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Cyclic Arginine–Glycine–Aspartate-Decorated Lipid
Nanoparticle Targeting toward Inflammatory Lesions
Involves Hitchhiking with Phagocytes

Alexandros Marios Sofias,* Geir Bjørkøy, Jordi Ochando, Linda Sønstevold, Maria Hegvik,
Catharina de Lange Davies, Olav Haraldseth, Twan Lammers, Willem J. M. Mulder,
and Sjoerd Hak*

Active-targeting nanomedicine formulations have an intricate in vivo behavior.
Nanomedicines developed to target endothelial 𝜶v𝜷3-integrin are recently
demonstrated to display extensive uptake by circulating phagocytes. These
phagocytes show inherent tumor-homing capacities and therefore are capable
of actively delivering the endocytosed nanomaterial in lesions. Here, the
targeting kinetics and mechanisms of cyclic arginine–glycine–aspartate
(cRGD)-decorated lipid nanoparticles (NPs) toward activated vasculature in
inflamed lesions during wound healing are studied. The cRGD-NP targeting
toward inflamed lesions is identified to be mechanistically similar to the NP
accumulation in cancerous lesions. Through a complementary experimental
approach, it is observed that circulating phagocytes engage cRGD-NPs and
are subsequently homed to the inflamed endothelium. The
inflammation-associated phagocytes remain static among endothelial cells
upon targeting, resulting in the extensive presence of cRGD-NP-positive
phagocytes in the angiogenic vessels. Hence, phagocytic immune cells
contribute to cRGD-NP targeting toward angiogenesis. This mechanistic
study underlines the need for detailed investigations of NP in vivo behavior.
This is critically important for the realization of NPs potential as advanced
(immunological) therapeutic agents.
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1. Introduction

Recent research on active-targeting
nanomedicines has revealed an intri-
cate in vivo behavior of these agents that
goes beyond the conventional notion
of receptor-targeting. Various ligand-
decorated nanoparticles (NPs) show el-
evated uptake into phagocytes and this
propensity has also been utilized for ther-
apeutic phagocyte targeting.[1,2] Targeting
the various subpopulations of the immune
system with NPs, offers many possibilities.
NPs can target myeloid or lymphoid cells
delivering immunotherapeutic payload that
can polarize phagocytes to an antitumor
phenotype[3] and can improve the immuno-
logical antitumor responses.[1] In addition,
given the propensity of the immune cells to
migrate in diseased and cancerous lesions,
targeting immune cells with NPs offers
the possibility to use these cells as indirect
drug delivery vehicles.[4]
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We previously demonstrated that NP decoration with cyclic
arginine–glycine–aspartate (cRGD) peptides, developed and
widely used and clinically tested to direct NPs toward activated
endothelium, results in high engagement of these intravenously
injected NPs with myeloid phagocytic immune cells (predomi-
nantly neutrophils) in circulation.[5] Moreover, a significant por-
tion of cRGD-NP accumulation in cancerous[6] and inflamed
brain[7] lesions occurs via phagocyte hitchhiking. These impor-
tant realizations have been expanded beyond cancer, since multi-
ple diseases or conditions also appeared to have a particular im-
munological signature.[8–11] Among these conditions, post-injury
inflammation looks extremely appealing as neutrophils, one of
the major populations targeted by cRGD-NPs, is a key popula-
tion in acute inflammation.[12]

The immune cell infiltration and presence in the inflamed or
tumor microenvironment is a biologically known phenomenon.
Nevertheless, for advancing modern nanoimmunotherapeutics
toward clinical translation, quantitative and highly complemen-
tary methodologies that can visualize and track NPs at different
levels of spatiotemporal resolution are essential for unraveling
complex targeting mechanisms and interactions between NPs
and immune cells.[13–16]

As such we hereby employed real-time intravital microscopy
(IVM) and further supported our observations with ex vivo mi-
croscopy and flow cytometry for investigating the kinetics of
cRGD-NPs (liposome [LP] and nanoemulsion [NE]; FigureS1,
Supporting Information) in an acute wound-derived inflamma-
tion model in mice. We identified cRGD-NPs-positive phagocytes
to home to the activated endothelium in close proximity to the
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wound. This behavior resembles the strong NP-neutrophil in-
volvement observed in tumor targeting; interestingly, targeting
to the inflamed lesion was found to be more organized as com-
pared to the chaotic immune cell migration that was observed in
tumors.

