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ABSTRACT: Three-dimensional (3D) optical microscopy can be
used to understand and improve the delivery of nanomedicine.
However, this approach cannot be performed for analyzing
liposomes in tissues because the processing step to make tissues
transparent for imaging typically removes the lipids. Here, we
developed a tag, termed REMNANT, that enables 3D imaging of
organic materials in biological tissues. We demonstrated the utility
of this tag for the 3D mapping of liposomes in intact tissues. We
also showed that the tag is able to monitor the release of entrapped
therapeutic agents. We found that liposomes release their cargo
>100-fold faster in tissues in vivo than in conventional in vitro
assays. This allowed us to design a liposomal formulation with
enhanced ability to kill tumor associated macrophages. Our development opens up new opportunities for studying the chemical
properties and pharmacodynamics of administered organic materials in an intact biological environment. This approach provides
insight into the in vivo behavior of degradable materials, where the newly discovered information can guide the engineering of the
next generation of imaging and therapeutic agents.
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ﬃcient delivery of nanoparticles to tumors is a key
challenge for the translation of nanoparticles for cancer
therapy. This challenge has remained unaddressed so far
because the transport and distribution of nanoparticles within
the tumor is not completely understood.1−3 The key parts of
this process are that nanoparticles enter the tumor through
blood vessels, get transported through the tumor matrix and
then captured by cancer cells and immune cells in the tumor,
or escape the tumor through lymphatic vessels.4,5 These key
processes cannot be directly observed in a tumor because
tissues are opaque, and because of this, optical microscopy
only allows visualization up to approximately 50 μm deep into
the tissue. To visualize blood and lymphatic vessels deep inside
the tissue, the tissue needs to be rendered transparent.6−10
We have recently developed methods for making tissues
transparent to enable 3D microscopy of inorganic nanoparticles in the tumor. Our key ﬁnding was that inorganic
nanoparticles could be retained and visualized as long as they
were intrinsically ﬂuorescent (such as quantum dots)11,12 or
possessed strong intrinsic light scattering (such as gold
nanoparticles).13 We have started to apply these approaches
to understand the distribution of inorganic nanoparticles in
tumors based on key features that can only be visualized in 3D,
such as the blood vessel structure.14 However, we were unable
to visualize organic nanoparticles, namely, liposomes and
polymer nanoparticles.
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Mapping the distribution of lipid-based nanoparticles in 3D
is an unaddressed challenge. This is important because nearly
all currently approved nanoparticle formulations are lipid
nanoparticles. Lipid nanoparticles oﬀer substantial advantages
in synthesis, encapsulation, and biocompatibility.15 However,
the typical procedure to make tissues transparent for 3D
microscopy removes or disrupts the lipid membranes to
minimize the optical scattering of the tissue.6,16,17 Optical
scattering is the key factor that makes tissues opaque, and the
elimination of optical scattering makes tissues transparent.18
This is typically achieved by ﬁrst cross-linking primary amine
groups on the proteins to preserve the protein structure. Then,
strong detergents or organic solvents are used to disrupt and
remove lipid membranes in the tissue.6,7,16,17,19 Lipids typically
lack primary amine groups, so they are not protected by the
previous cross-linking step. Once lipids are removed, key
proteins are ﬂuorescently labeled to visualize the structure of
the original tissue when the tumor was alive.
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Figure 1. Liposome DiD signals inside cells are lost when cells are treated with SDS. MDA-MB-231 cells were treated with DiD-labeled liposomes
and ﬁxed and cross-linked using the CLARITY protocol. They were then treated with phosphate-buﬀered saline (PBS, 1×) or sodium dodecyl
sulfate (SDS, 4%). (A) Quantiﬁcation of DiD ﬂuorescence retained in the cells with PBS or SDS treatment. Confocal microscope image of cells
treated with PBS (B) or SDS (C). Scale bar indicates 50 μm.

