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ABSTRACT: Precise delivery of therapeutic agents to specific cells and
subcellular compartments is crucial for effective disease treatment. Lipid
nanoparticles (LNPs) are promising drugs and gene nanocarriers, but
understanding their transport within cells and tissues remains limited. We
developed SPARKLE (Strategic Peptide, Anchored, Retained, and Kept
after Lipid Elimination), a fluorescent peptide tag designed to track LNPs
with advanced optical imaging techniques that involve lipid disruption
(e.g., cell permeabilization or tissue clearing). Unlike conventional
lipophilic dyes that wash out during lipid disruption, SPARKLE tags are
retained and fluorescently mark the positions of LNPs. As proof of
concept, we demonstrated the utility of SPARKLE tags by tracking LNPs
in vitro using the cell painting assay and in vivo within tissues using CLARITY tissue clearing and 3D light-sheet microscopy.
SPARKLE tags can offer valuable insights into LNP behavior in biological environments, enhancing the understanding of their
targeting and cargo release for clinical translation.
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The delivery of medical agents to a specific diseased tissue
or cell is critical for diagnosing and treating patients.1

Nanomedicine is a promising platform for medical applications
because nanoparticles can be used to improve the delivery of a
wide variety of chemotherapeutics,2 contrast agents,3 immu-
notherapies,4 and gene therapies5 in patients. By precisely
engineering nanoparticles with specific size, shape, and
chemistries, we can create nanomedicines that enhance the
solubility of hydrophobic drugs,6 extend blood circulation
time,7 control temporal release of drugs,8 and alter
biodistribution.9 Lipid nanoparticles (LNPs) are emerging as
the most promising class of nanomedicines for clinical
applications.10 Most notably are the lipid nanoparticle-based
vaccines that were vital in protecting the populace during the
SARS-2 pandemic.11,12 Research in developing the next
generation of lipid nanoparticles that can carry larger drug or
gene payloads, are less likely to trigger adverse immune
reactions upon administration, and can more specifically target
exact cell types in the body are ongoing.13 Despite advances in
nanomaterials engineering, the optimal design for nano-
particles to reach a specific biological target in the body after
administration is unclear.14 There is limited understanding of
how nanoparticle physical and chemical properties affect how
they interact with their biological environments in the body to
reach the desired target and release their cargo. Understanding
how nanoparticles interact at the organ, suborgan, cellular, and
subcellular levels will improve the design of more efficient drug

carriers for precise delivery of therapeutic agents and genes to
target sites in patients for any disease.15

There are currently limited methods to study the interaction
of lipid nanoparticles with cells and tissues. Radioisotopes can
be used to label lipids in the nanoparticle and imaged using
positron emission tomography (PET) or quantified using
scintillation counting.16 However, positron emission tomog-
raphy is mostly used for whole body imaging to visualize
organ-level distribution and lacks the resolution necessary for
cellular or subcellular localization of nanoparticles.17 The use
of radioactive atoms also creates disposal problems, requires
trained personnel, and presents logistical challenges for shelf
life of the radiotracers in the experimental workflow.18

Fluorescent labeling is also used to study lipid nanoparticle
behavior in cells and tissues. Fluorescent labels can be
multiplexed for imaging by using dyes with different
fluorescence spectra for lipids and cargoes. However, conven-
tional fluorescence imaging has limited depth due to the
scattering of light through lipid interfaces from cell membranes
in whole opaque tissues. Subcellular resolution with
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fluorescence is also difficult unless complex optical setups for
super-resolution imaging are made available. Quantification of
fluorescence is also semiquantitative and prevents direct
comparison between different nanoparticle designs and
experiments due to environmental effects on the optical
properties of fluorescent dyes and the possibility of the
fluorescent dyes to dissociation from the nanoparticle in
biological environments.19