2. Results and Discussion

To study cRGD-NE targeting toward angiogenic endothelium in
the inflamed lesions at the cellular level in vivo, we utilized IVM.
We induced inflammation in mouse ears by inflicting a small
wound.[17,18] Wound healing involves extensive angiogenesis dur-
ing the first days,[19] and the thin skin of the mouse ear permits
IVM of the vasculature. 2 days after inflicting the wound, we dy-
namically imaged angiogenic vasculature upon intravenous (i.v.)
NE administration for half an hour with a temporal resolution of
1 min. In case of cRGD-NE, we observed 1–8 µm-sized cRGD-
NE agglomerates which bound and were slowly moving along
the blood vessel wall, in a similar fashion as immune cells do
(Movie S1, Supporting Information). Interestingly, the observed
agglomerates had a ring-like appearance or were associated with
immune cell-sized “black holes” (Figure 1a–c). Since typically the
signal from circulating material is absent inside circulating cells,
these black holes were presumably circulating leukocytes. This
indicated these cRGD-NE agglomerates to be cell-associated ma-
terial. Additionally, we observed 1–8 µm-sized cRGD-NE agglom-
erates that bound to the blood vessel wall and remained stationary
(Figure 1d and Movie S2, Supporting Information). In fluores-
cence versus time plots, these binding events appeared as “steps”
(Figure 1d). In case of cRAD-NE, we observed the expected vascu-
lar extravasation (Figure 1e and Movie S3, Supporting Informa-
tion), which is an effect of increased permeability of angiogenic
vasculature.[20] Fluorescence versus time plots illustrated the
gradual nature of passive accumulation of the cRAD-NE at the an-
giogenic sites (Figure 1e). When the obtained curves of individual
targeting events were averaged, an apparent “s-curve” fluctuation
in the targeting rate of cRGD-NE was appreciated (Figure 1f). In-
terestingly, this fluctuation was similar to the fluctuating cRGD-
NE targeting rates toward angiogenic tumor tissue observed with
dynamic MRI (Figure 1g)[21] and with IVM[6] in two of our earlier
studies. Comparing MRI and IVM dynamic data is obviously not
trivial. The clearest difference between the curves was observed
in the first 1–2 min post-injection. In the dynamic MRI, the NEs
were i.v. injected during imaging and hence the wash-in of the
material was detected. In case of IVM, before dynamic imag-
ing was started, receiver gain and laser power needed to be ad-
justed after NE administration to avoid under- and over-exposure.
Hence, the IVM imaging sequence starts after the wash-in has oc-
curred. Furthermore, the efficiency by which MR contrast agents
generate image contrast (by altering water proton relaxation
times) depends amongst others on their water accessibility. Since
compartmentalization upon cellular uptake reduces water acces-
sibility, this will affect signal intensity.[22,23] For fluorophores, cel-
lular internalization may result in changes in the chemical en-
vironment or high local fluorophore concentration, which both
affect fluorophore brightness. Hence, the signal intensities rep-
resent NE concentrations only semi-quantitatively and an exact
reproduction of such curves with two different imaging modali-
ties in two different animal models is unlikely. Nevertheless, the
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Figure 1. In vivo targeting kinetics studied with dynamic IVM. a–c) Snapshots and enlargements of Movie S1, Supporting Information, showing ring-like
cRGD-NE agglomerates (a), as well as cRGD-NE agglomerates associated with circulating “black holes” (b,c). The rings and the “black holes” (indicated
with arrowheads) were circular in shape with a diameter of 6–8 µm, which corresponds to the size of circulating neutrophils. d) Snapshots of a dynamic
imaging series show binding events in angiogenic vasculature of 1–8 µm-sized cRGD-NE (red) agglomerates, appearing as “steps” in fluorescence
versus time plots (each line represents the ROI signal intensity of a single binding event). e) cRAD-NE (red) extravasated gradually in the inflamed
tissue. f) The averaged signal as a function of time for cRGD-NE (n = 4, 45 binding events) and cRAD-NE (n = 3). g) Targeting kinetics in angiogenic
tumor tissue, observed with dynamic MRI in an earlier study (Δt = 21 s; n = 4 for each curve, Adapted with permission[21]). Scale bars: a–c = 10 µm;
d,e = 50 µm. Error bars: f,g = SEM.

similarities in fluctuating targeting rates observed in the current
study with IVM and in previous studies in cancer with both IVM
and DCE-MRI may indicate the involvement of similar cRGD-NP
targeting mechanisms in cancerous and inflammatory lesions.

