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Recent advances in the field of nanomedicine have demonstrated that biomimicry can further
improve targeting properties of current nanotechnologies while simultaneously enable carriers with
abiological identity to better interact with the biological environment. Immune cells for example
employ membrane proteins to target inflamed vasculature, locally increase vascular permeability,
and extravasate across inflamed endothelium. Inspired by the physiology of immune cells, we
recently developed a procedure to transfer leukocyte membranes onto nanoporous silicon particles
(NPS), yielding Leukolike Vectors (LLV). LLV are composed of a surface coating containing multiple
receptors that are critical in the cross-talk with the endothelium, mediating cellular accumulationin
the tumor microenvironment while decreasing vascular barrier function. We previously demonstrated
that lymphocyte function-associated antigen (LFA-1) transferred onto LLV was able to trigger the
clustering of intercellular adhesion molecule 1 (ICAM-1) on endothelial cells. Herein, we provide a
more comprehensive analysis of the working mechanism of LLV in vitro in activating this pathway and
in vivo in enhancing vascular permeability. Our results suggest the biological activity of the leukocyte
membrane can be retained upon transplant onto NPS and is critical in providing the particles with
complex biological functions towards tumor vasculature.

The specific targeting of cancer lesion remains the primary goals of nanomedicine applied to oncological dis-
ease and represents a promising opportunity to increase poor cancer patient survival>. Over the past decades,
nanomedicine has provided several delivery platforms demonstrated to enhance chemotherapeutic delivery®,
however, current results are still unsatisfactory®. As demonstrated by our group®”?® and others?, a significant accu-
mulation in the cancer lesions is hampered by several biological barriers (e.g., mononuclear phagocytic system,
tumor-associated vasculature, tumor extracellular matrix, and cellular membrane) standing between the point of
administration and the pathological site. The ideal treatment should be able to overcome each of these barriers in
a sequential manner to reach its intended site'®. The successful negotiation of tumor-associated vasculature rep-
resents one the greatest challenges in improving the effectiveness of current treatments and diagnostic tools®!12,

Previously, nanocarrier accumulation relied on exploiting the superior permeability of tumor vasculature'?,
a phenomenon commonly referred to as the enhanced permeability and retention (EPR) effect. Further under-
standing of the ultrastructure and transport that occurs in cancer lesions allowed for the rational development
of carriers that specifically target diseased tissue by exploiting lesion-specific transport oncophysics'®. On the
other hand, a better understanding of the biological features characterizing tumor blood vessels'* highlighted the
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possibility to design carriers with biological properties®!'®!7, prompting a deeper investigation into alternative

vector-associated modifications' and tumor characteristics'. In particular, cancer associated inflammation?
and tumor vasculature?! provides several opportunities to develop targeted therapies by leveraging the adhesive
proteins over-expressed on inflamed vessels?.

We recently demonstrated a technique for the functionalization of the surface of nanoporous silicon particles
(NPS)? with purified leukocyte membranes. These NPS were previously shown to be biocompatible?, degra-
dable?, and able to be rationally designed in order to cross a multiplicity of sequential biological barriers to
attain preferential concentration at desired target cancer locations®!2. These NPS formed the basis for multi-stage
vectors® and injectable nanoparticle generators for the cure of visceral metastases in triple-negative breast can-
cer?. The functionalization of NPS with purified leukocyte membrane was demonstrated on select variants of the
NPS platforms?, yielding leukolike vectors (LLV), which displayed properties similar to their leukocyte source
while preserving some favorable properties of NPS (e.g. drug loading and release, margination) on those select
variants. Specifically, LLV were demonstrated to be successfully functionalized with more than 150 leukocyte
membrane-associated proteins, including adhesive surface proteins involved in leukocyte diapedesis®” and were
shown to efficiently interact with intercellular adhesion molecule-1 (ICAM-1) inducing its clustering®. ICAM-1 is
overexpressed in tumor-associated vasculature and is involved in leukocyte adhesion and endothelial reorganiza-
tion?8. This process is critical in mediating vascular permeability as a result of decreased expression of endothelial
intercellular junctions at the endothelial cell border®, thereby favoring immune cell infiltration®**!. In this work,
we confirmed that the cell membrane applied on the surface of synthetic NPS remained functional in triggering
the biomolecular events that culminate in increased vascular permeability. In addition, we demonstrated that
the coating maintained its biological properties also in vivo, favoring LLV firm adhesion on tumor-associated
vasculature and resulting in increased perfusion of small molecules into the subendothelial space. More so, we
definitively validated that specific biological activities that characterize the surface of leukocytes can be trans-
ferred onto synthetic carriers, providing them with a biological identity and favoring their molecular interaction
with vascular tissue both in vitro and in vivo.

