focal plane during long-term and multi-well imaging
[9]. Finally, a dry objective was used to collect images across multiple

wells/positions without continual application of liquid immersion
media.

Fluorophores used in live-cell imaging are susceptible to pho-
tobleaching, depending on the sensitivity of the fluorophore and
the frequency of image acquisition [10]. For our assay, intracellu-
lar organelles were labeled through the constitutive expression of
fluorescent chimeric proteins, thereby minimizing photobleaching
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Fig. 2. Intracellular trafficking pathways in eukaryotic cells. To track the intracellular location of fluorescent molecules, HeLa cells were engineering to express

EGFP-labeled proteins. Rab5 (5) facilitates receptor-mediated endocytosis and vesicle fusion with the EE. Rab4 (4) regulates fast endosomal recycling from the

EE to the PM, and Rab11 (11) mediates slow endosomal recycling through the RE. Rab7 (7) directs trafficking and fusion of the LE with the lysosome. LAMP1 is

used as a marker for the lysosome, and calreticulin as a marker for the ER.

through the continual supply of new fluorophores. Photobleaching
of both the siRNA strands and organelles was further minimized by
collecting images at multiple positions in each well. This allowed
wells to be imaged at short intervals (∼30 min) while the specific
positions in each well were imaged at longer intervals (∼1.5 h)
(Fig. 1).

To characterize the kinetic association of siRNAs with intracel-
lular locations common to endocytosis and intracellular trafficking,
we engineered HeLa cells to express chimeric enhanced green flo-
rescent protein (EGFP) labeled proteins associated with intracellular
trafficking: Rab4, Rab5, Rab7, Rab11, lysosomal associated mem-
brane protein 1 (LAMP1) and calreticulin [(endoplasmic reticulum
(ER)] (Fig. 2). Ras-like guanine triphosphatases (GTPases) (Rab)
proteins, of which over 60+ members have been identified in humans,
are associated with membrane trafficking [11]. Each Rab protein
has distinct intracellular localization and trafficking through their
association with motor, membrane and soluble N-ethylmaleimide-
sensitive fusion protein attachment receptor (SNARE) proteins [11].
Endosomal membranes often contain multiple Rab proteins that
promote sorting of contents to distinct regions of the membrane and
trafficking to different intracellular destinations [12]. Rab5 is asso-
ciated with the recycling endosome (RE) and endosomal maturation,
but the majority of activated Rab5 is localized to the early endosome
(EE) [13]. Rab4, also localized in the EE, regulates fast endosomal
recycling from the EE to the plasma membrane (PM) [14]. Rab11
mediates slow endosomal recycling from the EE to an intermediate

RE before trafficking to the PM [15]. Rab7 directs trafficking and
fusion of the late endosome (LE) to the lysosome [16]. Endosomal
maturation from EE to LE is characterized by a simultaneous increase
in Rab7 and decrease in Rab5 [17]. LAMP1 is a transmembrane
protein primarily residing in the lysosome [18]. Calreticulin is a
calcium binder that resides in storage compartments of the ER [19].

In our previous work, we demonstrated that the activity of siR-
NAs was altered by the presence of dextran in the sNP delivery vehi-
cles [20]. As both formulations of sNPs (with and without dextran)
were capable of delivering siRNAs to cells (as quantified through
flow cytometry), we hypothesized that the addition of dextran sig-
nificantly altered the intracellular processing of the siRNAs. Here,
we have investigated the kinetics of siRNA intracellular trafficking
associated with delivery by sNPs +/−dextran over a ∼24-h period.
Images were collected at ∼ 30 min intervals and then analyzed using
the Pearson’s correlation coefficient for the entire image (Fig. 3).

The kinetic association of each siRNA strand (guide and passen-
ger) with Rab4-, Rab5- and Rab7-containing vesicles was similar,
with rapid accumulation, retention and decay for siRNAs deliv-
ered by either sNP (Fig. 4). While siRNAs trafficked to Rab7 were
unaffected by dextran functionalization, siRNAs delivered by the
−dextran sNP had greater retention of the passenger strands in Rab4-
and Rab5-containing vesicles than the guide strands. This would
suggest that functionalizing sNPs with dextran alters the way siRNA
strands are initially processed in fast/EEs (Rab4/5) but does not affect
their subsequent trafficking to LEs (Rab7).
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Fig. 3. Image analyses to determine kinetic colocalization profiles. Confocal images of HeLa cells expressing Rab4-GFP (cyan) transfected with sNPs +dextran and

fluorescently labeled siRNAs (only guide strand fluorescence shown, magenta), taken at different time points post-transfection. Live cell images were collected

at ∼ 30 min intervals over a ∼ 24-h period. Colocalization between the siRNA guide strand and Rab4 was calculated using Pearson’s correlation coefficient. The

increase in colocalization at 4.2 h relative to the other time points can be seen from the increased number of white pixels (overlap between cyan and magenta).