To investigate the observed cRGD-NE agglomerates in more
detail, we performed high-speed dynamic IVM with temporal
resolutions of 0.3–2 s. This allowed for the visualization of fast
moving cRGD-NE agglomerates, which showed a striking resem-
blance to immune cells (Movie S4, Supporting Information). We
observed an abundant presence of cRGD-NE positive leukocytes
circulating, as well as binding to and rolling along vessel walls as
early as 45 min post-injection (Figure 2a and Movie S4, Support-
ing Information). cRAD-NE was also taken up by circulating cells
at 45 min post-injection, however, to much lower extent (Movie
S5, Supporting Information). This difference was especially ap-
parent after co-injection of cRGD-NE and cRAD-NE, labeled with
spectrally different fluorophores, which revealed circulating cells
taking up either only cRGD-NE or both cRGD- and cRAD-NE
(Figure 2b). 1 h post-injection, we confirmed extensive accumu-
lation of cRGD-NE positive agglomerates in angiogenic vascula-
ture adjacent to the wound (Figure 2b). In mice co-injected with
cRGD-NE and cRAD-NE, several of the accumulated cRGD-NE
agglomerates also contained some cRAD-NE (Figure 2b). Utiliz-
ing TIE2-green fluorescent protein (GFP) mice, which express

GFP in vascular endothelial cells, we also detected the expected
direct cRGD-NE targeting toward endothelial cells, which was es-
pecially apparent at 24 h post-injection (Figure 2c). Z-stacks of
regions with targeting revealed cRGD-NE colocalizing with GFP,
presumably a result of direct association of NPs with GFP pos-
itive endothelium (Figure 2d). Furthermore, we confirmed the
presence of non-endothelial cell-sized agglomerates associated
with vascular endothelium up to 24 h after cRGD-NE administra-
tion (Figure 2d). Expected cRAD-NE extravasation was observed
at later time points as well (Figure 2e).

To confirm that the observed agglomerates were immune cells,
we obtained blood samples at 5, 10, and 25 min post-co-injection
of cRGD-NE and cRAD-NE and isolated white cells using density
gradients. Confocal laser scanning microscopy (CLSM) on these
isolated cells demonstrated significant association of cRGD-NE
with these cells as early as 5 min post-injection (Figure 3a) which
increased at later time points post-injection (Figure S2, Support-
ing Information). cRAD-NE also associated with white cells, but
to much lower extent (Figure 3a and Figure S2, Supporting Infor-
mation). Interestingly, z-stacks obtained at these early time points
post-injection indicated that cRGD-NE colocalized in many in-
stances with cell surfaces, resulting in ring-like fluorescence sig-
nals (Figure 3b,c), which we also observed in vivo (Figure 1a). At
10 (Figure S2, Supporting Information) and 25 min (Figures S2

Adv. Sci. 2021, 8, 2100370 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100370 (3 of 10)



www.advancedsciencenews.com www.advancedscience.com

Figure 2. Nanoemulsion association with immune cells and angiogenic tissue. a) High-speed imaging (Δt = 1.3 s) revealed both bound (white circles)
and circulating cRGD-NE (red) positive cells (blood vessels delineated in yellow). b) cRGD-NE (Atto633-PE; red) accumulated extensively in cell-sized
agglomerates in angiogenic vasculature adjacent to the wound (w) at 1 h post-injection. Several of these aggregates were also positive for co-injected
cRAD-NE (Rhodamine-PE; green). c) cRGD-NE (red-hot look-up table to visualize colocalization with GFP) colocalizing with GFP positive endothelium
(green) next to the wound (w). d) Z-stack with orthogonal projections showed non-endothelial cRGD-NE cell-sized agglomerates up to 24 h post-
injection in the angiogenic vasculature (endothelial GFP; green). When cRGD-NE signal was enhanced (white box enlarged and enhanced), cRGD-
NE colocalization with endothelium became evident. e) cRAD-NE (red) predominantly accumulated through passive diffusion from the vasculature
(endothelial GFP; green), 1 h post-injection. Scale bars: b,c = 100 µm; a,e = 50 µm; d = 10 µm.

and S3, Supporting Information) post-injection the majority of
cell-associated NE was internalized.