Figure 2. REMNANT contains multiple amine groups enabling simultaneous ﬂuorescent labeling and cross-linking. (A) Materials conjugated with
the peptide tag can be injected into an animal, perfused, and dissected. The tag becomes cross-linked along with tissue proteins. The clearing
process removes lipids, but the cross-linked proteins and tags are retained even when the nanoparticle is removed. (B) Structure of REMNANT
peptide with sequence KKKKKKKC (K7C). (C) Possible reactions for the amine groups within the peptide tag. Each amine group can undergo no
reaction, a dye conjugation reaction before injecting into an animal, or a cross-linking reaction in the tissue.

labeled these liposomes with a ﬂuorescent lipid dye (DiD) and
incubated them with MDA-MB-231 cells. We ﬁxed and crosslinked these cells using formaldehyde and acrylamide to
preserve the protein architecture. We incubated some cells
with 4% sodium dodecyl sulfate (SDS) to render them
transparent while other cells were incubated with phosphatebuﬀered saline (PBS) as a control. Relative to the control, we
found that 99% of the ﬂuorescent signal was lost after
incubation with SDS (see Figure 1A−C). This conﬁrmed that
liposomes are currently not suitable for imaging in tissues
cleared with SDS.
To overcome this problem, we explored the use of a
ﬂuorescent tag that could be attached to the liposome but
would be cross-linked into the tissue and retained when lipids
in the tissue are removed (Figure 2A). The key requirement
for this tag is to have 3 covalently linked components: (1) a
ﬂuorescent label, (2) multiple free amine groups, and (3) an

This approach does not allow us to visualize the distribution
of lipid nanoparticles.20 To solve this problem, we propose the
use of cross-linkable tags for the liposomes. These tags are
attached to the surface of liposomes prior to injection into an
animal. While the animal is alive, the tags remain attached to
the liposome but when the tissue is treated with ﬁxatives they
become cross linked into the tissue. This cross linking allows
the ﬁnal distribution of the liposomes to be visualized.

■

RESULTS
We ﬁrst examined whether we could observe liposomes after
treatment with individual reagents commonly used for tissue
clearing. Since we are interested in the eﬀect of the reagents on
liposomes, we tested this in vitro because a single layer of cells
is transparent in all of these solutions. We prepared liposomes
with the same lipid composition as Doxil. We ﬂuorescently
B
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orthogonal functional group to conjugate the tag to the
nanoparticle. Multiple amine groups are needed because some
will be used to attach ﬂuorescent dyes covalently. Out of the
remaining, the cross-linking step only cross-links a small
fraction into the tissue. We designed an amino acid tag termed
REMNANT (REtained Molecular NANoparticle Tag) containing one cysteine and seven lysine groups (Figure 2B). Each
amine on this tag is able to undergo either dye conjugation or
tissue cross-linking reactions (Figure 2C). An important
feature of REMNANT is that the same molecule participates
in both reactions so that the ﬂuorophore ends up covalently
conjugated to the tissue. After cross-linking, the tag will mark
the position of the liposomes within cleared tissues.
To accomplish this, we ﬁrst synthesized azide functionalized
liposomes by incorporating 2% mol/mol of an azide containing
lipid (DSPE-PEG-Azide) into our lipid mixture prior to drying
and extruding. By utilizing copper-free click chemistry, we were
able to conjugate REMNANT and Cy5-NHS dye to our
liposomes using an intermediate dibenzocyclooctyne maleimide (DBCO-Mal), resulting in stable REMNANT-labeled
liposomes (Table S1).
We ﬁrst tested REMNANT-labeled liposomes in vitro to
validate and quantify its ﬂuorophore retention (Figure S1).
Both REMNANT- and DiO-labeled liposomes were incubated
with RAW264.7 murine macrophage cells. Cells were crosslinked and cleared prior to imaging with confocal microscopy.
The ﬂuorescent signal from each sample was obtained, and the
signal intensity was analyzed. As shown in Figure S1, the
addition of the REMNANT label to the surface of the
liposomes resulted in the retention of more than 50% of the
ﬂuorescent signal after treatment with SDS solution. We expect
some loss of ﬂuorescence because only a small fraction of
amine groups are cross-linked to the hydrogel so that many
REMNANT molecules will not be cross-linked. In contrast,
labeling liposomes with only a lipophilic dye, DiO, resulted in a
99% loss of ﬂuorescent signal after SDS treatment (Figure 1A,
Figure S1).
We next conﬁrmed that the REMNANT signal could be
observed in cleared tissues and used to track liposome
distribution. Liposomes labeled with REMNANT-Cy3 were
intravenously administered to CD1-nude mice with U87MG
xenograft tumors and allowed to circulate for 24 h. Blood
vessels were labeled with GSLI-Cy5, mice were perfused and
tissues cleared using the CLARITY, 3DISCO, and CUBIC
protocols as these are the most commonly used tissue clearing
methods.6,7,16 3D images of the cleared tissues were obtained
using a Leica SP8 confocal microscope. Across all three tissue
clearing methods, liposomes labeled with DiI, a ﬂuorescent
lipid dye, could not be visualized, but those labeled with
REMNANT retained the ﬂuorescent signal in the cleared
tissues (Figure 3).
We also tried to visualize another organic nanoparticle,
poly(lactic-co-glycolic acid) (PLGA) nanoparticles, using
REMNANT because they are another widely used and
clinically tested formulation. We were able to visualize the
REMNANT signal in tumors from PLGA-REMNANT nanoparticles (Figure S2).
We realize that the tag could aﬀect the surface charge of the
nanoparticle because the amine groups are positively charged.
This has the potential to change the transport and distribution
of nanoparticles. We veriﬁed that the ζ potentials of liposomes
were made with and without REMNANT, and we found that
they were similar (5.48 mV vs 2.72 mV, respectively). It was
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Figure 3. 3D maximum intensity projections of tumors containing
liposome DiI (A, C, E) or liposome REMNANT (B, D, F). All images
show blood vessels labeled with GSL1 in red and liposomes in green.
Scale bars indicate 150 μm.