Fluorescent lipophilic dyes, such as DiI (1,1′-dioctadecyl-
3,3,3′3′-tetramethylindocarbocyanine perchlorate) and DiO
(3,3′-dioctadecyloxacarbocyanine perchlorate), are used con-
ventionally to label LNPs.20 These lipophilic dye molecules
have long hydrophobic tails that allow them to become
embedded throughout the interior of LNPs and track their
movement, distribution, and cellular uptake by using
fluorescence-based imaging techniques. Sample preparation
for many fluorescence-based imaging techniques requires the
addition of chemical reagents that disintegrate or remove lipid
nanoparticles in cells and tissues. For example, immunofluor-
escence may involve the addition of detergent to permeabilize
cellular membranes for intracellular staining;21 histology uses
xylene as a clearing agent for wax infiltration that can remove
lipids and fat;22,23 and tissue clearing-enabled imaging such as
CLARITY and expansion microscopy use detergents to remove
cellular lipid membranes to reduce optical scattering
interfaces.24 As such, these lipophilic dyes and lipid nano-

particles will become disassociated and disintegrated during
the sample preparation process and are therefore incompatible
with these imaging techniques. Other functional tracking
methods, which involve using transgenic animal models to
quantitate lipid nanoparticle delivery through fluorescent or
luminescent reporter protein expression, can lead to mis-
representation in the spatial distribution and temporal kinetics
of their delivery.25

To address these issues, we developed a new chemical tag
for lipid nanoparticles called SPARKLE (Strategic Peptide
Anchored, Retained, and Kept after Lipid Elimination) that
can be retained during sample preparation for 2D and 3D
microscopy and fluorescently mark the positions of LNPs in
vitro. For our SPARKLE tag design and approach, we used the
conventional SM-102-based four-lipid component recipe
(Moderna SPIKEVAX formulation) and added DSPE-
PEG(2000)-maleimide as a fifth lipid component. This enables
conjugation of the SPARKLE peptide tag to the lipid
nanoparticles. The maleimide functional group of DSPE-
PEG(2000)-maleimide reacts with the sulfhydryl group in the
terminal cysteine (C) amino acid residue of the SPARKLE
peptide tags to link the peptide to the lipid nanoparticle. The
multiple lysine (K) amino acid residues in the SPARKLE
peptide tag contain primary amino groups in the side chain
that can be used to conjugate fluorescent dye, such as Alexa
Fluor 647 (AF647), to the lipid nanoparticle via NHS-ester

Figure 1. Design and scheme for the synthesis and testing of SPARKLE tags as chemically labeled, cross-linkable, fluorescent tags for lipid
nanoparticles. Figure created with Biorender.com.
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chemistry (see Figure S1). The remaining unreacted lysine
amino acid residues can then be used to cross-link the lipid
nanoparticles into the cell during fixation and be retained even
after lipid removal during membrane permeabilization and
staining (Figure 1).
First, we experimented with the addition of DSPE-

PEG(2000)-maleimide to the conventional lipid mixture in
varying percentages to determine how it affects the LNP size
and polydispersity as a proxy for colloidal stability. We tested

five different ratios of DSPE-PEG(2000)-maleimide:DMG-
PEG(2000), specifically 0.5 mol %:2 mol %, 0.5 mol %:1.5 mol
%, 0.5 mol %:1 mol %, 0.5 mol %:0.5 mol %, and 0.25 mol
%:1.25 mol %. After characterizing the LNP formulations using
dynamic light scattering to determine their size and
polydispersity, we chose the ratio containing 0.5% DSPE-
PEG(2000)-maleimide and 2% DMG-PEG(2000), as it
possessed similar physicochemical properties to the control
LNP with no DSPE-PEG(2000)-maleimide, with a mean z-

Figure 2. LNP characterization by dynamic and electrophoretic light scattering for (A) size and polydispersity of varying DSPE-PEG-
maleimide:DMG-PEG formulations; (B) size and polydispersity of varying SPARKLE tags; and (C) zeta potential (surface charge) measurement
for SPARKLE tag formulations. Data are displayed as mean ± standard deviation with a sample size of n = 3. CTRL indicates the control lipid
nanoparticles.