Results and Discussion

Surface characterization of Leukolike Vectors. LLV were assembled using 1um discoidal NPS as pre-
viously reported®. Briefly, LLV were fabricated using cellular membranes purified from human T-cells (Jurkat)
or murine macrophages (J774) to minimize reactivity*? and closely mimic the biological vasculature activity that
will be tested in vitro (i.e., human) and in vivo (i.e., murine), respectively. The membrane coating on the NPS
surface was stabilized using electrostatic interactions between the negatively charged cellular membrane and the
positively charged NPS, previously modified with (3-Aminopropyl) triethoxysilane (APTES). Scanning electron
microscope micrographs revealed uniform membrane coating on the LLV surface with minimal exposure of the
underlying nanopores (Fig. 1A). Zeta potential analysis demonstrated a positive charge after functionalization
with APTES, while coating the NPS core with cellular membrane proteins resulted in a negative surface charge for
both LLV formulations (Supplementary Fig. S1). This result was in accordance with the negative surface charge
of native leukocytes®.

Next, fluorescent microscopy revealed the homogenous distribution of lymphocyte function-associated anti-
gen 1 (LFA-1) and macrophage-1 antigen (Mac-1) adhesive proteins on the particle surface for both Jurkat LLV
and J774 LLV (Fig. 1B). Their presence was further validated through western blot analysis and flow cytometry
(Fig. 1C,D). These proteins have previously been shown to be fundamental in the activation of ICAM-1 expres-
sion on endothelial cells?®34. To assess their role in the adhesion of LLV towards an inflamed endothelium, human
umbilical vein endothelial cells (HUVEC) were treated with anti-LFA-1 LLV and anti-Mac-1 LLV under physio-
logical flow conditions and compared to LLV (Supplementary Fig. S2). Our data revealed that compared to LLV,
both anti-LFA-1 and anti-Mac-1 LLV resulted in decreased adhesion to the endothelial cells, confirming that both
of these proteins participate in the interaction with inflamed vasculature (Supplementary Fig. S2A). Furthermore,
it was observed that the blocking of LFA-1 alone resulted in a significant inhibition of particle accumulation
relative to Mac-1-blocked LLV (Supplementary Fig. S2B,C). A similar phenomenon was observed in vivo using
intravital microscopy by administering LLV, anti-LFA-1 LLV, and anti-Mac-1 LLV to BALB/c 4T1 breast cancer
tumor-bearing mice. Blocking LFA-1 and Mac-1 both demonstrated a decrease in particle accumulation at tumor
vasculature, with LFA-1 representing a significant decrease compared to LLV (Supplementary Fig. S3).

In addition, flow cytometry revealed post-translational modifications of adhesive proteins were maintained on
the LLV surface as demonstrated by wheat germ agglutinin staining (Fig. 1E). The addition of the coating was also
found to display minimal changes in particle size as demonstrated by dynamic light scattering (Supplementary
Fig. S4) and SEM images revealed a lack of particle aggregation following coating (Supplementary Fig. S5). This
data provides a general physical, chemical, and biological characterization of the system, exhibiting the successful
transfer of biological material onto synthetic particles and indicating the presence of the machinery necessary to
adhere and activate the ICAM-1 pathway in inflamed endothelium.

ICAM-1 pathway activation. Previously, we demonstrated that LLV is capable of inducing ICAM-18 clus-
tering. Herein, we focused our attention to assess if this phenomenon was effectively followed by the activation of
ICAM-1 pathway and determine its implication in terms of vascular permeability (Fig. 2). All experiments were
performed under flow on an inflamed endothelial monolayer developed using HUVEC activated with tumor
necrosis factor alpha (TNF-a) treatment for 24 h. This model has been extensively used to investigate parti-
cle adhesion in flow dynamics®>?¢. In these experimental conditions, endothelial cells overexpress ICAM-1, as
shown in (Supplementary Fig. $6)*”. Following a 10 min. perfusion of particles at a rate of 0.1 dyn/cm?, LLV
preferentially accumulated at the cell-cell border, while NPS distributed more homogeneously on the surface of
the cells (Fig. 3A). This finding suggests that the LLV preferentially adhered at cell edges and revealed that 23%
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Figure 1. Particle Characterization. (A) SEM images of uncoated particles (NPS) and particles coated

with cellular membrane derived from murine macrophages (J774 LLV) and human T-cells (Jurkat

LLV). (B) Fluorescent microscope images of LLV-modified with Alexa Fluor 555 (red, first column) and
immunofluorescent staining of Jurkat LLV and J774 LLV for surface markers LFA-1 and Mac-1 (green, second
column) and merged (third column). (C) Western blot analysis of leukocyte adhesion molecules successfully
transferred on LLV (WCL: whole cell lysate). (D) Flow cytometry analysis of particles revealing the presence of
LFA-1 and Mac-1. (E) Flow cytometry analysis of the particles stained for wheat germ agglutinin. The data are
plotted as the mean +s.d.