To more quantitatively assess the NE internalization by circu-
lating immune cells, we performed flow cytometry on blood cells
obtained 2 h after NE administration. To detect the main circula-
tory immune cell populations, we used FCS/SSC and an antibody
panel (consisting of antibodies against CD11b, Ly6G, CD19, and
CD3e) allowing us to detect myeloid (neutrophils, M1, and M2
monocytes) and lymphoid (B-cells and T-cells) populations. Fig-
ure S4, Supporting Information, outlines our gating strategy. The
abundancies of the different cell populations in our set-up resem-
ble closely reported values in literature for Balb/c strain,[24] with
neutrophils to be at around 38.6%, monocytes 4.7%, and lympho-
cytes 56.7%. For sorting M1 and M2 monocytes, one needs typi-
cally to use in addition antibodies against F4/80 and Ly6C. Nev-
ertheless, as we have previously shown, these two populations
can be separated at earlier stage of the gating strategy by capital-
izing on their differences in Ly6G expression, FSC, and SSC.[5]

As such, M1 monocytes can be gated as CD11b+Ly6G−SSClow

and M2 monocytes as CD11b+Ly6GintSSChigh. With respect to the

NP uptake, we observed the non-phagocytic lymphoid-derived
cells (T cells and B cells) to display little interaction with the
NE (Figure S5, Supporting Information). Myeloid-derived phago-
cytic neutrophils and monocytes on the other hand extensively
engaged the NEs (Figure 3d and Figure S5, Supporting Informa-
tion). More specifically, M1 monocytes phagocytosed both cRGD-
and cRAD-NE at high and comparable levels while neutrophils
and M2 monocytes showed a significant preference for cRGD-NE
over cRAD-NE (Figure 3d). Taking the shorter circulation half-life
of the cRGD-NE into account (113 min vs 200 min for cRAD-
NE; Figure S6, Supporting Information), this demonstrates that
these phagocytes have a significant affinity for cRGD-NE, which
corroborated the intravital imaging as well as the ex vivo CLSM
on isolated circulatory immune cells.

To exclude NP-specific effects from our observations, addition-
ally to the NE, we also studied ligand-conjugated LPs in vivo.
Dynamic IVM during the first 30 min post-injection, although
less extensively than for cRGD-NE (Movie S1, Supporting Infor-
mation), showed cRGD-LP agglomerates which resembled im-
mune cells (Movie S6, Supporting Information). The dynamic
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Figure 3. Ex vivo characterization of interactions between nanoemulsions and circulating immune cells. a–c) Ex vivo CLSM on immune cells isolated
5 min (a,b) and 10 min (c) post-injection of cRAD-NE (green) and cRGD-NE (red) showed that these cells associated with cRGD-NE to a much higher
extent than with cRAD-NE. Cells in gray scale were imaged using transmission mode. (b) and (c) show orthogonal projections of z-stacks demonstrating
the NE to be present on the cell membrane and intracellularly. d) Flow cytometry on circulating immune cells isolated 2 h after NE administration revealed
myeloid-derived phagocytes to be the dominant population engaging the NE and confirmed that these cells associated with cRGD-NE to significantly
higher extent than with cRAD-NE (n = 3; mean ± SEM). Flow cytometry histograms (Figure S5, Supporting Information) show data from representative
animals revealing insignificant engagement of the NPs with lymphoid cells. Scale bars: a = 25 µm; b,c = 10 µm. p-values: * < 0.05.

imaging also showed binding events of 1–8 µm-sized cRGD-
LP agglomerates, appearing as steps in fluorescence versus time
curves (Figure 4a and Movie S7, Supporting Information). How-
ever, the number of binding events (14 in three mice) observed
was lower than for cRGD-NE (45 in four mice). cRAD-LP gradu-
ally extravasated from the angiogenic vasculature (Figure 4b and
Movie S8, Supporting Information), in line with cRAD-NE. High-
speed dynamic IVM showed circulating and rolling cRGD-LP
positive cells as well (Movie S9, Supporting Information). These
cRGD-LP positive cells were relatively few compared to cRGD-
NE up to 2 h, and most abundant at 5–6 h post-injection (Movie
S9, Supporting Information). In line with the NE results, cRAD-
LPs were associated with circulating phagocytes to lower extent
(Movie S10, Supporting Information) and this was especially
evident in co-administration experiments, which showed more
cRGD-LP than cRAD-LP positive cells (Figure 4c and Movie S11,
Supporting Information). Ex vivo CLSM of blood cells isolated 5,
10, and 25 min after co-administration confirmed a higher cellu-
lar uptake of cRGD-LPs than of cRAD-LPs (Figure 4d and Figure
S2, Supporting Information) in accordance with the IVM data
and the NE results. Utilizing the TIE2-GFP mice, we confirmed
the presence of non-endothelial cell-sized cRGD-LP agglomer-
ates bound in the vasculature at later time points (Figure 4e) and
also detected the expected cRGD-LP targeting toward angiogenic
endothelium (Figure 4e,f). Finally, cellular uptake of the ligand-
conjugated LPs in blood cells was assessed with flow cytometry.
The LP cellular uptake pattern was very similar as observed for

the NE formulations (Figure 4g and Figure S5, Supporting In-
formation), with much higher uptake of cRGD-LPs than cRAD-
LPs by myeloid cells and no uptake by lymphoid cells. Consid-
ering the large difference in circulation times of the cRGD- and
cRAD-LPs (115 vs 794 min, respectively, see Figure S7, Support-
ing Information), this confirmed the high affinity of phagocytes
for cRGD-LPs.