important for us to verify that the tag does not change the
tissue-level distribution within the tumor because the key
purpose of the tag is to map the distribution of the
nanoparticle. The challenge with directly characterizing this
distribution is that lipid nanoparticles cannot be detected
without the tag, so we chose two complementary methods to
evaluate whether the distribution changed. We conducted
cryosectioning (no staining) on tumors injected with liposomes with and without REMNANT and 3D microscopy on
tumors injected with gold nanoparticles with and without
REMNANT. Cryosectioning allows both types of liposomes to
be visualized. Blood vessels in the tumor were labeled with
GSL1-Cy5 injected intravenously, and the liposome distribution was assessed against the blood vessels. We found that the
distributions at the tissue level were indistinguishable between
liposomes with and without REMNANT (Figure S3). We
substituted gold nanoparticles for lipid nanoparticles to test the
distribution using 3D microscopy. We used gold nanoparticles
because they can be retained within tissues and visualized using
their optical scattering in cleared tissues.11−13 We conjugated
gold nanoparticles with and without the tag (Table S2),
processed the tissue using the tissue clearing technique, and
analyzed whether the gold nanoparticles’ distance away from
blood vessels was diﬀerent. We found that these distributions
were not statistically diﬀerent (Figure S4).
C
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Figure 4. REMNANT allows visualization of liposome structural integrity in tissues. (A) Degradation scheme for dual-labeled liposome. (B)
Correlation coeﬃcient of internal (dextran-Cy3) and surface (K7C−Cy5) tags of the liposome in the tumor over time. (C−J) Three-dimensional
images and two-dimensional insets of dextran and liposome colocalization in a tumor slice across time points. For panel B, a box and whisker plot
with n = 9−12 images acquired from 3 diﬀerent animals. The center line indicates the median; box limits indicate upper and lower quartiles, and
whiskers show the full range of values. The Kruskal−Wallis test followed by Dunn’s correction for multiple comparisons was used to determine the
P-values indicated. All P-values < 0.05 are indicated; **** indicates P < 0.0001. Scale bars indicate 200 μm for C, E, G, I and 100 μm for D, F, H, J.

labeling the lipid with one ﬂuorescent dye (present on the
surface of the liposome) and the cargo with another
ﬂuorescent dye (present in the core of the liposome). These
two labels colocalize when the liposomes are intact and
become uncorrelated when the liposomes are disrupted and
cargo is released (Figure 4A). This tagging strategy allows for
direct quantiﬁcation and 3D imaging of the liposome’s
structural integrity formulation in vivo.
To test this experimentally, we synthesized these dual-tagged
liposomes. The ﬁrst tag (10 kDa Cy3-labeled aminated dextran
encapsulated within the liposome) labels the cargo inside, and
the second tag (REMNANT-Cy5 conjugated to azide
functional lipids) labels the lipids on the surface (Figure
4A). These dual-tagged nanoparticles were injected intravenously into CD-1-nude mice with U87MG xenograft tumors
at a dose of 1.00 × 1014 particles per animal and allowed to