more LLV localized at the cell borders when compared to NPS (Fig. 3B). Additionally, literature and our previous
work exhibited that the border of inflamed endothelial cells is predominantly enriched with ICAM-1 to engage
surface interactions with circulating leukocytes®*8. In nature, the activation of the ICAM-1 pathway by leukocytes
induces an increase in the intracellular concentration of Ca®***. To measure the changes in Ca** production fol-
lowing treatment with LLV, a combination of fluorometric analysis and live microscopy was used on a HUVEC
monolayer. Increases in the cytoplasmic levels of Ca?* were observed as quickly as 15 s following interaction
of LLV with inflamed endothelium (Fig. 3C). This finding corroborates results obtained by previous literature
describing leukocyte extravasation®.

Furthermore, ICAM-1 pathway activation involves the phosphorylation of protein kinase C alpha (PKCa)
that, in turn, phosphorylates VE-cadherin**? leading to its membrane displacement and the partial disruption
of the endothelial intercellular junction. VE-cadherin is responsible for maintaining the endothelial monolay-
er’s continuity and barrier function®*. Western blot analysis was used to assess the phosphorylation levels of
VE-cadherin and PKCa on TNFa-activated HUVEC following treatment with LLV or NPS, while an untreated
control and leukocytes (i.e., Jurkat T-cells) were used as negative and positive control, respectively. The analysis
revealed that VE-cadherin phosphorylated protein (VE-cadherin-P) was 2.5-fold higher in LLV-treated HUVEC
than in untreated cells, while the level of VE-cadherin-P slightly increased in NPS-treated cells, maintaining
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Figure 2. ICAM-1 pathway activation schematic. Activation of ICAM-1 pathway by LLV: (A) LLV adhere to
inflamed endothelium interacting with ICAM-1 through adhesive receptors LFA-1 and Mac-1 (see inset). This
interaction is efficient in activating the ICAM-1 pathway. Subsequently, ICAM-1 pathway activation results in
an increase in intracellular calcium and ROS concentrations, resulting in an independent activation of PKCcx.
PKCa increases lead to the phosphorylation of VE-cadherin, resulting in the disassembly of VE-cadherin and
protein displacement. (B) Following protein displacement of VE-cadherin, gaps between endothelial cells form,
leading to an increase in vascular permeability and payload transport into the extracellular matrix.

basal levels of phosphorylation similar to the controls (Fig. 4A, Supplementary Fig. S7). On the other hand,
VE-cadherin-P expression was 1.5-fold higher in leukocyte-treated HUVEC than in controls (Fig. 4A), indicating
that LLV retained the critical biological determinants necessary to induce VE-cadherin phosphorylation, while
no significant changes occurred in total VE-cadherin protein expression after treatment. Similarly compared to
an untreated control, endothelial cells treated with LLV and leukocytes increased their basal expression of PKCa
phosphorylated protein (PKCa-P) (Supplementary Fig. S8). The phosphorylation of these two important medi-
ators represents a critical step in the functional down-regulation of VE-cadherin as it determines its cytoplasmic
displacement from the edge of endothelial cells.

VE-cadherin displacement from the membrane has previously been reported as an effect produced by leu-
kocytes on endothelial cells after activation of the ICAM-1 pathway®!. This phenomenon was evaluated through
fluorescence microscopy following particle flow, using similar experimental settings as described above. Under
conditions that mimic capillary flow in vitro, inflamed HUVEC monolayers were exposed for 30 min. to leuko-
cytes, NPS, or LLV (Fig. 4B). VE-cadherin expression along the cell perimeter was then analyzed by immuno-
fluorescence. In comparison to untreated and NPS-treated cells, VE-cadherin expression decreased significantly
(p <0.0001) in the group treated with LLV and leukocytes (p < 0.0001) (Fig. 4B).

Representative immunofluorescence images acquired following treatment are shown in Fig. 4C. This data
can also be observed in a tridimensional fluorescent analysis on the acquired images (Fig. 4C) and by plotting
the fluorescence intensity profile of the cell perimeter in polar coordinates (Fig. 4D). Conversely, VE-cadherin
was only slightly decreased in non-inflamed endothelium after exposure to LLV (Supplementary Figs S9-S11).
Collectively, this data confirms the specificity of our biomimetic delivery platform towards inflamed endothelia
and its ability to actively trigger the ICAM-1 pathway. In particular, the proteolipid coating applied on the surface
of the particles was effective in favoring VE-Cadherin phosphorylation and displacement, inhibiting the intercel-
lular connections between the cells composing the monolayer.