Taken together, this study demonstrates that angiogenesis-
targeting by two different lipidic cRGD-decorated NPs in
inflammation is partly mediated through hitchhiking with
phagocytes. We observed that circulating phagocytes specifically
engaged cRGD-NPs and homed to the angiogenic endothelium.
Additionally, utilizing TIE2-GFP mice, we also observed direct
interactions between cRGD-NPs and angiogenic endothelium.
By comparing the engagement of cRGD-NPs versus cRAD-NPs
with immune cells, we observed a strong preference of neu-
trophils and M2 monocytes for cRGD-NPs. More than 93% of
these phagocytes were found to be positive for cRGD-NPs while
only 44–75% of phagocytes were positive for cRAD-NPs. With
respect to M1 monocytes, almost no differences were observed
in the uptake of cRGD-NPs versus cRAD-NPs. By comparing the
uptake of cRGD-NEs versus cRGD-LPs by phagocytes, we only
observed minor differences, with neutrophils displaying a higher
preference for cRGD-LPs than for cRGD-NE. In all cases, the
uptake of all the studied cRGD-NPs and cRAD-NPs by lymphoid
cells was negligible. The differences in uptake between the cRGD
and cRAD versions of the NE were smaller than the differences
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Figure 4. Inflammation endothelium targeting by cRGD-LP. a) Snapshots of a dynamic imaging series show binding events in angiogenic vasculature of
cRGD-LP (red) positive cells. b) These binding events appear as “steps” in fluorescence versus time plots for cRGD-LP (each line represents ROI signal
intensity of a single binding event), while cRAD-LP gradually extravasate in the inflamed tissue. c) Snapshots from high-speed imaging (Δt = 1.3 s) 20 h
post co-administration of cRGD-LP (red) and cRAD-LP (green). d) Orthogonal projections of z-stacks of white blood cells isolated 25 min post cRGD-LP
(red) and cRAD-LP (green) co-administration. e) 6 h post-injection, colocalization between cRGD-LP (red) and GFP positive endothelium (green) as well
as non-endothelial cell-sized cRGD-LP agglomerates bound in the vasculature were observed. f) Z-stack with orthogonal projections showing cRGD-LP
(red) colocalization with GFP-positive endothelium (green) at 6 h post-injection. g) Flow cytometry on blood cells isolated 2 h after cRGD-LP (red) and
cRAD-LP (blue) administration, revealed myeloid cells associating with cRGD-LP to significantly higher extent than with cRAD-LP (n = 6; mean ± SEM).
Flow cytometry histograms (Figure S5, Supporting Information) show data from representative animals and confirm that LP also engaged insignificantly
with lymphoid cells. Scale bars: a,c,e = 25 µm; d,f = 10 µm. p-values: * < 0.05, *** < 0.001, **** < 0.0001.

between the cRGD and cRAD versions of the LPs. As evident
from the significantly longer circulation half-life of the cRAD-LP
as compared to cRAD-NE, cRAD-NEs were more rapidly cleared.
Since clearance involves recognition by phagocytes, this could
explain the relatively higher uptake of cRAD-NE as compared to
the cRAD-LP in the studied phagocytic cells.

The results obtained here closely resemble the observations
in one of our previous studies where we established a significant

contribution of two different lipidic cRGD-NP phagocyte hitch-
hiking in targeting toward tumor tissue.[6] Our observations
strongly suggest that phagocytes play a role in (lipidic) cRGD-
NP in vivo applications in other pathological conditions as well.
Interestingly, in the current study we did not observe the high ex-
travasation propensity that phagocytes displayed in tumors. This
phenomenon could be explained by the dense tissue structure
in the ear[25] and the different inflammatory signaling between
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cancerous and non-cancerous microenvironment.[26] Even
though a thorough investigation is required to assess the bio-
logical explanation of such a difference, the high spatiotemporal
resolution of IVM allows for detecting these mechanistic differ-
ences. In this regard, the use of specific antibodies can be used
for the staining of specific cells and further elucidate interactions
between NPs and immune cells.[27]

Several recent preclinical studies have uncovered pivotal roles
for cells of the immune system in nanodrug delivery and phar-
macodynamics as well. “NP hitchhiking” with neutrophils from
the circulation into inflamed and malignant lesions has been
observed and allowed for treatment of these conditions.[28,29]

Furthermore, inflammation-associated macrophages have been
demonstrated to internalize nanodrugs, migrate, and release
drug payloads in tumors.[30,31] Importantly, also in human pa-
tients the interactions between nanodrugs and phagocytes can
affect pharmacokinetics and pharmacodynamics.[32–35] Hence, in
line with our current study, NP interactions with phagocytes can
significantly affect nanodrug in vivo applications.