Fig. 4. Kinetic colocalization profiles of siRNA with Rab4, Rab5 and Rab7. Colocalization of siRNA strands, either guide (magenta) or passenger (cyan), with

EGFP-labeled proteins. Following siRNA transfection by sNPs with (+) or without (−) dextran, live cell images were collected at ∼ 30 min intervals for ∼ 24 h.

Colocalization between fluorophores was assessed using the Pearson’s correlation coefficient of each image.

In Rab11-containing vesicles, the accumulation of passen-
ger/guide strands was similar when delivered by sNPs −dextran,
whereas siRNAs delivered by sNPs +dextran had greater accu-
mulation of passenger strands than guide strands (Fig. 5). In the
lysosome, there was little difference between the trafficking of siRNA
strands when delivered by either sNP, however the rate of siRNA
accumulation in the lysosome decreased over the duration of the
experiment for sNPs +dextran, but increased for sNPs −dextran. The

greatest difference in siRNA trafficking between sNPs was observed
in the ER where siRNA strands delivered by sNPs −dextran were
only briefly localized, whereas siRNA strands delivered by sNPs
+dextran steadily accumulate over time.

Using the combined data sets of intracellular localization, we
determined the intracellular pathway used by each siRNA strand
and compared the differences between delivery by the different sNPs
(Fig. 6). Initially, siRNAs rapidly accumulate in the EE and colocalize

404 Microscopy, 2020, Vol. 69, No. 6



D. Vocelle et al. Kinetic analysis by confocal microscopy

Fig. 5. Kinetic colocalization profiles of siRNA with Rab11, lysosome and ER. Colocalization of siRNA strands, either guide (magenta) or passenger (cyan), with

EGFP-labeled proteins stably expressed in HeLa cells. Following siRNA transfection, using sNPs functionalized either with (+) or without (−) dextran, live cell

images were collected using a confocal microscope at ∼ 30 min intervals for ∼ 24 h. Colocalization between fluorophores was assessed using the Pearson’s

correlation coefficient of each image.

to regions associated with fast endosomal recycling (Rab4) and endo-
somal maturation (Rab5/7). Variations in siRNA strand trafficking
are observed, with greater retention of the passenger strand than
the guide strand in Rab5 vesicles. After the EE, siRNAs began to
accumulate in lysosomes, REs (Rab11) and the ER. The primary
distinction in siRNA trafficking between sNPs +/−dextran occurred
in the ER, where siRNA colocalization diminishes over time for sNPs
−dextran but increases for sNPs +dextran. Further, the accumula-
tion and retention of the passenger strand was biased toward fast
endosomal recycling when delivered using sNPs −dextran but slow
endosomal recycling when using sNPs +dextran.

Discussion

Here, we have described an automated method that increases the
throughput of confocal microscopy for analyzing the trafficking of
endocytosed material. Comparing the kinetic colocalization profiles
of guide and passenger siRNAs, this assay was capable of detecting
changes in colocalization across multiple intracellular locations and
methods of delivery. This was specifically evident in Rab5-positive
vesicles, where passenger strands had a longer residence time than
their guide strand counterparts.

Using sNPs with and without dextran, we identified differences
in the ways siRNAs were trafficked that correlated with silencing. In

the ER, siRNAs delivered by sNPs +dextran accumulated over a 24-h
period. Conversely, siRNAs delivered by sNPs −dextran reached
peak colocalization 3 h post-transfection, with their association
decaying exponentially afterwards. As the ER is a nucleation site
for siRNA-mediated RNAi, these findings may explain why dextran
functionalization of sNPs enhances the silencing activity of delivered
siRNAs [21].

Combining our data sets across multiple intracellular locations,
we determined the intracellular pathways taken by each siRNA
strand and identified differences caused by the properties of the
delivery vehicle. As observed in the trafficking of the sense strand,
dextran functionalization of sNPs reduced fast endosomal recycling
(Rab4) and increased slow endosomal recycling (Rab11). For both
siRNA strands, dextran functionalization of the sNPs prolonged
intracellular retention, which was evident in the EE (Rab5), the ER
and the lysosome. The same methods could be applied to other siRNA
delivery vehicles to improve the understanding of the intracellular
events leading to successful siRNA delivery.