LLV targeting and bioactivity in vivo. We next investigated the advantages of LLV for targeting
tumor-associated vasculature and in increasing its permeability in an orthotopic 4T1 breast cancer tumor model.
Ten days after tumor establishment, mice were treated with either NPS or LLV, followed by a single injection of a
70kDa fluorescein isothiocyanate-dextran tracer (3% w/v) to define tumor vasculature. The membrane coating
applied on the LLV increased the targeting potential when compared with NPS (Fig. 5A,B), concurring with
previously published results obtained in a melanoma model®. In an attempt to shed light on the spatiotemporal
mechanics of LLV interaction with tumor endothelium, we carried out a time-dependent evaluation of particle
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Figure 3. Adhesion proprieties and effect on calcium signaling in inflamed endothelium. (A) Representative
images of NPS and LLV (red) adhered on endothelial cells following a brief flow of particles to discriminate
between particles bound on the cell border and cell interior. VE-Cadherin junctions of endothelial cells were
labeled with an anti-VE-cadherin antibody (green) and nuclei were stained with DAPI (blue) (scale bar: 25 pum).
(B) Graph representing differential LLV and NPS distribution on cell border or interior. (C) Calcium signaling
following particle flow was assessed through a Fluo3 AM staining monitored in live microscopy. The data are
plotted as the mean +s.d.

binding to the endothelium 1 and 2 h following particle injection. Specifically, random sections of the tumor
vasculature were assessed for the ability of particles to: 1) establish new binding events (in red), 2) firmly adhere
to the tumor vasculature (in yellow), and 3) detach from the vessel wall (in white) (Fig. 5C,D). The LLV and NPS
showed similar properties in interacting with the tumor-associated vasculature, likely a result of the particle shape
strategically designed to favor margination in the tumor capillaries****. More so, the application of the leukocyte
coating onto the NPS resulted in a 2.16-fold reduction in LLV detachment (Fig. 5D). This suggests that the adhe-
sion proteins on the LLV surface played an active role in the adhesion to the vessel wall and that key leukocyte
proteins remain functional even after contact with the biological surface.

To further investigate the ability of LLV to firmly adhere to an inflamed tumor vessel wall in vivo, we devel-
oped a novel analytical tool by merging consecutive frames obtained by intravital microscopy (IVM) movies into
one image. Thus, the time course experiment was resolved into a series of single images in which the fluorescence
of the LLV and NPS indicated the particle positions in the different frames (Fig. 5SE). When these positions were
projected onto a Cartesian coordinate system as a function of time, firmly bound LLV appeared as a straight
horizontal or vertical line according to their respective X and Y coordinates, while NPS appeared as slanted lines,
indicating reduced adhesion. Furthermore, slope calculations demonstrated the average velocity for traveling
NPS remained at 9.8 pum/s while LLV remained at 0 um/s, suggesting stable adhesion (Fig. 5F).

To gain further insights into the permeability of tumor vasculature following exposure with LLV, we measured
the time-dependent extravasation of the intravenously administered fluorescent tracer 70 kDa dextran (Fig. 6A).
Using IVM, movie frames of the sub-endothelial tumor space were collected 1, 5, 30 and 45 min. after dextran
administration. IVM images showed a linear increase in dextran extravasation in mice treated with LLV and NPS.
However, 45 min. following treatment, dextran extravasation was more than 35% higher in LLV-treated mice
compared to NPS-treated (Fig. 6B). This phenomenon was further confirmed by developing an intensity map of
representative sections of the sub-endothelial space (Fig. 6A, inset) where the color code indicated a prominent
extravasation of the fluorescent dye after 45 min. To analyze the penetration potential of dextran into the sub-
endothelial space, a subsection beginning at the vessel and covering the subendothelial space was analyzed. This
confirmed that LLV modulated the endothelial barrier, allowing the dextran to penetrate deeper into the sub-
endothelial space and serves as a representation of how therapeutics (i.e., particles >70kDa) can penetrate into
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Figure 4. ICAM1 pathway activation. (A) Western blot analysis of Ve-cadherin-P and VE-cadherin 15 min.
following particles and leukocytes treatment. Expanded Western Blot images are displayed in Supplementary
Figure S7. (B) Quantitative analysis of VE-cadherin expression on cell border of TNFa-activated HUVEC treated
with a flow of leukocytes or particles. Data were obtained by immunofluorescence. Fluorescence intensity was
measured along the perimeter of HUVEC per condition (n=15). (C) Immunofluorescence images and tri-
dimensional fluorescence intensity profile (3D Intensity) showing single TNFa-activated HUVEC. (D) Intensity
profiles of the cell perimeter of single TNFa-activated HUVEC plotted in polar coordinates. For B, C and D images
the analyses were performed on untreated HUVEC (CTRL) and on HUVEC treated with Jurkat cells (Leukocytes),
uncoated particles (NPS), and coated particles (LLV). The data are plotted as the mean = s.d. Statistical analysis was
performed using a one-way ANOVA with a Turkey post-test. Asterisks denote significance relative to CTRL. Dots
denote significance relative to NPS. ****P < 0.0001.

the subendothelial space following LLV adhesion (Supplementary Fig. $12). In addition, the preferential accu-
mulation of LLV at the tumor vasculature can further benefit from the working mechanism of NPS and deliver
larger therapeutic agents through the degradation of the silicon core®*. Together, this data demonstrates that
the leukocyte membrane coating enhances diffusion through the tumor vasculature in vivo by engaging specific
surface interactions with the endothelial cells.