We next explored whether REMNANT tags could be used
to determine the structural integrity of liposomes inside tissues.
Liposomes are commonly used as drug carriers with an
encapsulated cargo that is released when the liposome loses its
structural integrity. Fundamental understanding of liposome
degradation in the tissue is critical to the design of drug carriers
for optimal therapeutic eﬀectiveness. Currently, researchers
measure the stability of liposomes using in vitro assays, but
these assays do not recapitulate the complexity of the in vivo
environment because they lack the cells, tissue features, and
circulation processes that inﬂuence the chemical processing
and metabolism of lipids21 (Figure S5). The structural integrity
of liposomes in tissues is valuable for designing optimal
therapeutics and understanding their mechanism of action.
Using the REMNANT strategy, we observed the chemical
degradation of liposomes in mouse tissues by independently
D
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Figure 5. REMNANT allows visualization of liposome structural integrity in tissues. (A−C) Schematics of liposome designs with increasing
degradation rates due to lower cholesterol content (10% compared to 40%) or replacement of saturated lipids with unsaturated lipids. (D)
Correlation coeﬃcient of internal (dextran-Cy3) and surface (K7C−Cy5) tags of the liposome in the tumor over time for the three liposome
designs. (E) Depletion of macrophages from the tumor quantiﬁed from 3D images due to the treatment of animals with clodronate encapsulated
liposomes with lipid compositions shown in panels A−C. Control indicates tumors from animals injected with empty liposomes lacking clodronate.
(F−H) Three-dimensional images of macrophage depletion in a tumor slice when treated with liposome designs containing clodronate. (F) was
treated with saturated high cholesterol, (G) was treated with saturated low cholesterol, (H) was treated with unsaturated low cholesterol. (I-K)
Zoomed in 2D slices taken from the 3D images shown in (F-H). For panels D and E, box and whisker plots display data with n = 9−12 images
acquired from 3 diﬀerent animals. The center line indicates the median; box limits indicate upper and lower quartiles, and whiskers show the full
range of values. The Kruskal−Wallis test followed by Dunn’s correction for multiple comparisons was used to determine the P-values indicated. All
P-values <0.05 are indicated; **** indicates P < 0.0001. Scale bars indicate 100 μm.

circulate for 0.5, 1, 6, and 24 h post injection. Animals were
sacriﬁced, and tumors were collected and cleared as previously
described. We imaged cleared tumors using lightsheet
microscopy in 3D and were able to detect both tags from
these tissues. The cargo signal colocalized strongly with the
surface signal at 0.5 and 1 h after injection but not at 6 and 24
h (Figure 4B−J). We quantiﬁed the colocalization of these