From a therapeutic point of view, the fact that cRGD-NPs
showed a particular preference for targeting neutrophils and
monocytes encourages the utilization of such nanomedicines
for immune cell-specific therapeutic approaches, contributing
to a paradigm shift in nanomedicine, that is, from broad or-
gan targeting to immune cell-specific targeting.[36] The wound
healing process typically involves a distinct inflammation stage
in which the innate immune system is activated in response
to damage-associated molecular patterns and a plethora of pro-
inflammatory cytokines.[37–40] At later stages, the maintenance
of inflammation results in constant activation of fibroblasts and
consequently excessive deposition of scar tissue and the devel-
opment of pathological fibrosis.[41] In this regard, these inflam-
matory and fibrotic manifestations, are typically treated by the
use of small drug molecules (e.g., pirfenidone and dexametha-
sone) aiming to modulate inflammation/fibrosis.[42,43] The un-
derstanding that nanoformulations can target distinct myeloid
cell populations involved in the wound healing/inflammation
process is an important tool in our arsenal that will allow for
the development of more specific and targeted therapies. In ad-
dition to the direct engagement between NPs and immune cells,
by carefully observing our IVM movies we could see immune
cells loaded with NPs to be in close proximity of each other (the
fluorescent trait in the NPs allows for immune cell tracking).
This observation reveals the strong intercellular communication
that innate immune cells display in case of wound healing and
inflammation.[44] Based on this notion, the robust targeting of
the cRGD-NPs to myeloid cells, encourages the selection of pay-
loads against the formation of neutrophil extracellular traps (e.g.,
PAD4 inhibitors), nucleotide cargo for polarizing monocytes to-
ward an anti-inflammatory phenotype (e.g., modified messenger
RNA against pro-inflammatory cytokine expression), or the de-
velopment of gene editing systems for stimulating the produc-
tion of anti-inflammatory cytokines.[45–47] These latter suggested
examples highlight state-of-the-art therapeutic concepts that will
potentially benefit greatly from immune cell-specific-targeting in
the context of wound healing and inflammation, and promote
strategies for interrupting the pro-inflammatory cascade. In this
regard, and depending on the disease-target, different nanoma-
terials functionalized with RGD or other peptides may enable

to shift the targeting specificity among the various myeloid cell
populations.[6,48]

Although our study is limited to cRGD, the spectacular preclin-
ical results and limited clinical applicability of ligand-decorated
nanomedicine in general[49] underlines the pressing need for im-
proved understanding of “NP real-time in vivo behavior.” In the
current study, the dynamic IVM was pivotal to arrive at the real-
ization that phagocytes contribute to cRGD-NP targeting of an-
giogenic endothelium on the wound-healing model and to reveal
similarities and differences in the contribution of phagocytes in
cRGD-NP targeting in tumors (no such patterns were observed
in case of healthy endothelium targeting).[6] Moreover, utilizing a
mouse model with endothelial GFP expression allowed us to ob-
serve direct (although limited) interactions between cRGD-NPs
and endothelial cells in vivo and to discriminate between en-
dothelial cells and immune cells accumulating along the vessel
wall. Hence, IVM approaches in combination with stable fluo-
rescent labeling of specific cell types, not only endothelial cells as
we employed here, but, for example, also tumor cells or various
myeloid cells,[50–52] will allow unraveling NP cell interactions in
vivo at necessary and unprecedented detail. Together with more
detailed knowledge on parameters like nanodrug pharmacody-
namics, targeting kinetics, and in vivo drug release profiles, IVM
can be an instrumental tool to gain critically needed insights in
NP in vivo behavior.[21,33,53–55]

3. Conclusion

We demonstrated that in vivo targeting of cRGD-NPs toward
inflamed lesions is a result of two distinct processes; direct
cRGD-NP binding to the activated endothelial cells, as well
as “phagocyte hitchhiking” to the endothelium. Interestingly,
these processes closely resemble the targeting mechanisms of
these NPs toward the tumor vasculature and microenvironment.
This insight complicates in vivo application of cRGD-NPs for
their conventional purpose of angiogenesis targeting. To allow
for rational cRGD-NP application, these insights necessitate a
detailed characterization to quantify the contribution of each
of the two modes of lesion targeting. Since successful clinical
utilization of drug delivery systems depends on a thorough in-
sight into pharmacokinetics, pharmacodynamics, and targeting
mechanisms, this study underlines the pressing need for an
improved understanding of NP in vivo behavior.