Conclusion

The last decade has seen the emergence of biomimetic strategies*” as promising alternatives to drug delivery plat-
forms based on synthetic materials and the exploitation of the EPR effect*®*’. LLV have been fabricated based on
the fusion of synthetic, modifiable NPS and purified leukocyte cell membrane. This coating has previously been
demonstrated as retaining the properties portrayed by NPS, as demonstrated by the loading and release of model
payloads (i.e., Doxorubicin and Albumin)®. In this work, we further validated that the coating does not interfere
with the margination properties of NPS but rather enhanced the particle interaction with tumor blood vessels,
providing a synergistic effect that results in superior targeting and firm adhesion. Additionally, we demonstrate
that the coating could molecularly interact with the surface of the cell. Specifically, purified leukocyte plasma
membranes grafted on the NPS surface efficiently activate the endothelial receptor ICAM-1 pathway, resulting
in increased vascular permeability through the phosphorylation of VE-cadherin. Furthermore, in vivo studies
demonstrated that this approach enhanced the targeting properties, promoted firm adhesion to the tumor vas-
culature, and increased tumor perfusion. This work provides further confirmation of the potentialities in imple-
menting synthetic materials with biological components for overcoming the current limitation in nanocarrier
fabrication® and improve the treatment of diseases characterized by leukocyte infiltration. From this work, we
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Figure 5. Intravital microscopy analysis of LLV tumor endothelium targeting and binding stability.
(A) Intravital microscopy images of orthotopic 4T1 tumor following treatment with NPS and LLV (scale
bar: 100 um). (B) Quantification of particles bound to tumor vasculature, count was performed on same
area fraction. (C) Intravital microscope images portraying binding stability of LLV and NPS on tumor
endothelium at 1 and 2 h created by merging together consecutive frames obtained from 20 sec movies
(scale bar: 50 um). Arrows indicate new (red), stable (yellow), or detached (white) particles. (D) Quantification
of binding stability determined from intravital microscope images. (E) Particle motion analysis in tumor
vasculature. Plotting X or Y particles position as a function of time, firmly bound particle events appear as
straight lines while moving particle events appear as askew lines. (F) In the Graph we report the registered
velocity of moving NPS particles compared to LLV particles which appears all in steady state. The data are
plotted as the mean +s.d.

can conclude that the cell membrane isolated and applied onto NPS at least partially preserves its biological activ-
ity. Although the translation properties of this approach require further characterization, particularly in defining
the specific mechanistic properties of LLV bioactivity, we demonstrate that the biomolecular properties remain
functional, highlighting a suitable alternative approach to current nanocarrier design and a significant advance in
the development of future biomimetic technologies®.

Materials and Methods

Leukolike vector fabrication. NPS were fabricated at the Microelectronics Research Center at The
University of Texas at Austin (Austin, TX, USA), as reported elsewhere®'. APTES-conjugation was performed by
mixing oxidized NPS in a solution containing 2% APTES (Sigma-Aldrich, St. Louis, MO, USA) and 5% MilliQ
water in isopropyl alcohol and mixed under continuous and constant agitation for 2h at 35°C. After incubation,
particles were washed three times in isopropanol and stored in IPA at 4 °C. Fluorescent labeling of NPS was
achieved by mixing them in a 100 mM triethanolamine (in DMSO) solution containing AlexaFluor 488 or 555
(1 mg/mL, Life Technologies) for 2h at room temperature under brief agitation. NPS were then washed to remove
free dye and stored at 4 °C in isopropyl alcohol.