signals by measuring the correlation coeﬃcient between the
two channels and found that the degree of colocalization
decreased from 0.73 at 1 h postinjection, indicating high
structural integrity to 0.43 and 0.20 at 6 and 24 h (Figure 4B),
respectively. This is striking because we were unable to observe
any degradation when we used the conventional in vitro serum
incubation approach. We measured the leakage of the cargo tag
E
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over 168 h using in vitro serum incubation, but there was no
statistical diﬀerence (Figure S5). These results suggest that
liposome degradation takes place in the tissues rather than in
serum and highlight the importance of measuring chemical
parameters in vivo to improve the design of therapeutic
nanoparticles.
To validate that internal and external liposome labels do not
alter the pharmacokinetics and biodistribution of the liposomes, we synthesized three formulations of liposomes with
DiR dye within the lipid membrane and varied the labeling
strategy (liposomes DiR, liposomes DiR + cargo, and
liposomes DiR + REMNANT). Blood was collected across a
24 h period to determine the pharmacokinetics, and organs
were collected at 24 h to evaluate the biodistribution of the
three liposomes formulations. Results showed similar pharmacokinetic proﬁles across 24 h (Figure S6), and there was no
statistical diﬀerence between the liposome formulations across
each respective organ (Figure S7). This suggests that
REMNANT does not signiﬁcantly aﬀect the pharmacokinetics
and biodistribution when attached on the surface of the
liposome. However, we do recognize that the pharmacokinetics
may change if the nanoparticle surface was signiﬁcantly altered.
We examined whether the structural integrity and stability of
liposomes would aﬀect the therapeutic outcome in a mouse
tumor model. We used clodronate as our therapeutic agent
because it is a drug known to kill macrophages.22 Unlike
macrophages in the liver and spleen, macrophages in the tumor
are associated with poor outcomes in a variety of tumor
models and are the targets of treatment for multiple ongoing
clinical trials.23 Liposomes containing clodronate are capable
of depleting macrophages in the liver, but their eﬃciency of
depleting tumor-associated macrophages (TAMs) is unknown.
This is because they are typically synthesized in the size range
of 2−5 μm, which is too large to reach cells in the tumor, and
the ideal release rates and structural composition are unknown.
We synthesized 100 nm diameter liposomes because previous
studies have suggested that this is an appropriate size to deliver
therapeutics to tumors.24 We also varied the cholesterol
content and replaced saturated lipids with unsaturated lipids to
manipulate the structural stability of liposomes. Saturated
lipids have higher melting points than unsaturated lipids and
increase the rigidity of the bilayer while cholesterol stabilizes
the high surface curvature of the liposomes. We ﬁrst tested the
degradation of liposomes without clodronate using a tagged
cargo and three membrane compositions: (design A) high
cholesterol, fully saturated lipids, (design B) low cholesterol,
fully saturated lipids, and (design C) low cholesterol,
unsaturated lipids (Figure 5A−C, Videos S1−3, see Table S3
for full composition). We found that at 1 h postinjection, the
colocalization coeﬃcient decreased from 0.69 to 0.26 and 0.14
for design A, B, and C, respectively (Figure 5D). These results
suggest that the three liposome compositions degraded at
diﬀerent rates in vivo. Additionally, we veriﬁed in vitro that
liposome composition had no eﬀect on the uptake in J744.1
macrophages, conﬁrming degradation was the main cause of
the decreasing signal colocalization (Figure S8).
Next, we encapsulated clodronate in these three compositions of liposomes to determine whether their therapeutic
eﬃciency would change. We injected them intravenously into
mice with U87MG tumors at a dose of 18 mg/kg of clodronate
(Figures S9 and S10) and cleared the tissues as previously
described. We imaged these tumors using 3D lightsheet
microscopy and quantiﬁed the number of macrophages
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remaining in the tumor. We found that after 48 h,
macrophages decreased from 15.0% of total cells without
treatment to 7.3% for design A and 2.7% for designs B and C
(Figure 5E−K). This shows that liposomes with low
cholesterol and unsaturated lipids degraded faster and were
more eﬀective at depleting macrophages. We hypothesize that
more eﬀective depletion is due to their faster degradation, but
we have not fully isolated all other confounding factors. This
will be addressed in future studies.
More generally, our ﬁndings show that liposomes degrade
>100-fold faster in vivo than in vitro (Figure 5D vs Figure S5).
This ﬁnding is important to note because the rate of
degradation aﬀects the therapeutic outcome. Our chemical
tag was key to discerning this ﬁnding. In the future,
degradation rates could be measured to inform the design of
liposomes so that their stability matches its penetration into
the tumor core for maximized therapeutic response.
In conclusion, we developed a tag for 3D microscopy of lipid
nanoparticles in tumors. Lipid nanoparticles are the most
clinically successful nanoparticle formulation, but how they
mechanistically deliver their payload to the tumors is not fully
known. A method to better understand their delivery process
in tumors is with 3D microscopy because we can better
visualize their distribution in tumors. Our tag marks the
location of liposomes in cleared tissues, which has not been
possible before and allows us to examine both the distribution
and degradation of these liposomes in intact tumors. The
remaining challenge is optimizing the design of the tag to make
it fully inert so that the same tag can be used to make both
tissue-level and organ-level comparisons between diﬀerent
nanoparticle designs.
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