Figure 3. (A) Representative fluorescence images of various LNPs in U87-MG cells before and after lipid removal with SDS. Blue represents nuclei
counterstaining. Red represents DiI lipophilic dye, mCherry mRNA-expression, or AF647-SPARKLE CK7 tag as indicated. (B) Representative
fluorescence images of retention of LNP with various SPARKLE tags and encapsulated DiD lipophilic dye (1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt) in U87-MG cells before and after lipid removal. (C) Quantification of fluorescence
intensity retention after lipid removal of LNPs with various SPARKLE tags and encapsulated DiD lipophilic dye. Scale bars represent 100 μm. Data
are displayed as mean ± standard deviation with a sample size of n = 4. Statistical analysis performed by unpaired test with Holm−Sidak multiple
comparisons method (α = 0.05), where ns = not significant and **** = p < 0.0001.
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average size of 114.8 nm and polydispersity index of 0.12
(Figure 2A). The final lipid composition molar ratio of this
optimized LNP was 50 mol % SM-102, 10 mol % 1,2-DSPC,
37.5 mol % cholesterol, 2 mol % DMG-PEG(2000), and 0.5
mol % DSPE-PEG(2000)-maleimide. Following this, we
optimized the SPARKLE tag length by conjugating three
different peptide sequences that varied in the number of lysine
(K) residues: CK4, CK7, and CK15, and AF647 dye to form
SPARKLE-LNPs to determine which design would provide
simultaneously sufficient fluorescence signal and cross-linking
into the surrounding tissue for retention (Figures 2B and S2).
Additionally, we measured the change in surface charge (zeta
potential) of the SPARKLE-LNPs due to the increase in
number of positive charges from the lysine groups present in
the peptides as compared to the unconjugated DSPE-
PEG(2000)-maleimide control LNPs, which yielded non-
statistically significant results (Figure 2C). Furthermore, we
measured the impact of the SPARKLE-tag conjugation on the
apparent pKa of LNPs using the TNS method.26 The apparent
pKa of a LNP is the result of the average ratio of all the ionized
to deionized groups in the LNP and is used as a metric for
evaluating potential endosomal escape behavior of the LNP
cargo as well as the stability, potency, and toxicity of LNPs. As
shown in Figure S3, the apparent pKa values for maleimide-
LNPs, CK7-LNPs (peptide tag only with no dye), and AF647-
CK7-LNPs are 6.98, 6.93, and 6.55, respectively. Although
there is slight modification of the apparent pKa due to the

presence of SPARKLE-tags, these LNPs still exhibit apparent
pKa values within the optimum values of 6 to 7 as described in
literature and used in the clinic.26

To test the cross-linking ability and delipidation survival of
the SPARKLE-tagged lipid nanoparticles, we administered the
SPARKLE-LNPs to U87-MG cells, a human glioblastoma cell
line (Figure 3). To compare our SPARKLE-LNPs with existing
lipid nanoparticle tracking methods, we also separately
administered LNPs encapsulating DiI lipophilic dye and
LNPs encapsulating mCherry reporter mRNA (Figures S4
and S5) as controls since these LNPs should not cross-link
within cells after lipid removal.27 U87-MG cells were treated
with LNPs for 24 h, then fixed with paraformaldehyde,
incubated with SDS delipidation solution for 4 h, and washed
before fluorescence microscopy imaging. As shown in Figure 3,
DiI-LNPs did not survive lipid removal, as there was no
retention of the DiI fluorescence signal. For mCherry mRNA-
LNPs, mCherry reporter protein expression was retained after
lipid removal, but this was from the cross-linked mCherry
protein and not the LNP itself. For AF647-SPARKLE-CK7
LNPs, the fluorescence signal was retained after lipid removal
and demonstrates the cross-linking ability and delipidation
survival of the SPARKLE tag. We also confirmed that the
SPARKLE-tagged LNPs were not toxic to U87-MG cells using
the XTT assay (Figure S6). This led us to further experiments
to quantify the fluorescence signal retention.