The LLV were fabricated following protocols previous established by our group®. Cell membranes were iso-
lated by brief homogenization in a Dounce homogenizer and spun down at 500 x g for 10 min at 4 °C. The super-
natant was collected and pooled after three additional homogenization steps. The pooled supernatant was placed
on a discontinuous sucrose gradient (55-40-30% w/v sucrose) and centrifuged at 28,000 x g for 45 min. The mem-
brane at the 30-40 interface was collected and washed again in 150 mM NaCl solution. It was then mixed with
APTES-conjugated NPS using a 1.5:1 (membrane:particle) mass ratio and incubated overnight under continuous
rotation at 4 °C. Unbound membranes were then washed using 150 mM NaCl solution by centrifugation using a
setting of 750 x g for 10 min. Dynamic light scatter and zeta potential were performed by suspending 107 particles
in MilliQ water and measured for the particle size using a Zetasizer Nano ZS (Malvern, Malvern, UK). The sample
was then placed into a disposable folded capillary cell and measured for the zeta potential. Jurkat cell membranes
were used for in vitro studies while J774 cell membranes were used for in vivo studies.
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Figure 6. Intravital microscopy analysis of 70 kDa dextran extravasation. (A) Tumor vasculature images of
mice administered with dextran following NPS and LLV injection, (scale bar: 100 pm). Images were acquired
over 45 min. Insets represent a heat map of yellow box to highlight dextran extravasation. (B) Quantitative
analysis on relative fold change of dextran penetration into the subendothelial space. The data are plotted as the
mean =+ s.d. Statistical analysis was performed using a two-way ANOVA with a Bonferroni post-test. **P < 0.01.

Flow cytometry. Surface proteins were quantified by mixing 5 x 10° particles in a FACS buffer solution (1%
bovine serum albumin, BSA) blocking solution for 30 min. Next, particles were washed and allowed to mix with
FITC Rat Anti-Mouse CD11a (LFA-1) or Alexa Fluor® 488 Rat Anti-Mouse CD11b (Becton Dickinson, Houston,
TX, USA) suspended in FACS buffer at a concentration of 0.5 pg/mL for 1h. After incubation, unbound antibod-
ies were removed by three washes in FACS buffer and centrifugation at 450 x g for 10 min. Samples were analyzed
by collecting a minimum of 5,000 events using a BD LSR Fortessa (Becton Dickinson) cell analyzer equipped with
BD FACS Diva software (Fig. 1D).

Particle and cell flow experiments. 3 x 10° HUVEC cells were seeded on fibronectin-coated flow
cells (0.4 Ibidi p-slide; IBIDI, Planegg/Martinsried, Germany) in media with or without TNFa (25ng/mL).
Twenty-four hours later, 3 x 107 NPS, or LLV, or 3 x 10°Jurkat cells (indicated as “leukocytes” in the Results sec-
tion) were introduced into the flow cell at a rate of 0.1 dyn/cm? for 30 min. Cells were subsequently fixed and pre-
pared for microscopy as described below (Fig. 4C). We used the same conditions for live microscopy experiments.
Intracellular Ca*" levels were monitored using Fluo-3/AM, Calcium Indicator (Life Technologies) according to
the vendor’s specifications (Fig. 3C).

Immunofluorescence. After particle flow (see above), cells were fixed with 4% PFA, washed twice with PBS
1%-BSA 0.2%-Triton for 5min. Before and after hybridization with the primary antibody (anti-VE-cadherin
Ab-33168 “Abcam” - Cambridge, UK) cells were washed with PBS 1%-BSA. Secondary antibody hybridization
was performed using Alexa Fluor® 488 labeled anti-rabbit (Thermo Scientific, Waltham, MA, USA). Nuclei were
stained using DAPI (Figs 3A and 4C). Images were taken using an Inverted Nikon FLUO-Scope (Nikon, Tokyo,
Japan). Data were analyzed with Nikon software ND2. For particle immunofluorescence, samples were prepared
as described above for flow cytometry. After particle conjugation with antibody, 10° particles were seeded on an
8-well Nunc® Lab-Tek® Chamber Slide™ (Thermo Scientific). Images were acquired with a Nikon A1 confocal
imaging system and analyzed with Nikon NIS Elements software (Nikon).