4. Experimental Section
Nanoparticle Synthesis: NEs and LPs were prepared according to es-

tablished methods.[53] A total of 20 µmol of lipids, that is, DSPC, choles-
terol, and maleimide-PEG2000-DSPE (Avanti Polar Lipids) were dissolved
and mixed in chloroform at molar ratios of 0.62:0.33:0.05. For fluorescent
NP detection, 0.2 mol % of Atto633-PE (Sigma Aldrich) or rhodamine-PE
(Avanti Polar Lipids) was added in the mix. In case of NE, an amount of
2.5 mg of soybean oil (Sigma Aldrich) per µmol of lipid was added in the
chloroform mix as well. The mixture was added dropwise to 2 mL hepes
buffered saline (HBS), which was maintained at 75 °C and vigorously
stirred, upon which the chloroform evaporated. The obtained formula-
tions were downsized with a tip-sonicator (Heat Systems-Ultrasonics) via
established protocols.[6] Half of the final NP formulation was conjugated
with cRGD peptide (Peptides International, PCI-3699-PI) and the other half
with control cRAD peptide (Peptides International, PCI-3959-PI) at 13.5 µg

Adv. Sci. 2021, 8, 2100370 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100370 (7 of 10)



www.advancedsciencenews.com www.advancedscience.com

per µmol lipid. Before adding cRGD or cRAD peptides to the maleimide-
containing NPs, the thiol on the peptides was de-acetylated (pH 7, 1 h).
The activated peptides were left to react with the NPs overnight at 4 °C.
Finally, the NPs were dialyzed against HBS of pH 7.4 and stored at 4 °C
for a minimum of 5 days for complete hydrolysis of unreacted maleimide
moieties. The obtained LPs and NEs were around 90 and 120 nm in hy-
drodynamic diameter, respectively, with dispersity below 0.15 (Figure S1,
Supporting Information) as determined with dynamic light scattering (Ze-
tasizer, Malvern).

Mice: Immunocompetent Balb/c mice (Envigo) were used for the in
vivo IVM and ex vivo flow cytometry experiments. Additionally, to study
direct endothelial cell targeting, two STOCK Tg(TIE2GFP)287Sato/J mice
(strain 003658, The Jackson Laboratory, bred in-house) were included in
each experimental group in the IVM experiments. The vascular endothe-
lial cells of these mice express GFP. Mice were kept under pathogen-free
conditions, at 19–22 °C, and 50–60% humidity, and they were allowed food
and water ad libitum. All experiments were approved by the national regu-
latory authority (Norwegian Food Safety Authorities). The mice were anes-
thetized (fentanyl [0.05 mg kg−1], medetomidine [0.5 mg kg−1], midazo-
lam [0.5 mg kg−1], and water; 2:1:2:5 ratio) by a 0.2–0.25 mL subcutaneous
injection.

Measurement of Nanoparticle Circulation Half-Lives: To determine NP
circulation half-lives, mice were anesthetized and i.v. injected with a NP
bolus (80 µmol of amphiphilic lipid/kg, n = 3 per formulation, cRGD-
or cRAD-NE and LP). At 5, 30 min, 1, 2, 4, 8, and 24 h post-injection a
blood drop (≈10 µL) was collected from the tail-vein into preweighted cen-
trifuge tubes containing 20 µL heparin at 1 IU/mL 0.9% NaCl. The tubes
were weighed for registering the collected blood volume and centrifuged
at 700 g for 8 min. The fluorescence in the collected supernatant plasma
was quantified with a spectrophotometer (SpectraMax i3x, Molecular De-
vices). The obtained data was fitted with the curve fitting tool in Matlab.