Figure 4. Representative cell painting images demonstrating retained SPARKLE tags within U87-MG cells after membrane permeabilization and
staining along with labeled organelles and subcellular regions. Nuclei are stained blue with Hoechst 33342, endoplasmic reticulum and golgi
apparati are stained green with concanavalin A-AF488, the plasma membrane is stained with phalloidin-AF568 and wheat germ agglutinin (WGA)-
AF555, and CK7-SPARKLE-LNPs are labeled with AF647. White arrows indicate SPARKLE-LNP puncta inside cells. Scale bars represent 100 μm.
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We administered SPARKLE-LNPs with CK4, CK7, and
CK15 (all labeled with AF647) and control LNPs encapsulat-
ing DiD lipophilic dye (Figure S4) into U87-MG cells and
performed fixation, delipidation, and fluorescence imaging
studies as before (Figures 3B and S7). We quantified the
retention of fluorescence in images before and after
delipidation using FIJI to assess the effect of the number of
lysine residues on the effectiveness of our SPARKLE tags
(Figure 3C). We found that CK7 and CK15 SPARKLE tags
demonstrated high retention, with 104.8 ± 11.9% and 91.0 ±
17.3% of their fluorescence intensity retained after delipida-
tion, respectively. On the other hand and as expected, DiD-
LNPs did not have sufficient retention, demonstrating only
23.2 ± 2.6% retention after delipidation. Interestingly, CK4
SPARKLE tags were only weakly fluorescent before or after
delipidation, which hindered imaging and was excluded from
our image analysis. Since CK4 has fewer lysine residues
compared to CK7 and CK15, its cross-linking efficiency and
capacity are lower, leading to reduced retention. The greater
the number of lysine residues available for cross-linking, the
more likely the peptide tag will be retained and the LNP
position can be marked. We believe that 4 lysine residues are
not enough to simultaneously be conjugated with AF647 dye
and cross-link into cells to be tracked, whereas 7 and 15 lysine
residues performed well for LNP tracking.
To demonstrate the utility of our now optimized CK7-

SPARKLE-LNPs, we performed a cell painting assay. The cell
painting assay captures diverse cellular phenotypes through
high-content imaging of multicolor fluorescently labeled

organelles and subcellular compartments28,29 and can be useful
in identifying novel nanoparticle cell tropism, entry and
trafficking mechanisms, and cellular response to nano-
medicines. Due to the staining of intracellular compartments,
the cell painting assay involves a detergent step which would
make it incompatible with conventionally labeled LNPs
(Figure S8). We modified the cell painting assay by replacing
the mitochondria channel (originally using MitoTracker Deep
Red FM) with AF647-labeled CK7-SPARKLE-LNPs to track
LNP uptake and subcellular localization. We show in Figure 4
that SPARKLE-LNPs can be successfully retained and
visualized in relation to other cellular organelles with the cell
painting assay. Specifically, we were able to identify AF647-
labeled puncta inside U87-MG cells that are most likely
endolysosomes following SPARKLE-LNP uptake by cells 16 h
post administration (Figure S9). This visual representation
provides a clear demonstration of the effectiveness of the
SPARKLE-LNPs for subcellular tracking and potential use in
high-throughput, high-content imaging-based nanoparticle
screens.
We next tested the compatibility of SPARKLE-LNPs in vivo

with CLARITY tissue clearing and light-sheet imaging.
CLARITY is a tissue-clearing technique that uses a hydrogel
method to eliminate lipids from the biological system while
preserving the integrity of proteins and other tissue
structures.30 This technique consists of infusing a hydrogel
into the tissue, where it proceeds to cross-link with most
biological molecules, except for lipids. Next, SDS buffer is used
to encapsulate the uncross-linked lipids into micelles,

Figure 5. Representative 3D light-sheet imaging of CLARITY-treated mouse lung tissues 1 h post administration with PBS or AF647-CK7-
SPARKLE-LNPs. Both three-dimensional volumes and corresponding two-dimensional insets of lung tissue are shown. Green represents tissue
autofluorescence for anatomical landmarking, and pink indicates AF647-CK7-SPARKLE-LNPs. White arrows indicate high concentration of LNP
accumulation.
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facilitating their removal from biological samples.31 This
approach plays a crucial role in safeguarding essential
anatomical structures for microscopy-based examinations of
central nervous systems, proteins, and nucleic acids.31 We
intravenously administered AF647-CK7-SPARKLE-LNPs or
PBS (as control) into BALB/cJ mice and collected the lungs 1
h postadministration. The lungs were fixed, washed, and
cleared using passive CLARITY tissue clearing.32 3D tissue
imaging with PBS or AF647-CK7-SPARKLE LNPs was
performed using light-sheet microscopy (Figure 5). We show
that SPARKLE-LNPs can be retained and visualized in lung
and other tissues for suborgan level biodistribution with some
selective regional preferences (Video S1 and Figure S10). We
anticipate that using the SPARKLE-tag approach can be useful
in studying the in vivo behavior of LNPs due to its
compatibility with tissue clearing and 3D imaging to enable
greater depth and increased volumetric visualization of
nanoparticle biodistribution in intact whole tissues.
Due to the limited tools available to look at the interaction