Western Blot Analysis. Whole cell lysate from Jurkat cells and HUVECs were used in this study. Cells were
washed with PBS twice and collected by centrifugation at 125 x g for 10 min. Cells were resuspended in RIPA
buffer (5mM Tris-HCI (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) supplemented
with PMSE, Protease and Phosphatase inhibitor cocktail (Thermo Scientific), according to the vendor’s indica-
tions. Extracts were kept on ice, and the samples were flowed through a needle to increase protein yield. Protein
extracts were centrifuged at 14,000 x g for 15 min to separate the proteins (supernatant) from the cellular debris
(pellet). The concentration of protein in the extracts was measured with a Bradford protein assay. 30 pg of total
protein extracts were loaded onto a 10% Mini-PROTEAN® TGX™ Precast Gel (BioRad, Hercules, CA, USA).
For particle characterization, 30 ug of Jukat cell extract, 1 million LLV and NPS were loaded onto the gel (Fig. 1C)
(LLV were coated using 150 pg of cell membrane proteins). For phosphorylated VE-cadherin, VE-cadherin,
1.5 x 10° HUVECs were plated onto fibronectin-coated 10 mm cell culture dishes with or without media con-
taining TNFa (25ng/mL). Then, 90 x 107 NPS, J774-LLV and Jurkat-LLV, 1.5 x 10° Jurkat cells were added to
the media for 15min (Fig. 4A). The proteins from the gels were blotted on a PVDF membrane using a BioRad
Trans-Blot® Turbo™ Transfer Starter System according to the vendor’s instructions. After 2 h blocking solution
(Tris-Buffered Saline 0.1% Tween 20, 5% Blotting Grade Blocker Non Fat Dry Milk; BioRad) the membranes
were hybridized with primary antibody [Anti VE-cadherin phospho ab22775 from: Abcam, Anti-VE-cadherin
ab33168 from: Abcam, and Anti-GAPDH sc-137179 from Santa Cruz Biotechnology, Dallas, TX, USA)].
Antibodies were used according to vendor’s indications. For detection we used the Pierce ECL Western Blotting
Substrate (Pierce, Waltham, MA, USA) and the BioRadChemiDoc™ MP System (BioRad).
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Animal Care. Animal studies were conducted in accordance with the guidelines of the Animal Welfare Act
and the Guide for the Care and Use of Laboratory Animals following approved protocols established by The
University of Texas M.D. Anderson Cancer Center’s Institutional Animal Care and Use Committee. Female 8-9
week old BALB/c mice were purchased from Charles River Laboratories (Boston, MA, USA) and maintained
using previously established protocols®. Mouse breast cancer tumors were established using a single injection of
2 % 10° 4T1-luc2-tdTomato Bioware® Ultra Red from PerkinElmer (Waltham, MA, USA) into the mammary fat
pad. At pre-determined times, animals’ images were acquired using an IVIS 200 imaging system (Perkin Elmer).
Tumors were determined as established upon reaching a size of 0.8 cm>.

Intravital Microscopy Imaging. Animals were anesthetized using isoflurane. After removing hair, the
tumor mass was exposed under the microscope. 40 pl of FITC 70 KDa dextran solution was injected endo-
venously to maximize the definition and resolution of the vascular bed. In 3 animals per experimental group, 1
billion NPS or LLV were injected. Dextran and particles were systemically administered through the retro-orbital
venous plexus. To analyze tumoritropic accumulation and binding stability, the animals were imaged after 1h
and monitored for 2 hours after particle injection. To evaluate the dextran extravasation time course, we used 3
mice per point and analyzed 5 different fields per mouse (Fig. 6). We filmed and collected images for 45 min after
particle injection. Dextran diffusion images were taken from the last frames of the IVM movies. Fluorescence
intensity was quantified using ND2 software from Nikon.

Statistical Analysis. Statistical analyses were calculated using Prism GraphPad v. 6.0. All experiments were
the result of a minimum of three biological replicates unless stated. Statistics for the immunofluorescence inten-
sity of VE-cadherin expression was analyzed using a one-way ANOVA with a Turkey post-test comparing means.
Statistics for dextran extravasation was analyzed using a two-way ANOVA with a Bonferroni post-test.