This proof-of-concept study showed promising differences in the
trafficking of siRNAs based on their delivery vehicle. As this study
was limited to HeLa cells, future studies should be conducted in other
cell types to determine the extent that cell type effects the trafficking
of endocytosed cargo. In this study, colocalization was determined
using entire images; subsequent studies should explore colocalization
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Fig. 6. Kinetic colocalization heat maps. Heat maps generated from the colocalization profiles between siRNA strands and the corresponding organelles (Figs 4

and 5).

on a single cell basis, as this could provide insight into the differences
in intracellular trafficking across the cell population.

This assay is beneficial to studying of the impact of the character-
istics of delivery vehicles on siRNA trafficking and activity. However,
there is considerable potential for further optimization, by expanding
the scope of the assay to include additional intracellular pathways
and organelles. Further, we believe that the findings presented demon-
strate the potential applications of this assay to a variety of cellular
processes involving the intracellular transport of therapeutic cargo,
such as DNA, mRNA, small molecules and peptides.

Materials and methods

Materials

See Supplementary Table 1 for a detailed list of reagents and solu-
tions.

Cell lines

HeLa cells constitutively expressing EGFP-labeled proteins Rab5 and
Rab7 were generously provided by Matthew Seaman (University
of Cambridge). HeLa cells constitutively expressing EGFP-labeled
proteins (Rab4, Rab11, LAMP1 and calreticulin) were generated
using published methods [22]. Briefly, cells were seeded in 6-well
plates and transfected 24 h post-seeding with 10 μL Lipofectamine
2000 (LF2K) and 4 μg of one of the following plasmids: pEGFP-C1
RAB11A (Rab11), pEGFP-C1-RAB4b (Rab4), pEGFP-ER-14 (ER)
or pEGFP-N3-LAMP1 (lysosome). Three days post-transfection, cells
were sorted and re-plated according to their EGFP expression using
a flow cytometer. This process was repeated at 7 and 14 days post-
transfection. The average EGFP expression of the final population
was analyzed over several cell cycles and found to be stable. All cell

lines were maintained in antibiotic-free Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS).
Cells were incubated at 37◦C in 5% CO2, at 100% relative humidity,
and subcultured every 4–5 days by trypsinization.

Transfection and intracellular trafficking

HeLa cells constitutively expressing an EGFP-labeled protein (Rab4,
Rab5, Rab7, Rab11, calreticulin and LAMP1) were seeded in 15-
well confocal plates at a density of 1000 cells/well and cultured
in antibiotic-free growth media (DMEM+FBS). Twenty-four hours
after seeding, cells were transferred to a stage-top incubator chamber
and incubated at 37◦C, 5% CO2 and 100% relative humidity. The
X, Y and Z positions were recorded for three locations in each well.
Cells were then treated with 10 μL of transfection solution contain-
ing Opti-MEM, siRNA and sNPs, yielding final concentrations of
100 nM siRNA and 200 μg/mL sNP. After verifying the X, Y, and
Z positions in each well, images were collected at ∼ 30 min intervals
over ∼ 24 h. Cell morphology was monitored for signs of cytotoxicity,
which was not observed at any time.

Image acquisition and analysis

Images were acquired on a Nikon A1 confocal laser scanning
microscope using a Nikon Plan Fluor 40×/.75 dry objective. EGFP
(488/530) fluorescence was measured using an excitation of 488 nm
with a multi-line Argon laser. Each siRNA duplex was labeled at the
3′ end of the guide and passenger strand, which has been shown to
have no effect on siRNA activity [23]. Q570 (560/595) fluorescence
(siRNA guide strand) was excited at 560 nm by a HeNe laser. Q670
(647/700) fluorescence (siRNA passenger strand) was excited at
647 nm by a HeNe laser. As per the manufacturer’s information,
the Q570 and Q670 dyes are functionally equivalent to Cy3 and
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Cy5, respectively, and insensitive to changes in pH [24,25], making
them useful for tracking the siRNA strands even in endolysosomal
vesicles. The focal plane for each image was chosen to maximize
EGFP fluorescence intensity, which should be the focal plane through
the middle of the cells, and was maintained using the Nikon PFS.

Images were acquired sequentially as single XY images using
two-count Line Kalman averaging. Each well was imaged at its first
position prior to returning to the first well and then imaging the
second position in each well. After acquiring images at three positions
in each well, the sequence began again at the first position in the first
well. Using this imaging approach minimized photobleaching while
also minimizing the time between images for a given well. The entire
image was used to determine the Pearson’s correlation coefficient for
each fluorophore pairing. Images were analyzed in batch through Fiji
[26] using the Bio-Formats and JACoP plugins [27].

Supplementary data

Supplementary data mentioned in the text are available to subscribers
in JMICRO online.
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