of lipid nanoparticles with cells and tissues, most current lipid
nanoparticle research focuses on organ level biodistribution
studies or quantifying downstream functional readouts from
the delivered cargo. As such, the cellular and subcellular
delivery process of lipid nanoparticles remains understudied.
Previously, peptide tags have been developed to label
liposomes for visualization following tissue clearing.33 REM-
NANT, as reported by Syed et al., also uses primary amines in
lysine residues of the peptide tag to cross-link nanoparticles
into tissues and was demonstrated to be compatible with
liposomes and PLGA nanoparticles. REMNANT simultane-
ously uses both thiol-maleimide and DBCO-azide click
chemistry conjugation to attach their peptide tag to nano-
particles. Recently, Zaleski et al. have shown that DBCO
conjugation chemistry can have an impact on the toxicity and
biodistribution of lipid nanoparticles as mediated by comple-
ment activation.34 In contrast, SPARKLE, as reported here,
uses only thiol-maleimide functionalization, which simplifies
the conjugation scheme and removes the possibility of DBCO-
azide-mediated immunogenicity. In addition, we investigated
and optimized the SPARKLE tag concentration and tag length
to minimize changes to both the LNP physiochemical
properties and cell phenotype. The development of our new
chemical tags greatly increases the availability of LNP tracking
approaches in vitro and in vivo due to enabling LNP survival
during delipidation steps. By providing a means to visualize
and quantify lipid nanoparticles at subcellular resolution and in
whole intact tissues, we can gain mechanistic insight into the
delivery process of how lipid nanoparticles deliver their cargo
to cells. This will also permit the rigorous testing of how
different chemical compositions and surface chemistries of
lipid nanoparticles change how they get taken up by cells or
processed by the body. In turn, it will be possible to rationally
test and develop better lipid nanoparticle designs that have
higher payload capacity, less immunogenicity and off-target
adverse side effects, and more efficiency at reaching specific
cellular and subcellular biological targets in the body. The
broader impact of this work is that these tools can be adapted
to study other lipid-based biological processes such as exosome
production and transport between cells for intercellular
communication, and enveloped virus or virus-like particle
(VLP) membrane fusion with cells during infection. Overall,
we envision that SPARKLE tags can be applied to the research

and development of any lipid-based pharmaceuticals for the
benefit of more patients.
In summary, we report the development of chemical peptide

tags, termed SPARKLE (Strategic Peptide Anchored, Retained,
and Kept after Lipid Elimination), that enable LNP retention
during delipidation steps for in vitro and in vivo tracking
studies. We first optimized the mol % and length of SPARKLE
tag necessary for retention by showing that LNPs with 0.5 mol
% DSPE-PEG(2000)-maleimide and SPARKLE tags contain-
ing 7 or 15 lysines were retained at close to 100% in cells after
delipidation with SDS. Next, we demonstrated the tracking of
SPARKLE-tagged LNPs to subcellular resolution using the cell
painting assay in U87-MG cancer cells, whereas conventional
lipophilic dye loaded LNPs were not able to be visualized in
comparison. Finally, we showed that the in vivo biodistribution
of SPARKLE-tagged LNPs could be mapped in mouse lung
tissues and visualized by 3D light-sheet imaging following
weeks of delipidation by CLARITY tissue clearing. We
anticipate that our SPARKLE tags approach can be used to
provide insights into how LNPs interact with cells and tissues,
enabling the design of more targeted LNP therapeutics for
optimized drug and gene delivery to benefit patients.
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