Intravital Microscopy: A 3–4 mm cut was inflicted in the mouse ear
and after 2 days NP targeting toward angiogenic vasculature present in
the wound healing process was studied. Mice were anesthetized and to
allow IVM, hair was removed with hair removal cream and the ear was
submerged in a drop of glycerol on a cover slip and fixed gently with tape.
Mice were cannulated in the tail-vein and placed on a microscopy stage
with monitored temperature. Directly after i.v. administration of a NP bo-
lus (80 µmol of lipid/kg, n = 4 for NE, and n = 3 for LP), the detector
gain and laser power of the microscope were adjusted accordingly, and
from 60–120 s post-injection the mice were imaged dynamically (tempo-
ral resolution 1 min) for ≈30 min to assess NP targeting kinetics. More-
over, high-speed imaging (temporal resolution: 0.3–2 s) was employed in
order to investigate the uptake of NPs by circulating immune cells at var-
ious time points, and the authors collected additional static images and
z-stacks up to 24 h post-injection. In addition to the injection of a single NP
per mouse, mice were co-injected with cRGD-NP and cRAD-NP (labeled
with Atto633 or rhodamine) in order to investigate differences between
the two formulations (n = 2 for NE and n = 2 for LP). Intravital CLSM
was performed on a Leica SP8 system, and the images were acquired with
a 20×/0.95 air objective. For the various used fluorophores, the follow-
ing combinations of excitation and detection wavelengths were used: GFP
(488 nm/500–515 nm), rhodamine (560 nm/570–600 nm), and Atto633
(633 nm/645–700)

Ex Vivo Confocal Laser Scanning Microscopy: For corroborating the au-
thors’ in vivo findings, ex vivo CLSM was performed on isolated immune
cells. Mice were co-injected with cRGD-NPs and cRAD-NPs (labeled with
Atto633 or rhodamine) and blood (≈1 mL) was collected via heart punc-
turing at 5, 10, and 25 min post-injection. The collected blood was imme-
diately placed in 1 mL heparin (1 IU/mL in 0.9% NaCl). The white blood
cells were isolated via a density gradient method (Lymphoprep; Nycomed
Pharma), they were transferred in wells, and directly imaged with the same
settings as the IVM and a 40×/1.1 water objective.

Ex Vivo Flow Cytometry on Blood: For ex vivo flow cytometry experi-
ments, mice were anesthetized and i.v. injected with a NP bolus (80 µmol
of lipid/kg, n = 3 for cRGD-NE, n = 3 for cRAD-NE, n = 6 for cRGD-LP,
and n = 6 for cRAD-LP). Right after NP administration, all mice subcuta-
neously received 0.2–0.25 mL antidote (atipemazol [2.5 mg kg−1], flumaze-

nil [0.5 mg kg−1], and water; 1:1:8 ratio) for completely reversing the anes-
thesia. At 2 h post-injection, mice were sacrificed and blood (≈1 mL) was
collected via heart puncturing and placed in a heparinized blood collection
tube. The red blood cell lysis was performed according to established pro-
tocols and the obtained immune cells were resuspended in 0.5 mL PBS
supplemented with 2% FCS and 2 mm EDTA (FACS buffer).[6] The dis-
persion was incubated with 5.0 µg anti-mouse CD16/32 (TruStain fcX) for
10 min on ice. Then, samples of 0.1 mL were incubated with an antibody
cocktail for 30 min on ice in the dark (antibody cocktail: Brilliant Violet
421 anti-CD11b [2 µL], Brilliant Violet 510 anti-Ly6G [2 µL], and PE/Cy7
anti-CD19 [1.5 µL], and APC-eFluor 780 anti-CD3e [2.5 µL]). The cells were
washed with FACS buffer via two rounds of centrifugation (400 g, 5 min),
and resuspended in final volume of 200 µL FACS buffer. As last step,
1 µL of 7-aminoactinomycin D (7-AAD) live/dead marker was added in
this sample. The flow cytometry procedure was performed using a Gal-
lios (Beckman Coulter) cytometer and for each sample 100k total counts
were collected. The following excitation wavelengths and detection band-
pass filters were used: Brilliant Violet 421 (405 nm/450/50 nm), Brilliant
Violet 510 (405 nm/550/40 nm), 7-AAD (488 nm/620/30 nm), PE/Cy7
(488 nm/755LP nm), Atto633 (633 nm/660/20 nm), and APC-eFluor780
(633 nm/755LP nm). Samples with single colors were run under the same
laser voltage and gain conditions to ensure proper compensation. During
the analysis, the cellular fragments and debris were excluded (appearing
as low forward and side scatter signals), and the dead cells were excluded
based on the high 7-AAD signal.

Statistical Analysis and Software: The obtained CLSM images, z-stacks,
and videos were analyzed and prepared for publication using ImageJ and
the graphs were plotted with Matlab. The flow cytometry data were ana-
lyzed with Kaluza software (Beckman Coulter). The graphs were plotted in
GraphPad Prism 9 as mean ± SEM (n = 3 for cRGD-NE, n = 3 for cRAD-
NE, n = 6 for cRGD-LP, and n = 6 for cRAD-LP) and two population com-
parisons were conducted with a two-tailed t-test. The significances were
determined by the received p-values: * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, and
**** ≤ 0.0001.
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