References
1. Schroeder, A. et al. Treating metastatic cancer with nanotechnology. Nat Rev Cancer 12, 39-50 (2012).
2. Blanco, E., Shen, H. & Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug delivery.
Nat Biotechnol 33, 941-951, doi: 10.1038/nbt.3330 (2015).
3. Xu, X,, Ho, W,, Zhang, X., Bertrand, N. & Farokhzad, O. Cancer nanomedicine: from targeted delivery to combination therapy.
Trends in molecular medicine 21, 223-232, doi: 10.1016/j.molmed.2015.01.001 (2015).
4. Chow, E. K. & Ho, D. Cancer nanomedicine: from drug delivery to imaging. Science translational medicine 5, 216rv214, doi: 10.1126/
scitranslmed.3005872 (2013).
5. Chauhan, V. P. & Jain, R. K. Strategies for advancing cancer nanomedicine. Nat Mater 12, 958-962, doi: 10.1038/nmat3792 (2013).
6. Wilhelm, S. et al. Analysis of nanoparticle delivery to tumours. Nature Reviews Materials 1, 16014, doi: 10.1038/natrevmats.2016.14
(2016).
7. Ferrari, M. Cancer nanotechnology: opportunities and challenges. Nat Rev Cancer 5, 161-171, doi: 10.1038/nrc1566 (2005).
8. Parodi, A. et al. Synthetic nanoparticles functionalized with biomimetic leukocyte membranes possess cell-like functions. Nature
nanotechnology 8, 61-68, doi: 10.1038/nnano.2012.212 (2013).
9. Rabanel, J. M., Aoun, V., Elkin, I., Mokhtar, M. & Hildgen, P. Drug-loaded nanocarriers: passive targeting and crossing of biological
barriers. Current medicinal chemistry 19, 3070-3102 (2012).
10. Petros, R. A. & DeSimone, J. M. Strategies in the design of nanoparticles for therapeutic applications. Nature reviews. Drug discovery
9, 615-627, doi: 10.1038/nrd2591 (2010).
11. Barua, S. & Mitragotri, S. Challenges associated with Penetration of Nanoparticles across Cell and Tissue Barriers: A Review of
Current Status and Future Prospects. Nano today 9, 223-243, doi: 10.1016/j.nantod.2014.04.008 (2014).
12. Ferrari, M. Frontiers in cancer nanomedicine: directing mass transport through biological barriers. Trends in biotechnology 28,
181-188 (2010).
13. Iyer, A. K,, Khaled, G., Fang, ]. & Maeda, H. Exploiting the enhanced permeability and retention effect for tumor targeting. Drug
discovery today 11, 812-818, doi: 10.1016/j.drudis.2006.07.005 (2006).
14. Michor, E, Liphardt, J., Ferrari, M. & Widom, J. What does physics have to do with cancer? Nat Rev Cancer 11, 657-670,
doi: 10.1038/nrc3092 (2011).
15. Kobayashi, H., Watanabe, R. & Choyke, P. L. Improving conventional enhanced permeability and retention (EPR) effects; what is the
appropriate target? Theranostics 4, 81-89, doi: 10.7150/thno.7193 (2013).
16. Molinaro, R. et al. Biomimetic proteolipid vesicles for targeting inflamed tissues. Nat Mater, doi: 10.1038/nmat4644 (2016).
17. Bielecki, M. & Kanapathipillai, M. Bio-Inspired, Biomimetic Polymeric Cancer Nanotherapeutics. Advanced Science, Engineering
and Medicine 7, 1033-1043, doi: 10.1166/asem.2015.1810 (2015).
18. Parodi, A. et al. Bromelain surface modification increases the diffusion of silica nanoparticles in the tumor extracellular matrix. ACS
nano 8, 9874-9883, doi: 10.1021/nn502807n (2014).
19. Bertrand, N., Wu, J., Xu, X, Kamaly, N. & Farokhzad, O. C. Cancer nanotechnology: the impact of passive and active targeting in the
era of modern cancer biology. Adv Drug Deliv Rev 66, 2-25 (2014).
20. Allavena, P, Sica, A, Solinas, G., Porta, C. & Mantovani, A. The inflammatory micro-environment in tumor progression: the role of
tumor-associated macrophages. Critical reviews in oncology/hematology 66, 1-9, doi: 10.1016/j.critrevonc.2007.07.004 (2008).
21. Narang, A. S. & Varia, S. Role of tumor vascular architecture in drug delivery. Adv Drug Deliv Rev 63, 640-658, doi: doi: 10.1016/j.
addr.2011.04.002 (2011).
22. Carlos, T. M. & Harlan, J. M. Leukocyte-endothelial adhesion molecules. Blood 84, 2068-2101 (1994).
23. Martinez, J. O. et al. Short and long term, in vitro and in vivo correlations of cellular and tissue responses to mesoporous silicon
nanovectors. Small 9, 1722-1733, doi: 10.1002/sml11.201201939 (2013).
24. Martinez, J. O. et al. Degradation and biocompatibility of multistage nanovectors in physiological systems. Journal of biomedical
materials research. Part A 102, 3540-3549, doi: 10.1002/jbm.a.35017 (2014).
25. Tasciotti, E. et al. Mesoporous silicon particles as a multistage delivery system for imaging and therapeutic applications. Nature
nanotechnology 3, 151-157, doi: 10.1038/nnano.2008.34 (2008).
26. Xu, R. et al. An injectable nanoparticle generator enhances delivery of cancer therapeutics. Nat Biotechnol 34, 414-418, doi: 10.1038/
nbt.3506 (2016).
27. Corbo, C. et al. Proteomic profiling of a biomimetic drug delivery platform. Current drug targets (2014).
28. Diamond, M. S., Staunton, D. E., Marlin, S. D. & Springer, T. A. Binding of the integrin Mac-1 (CD11b/CD18) to the third
immunoglobulin-like domain of ICAM-1 (CD54) and its regulation by glycosylation. Cell 65, 961-971 (1991).

SCIENTIFICREPORTS | 6:34422 | DOI: 10.1038/srep34422 9



www.nature.com/scientificreports/

29. Allingham, M. J., van Buul, J. D. & Burridge, K. ICAM-1-mediated, Src- and Pyk2-dependent vascular endothelial cadherin tyrosine
phosphorylation is required for leukocyte transendothelial migration. Journal of immunology 179, 4053-4064 (2007).

30. Muller, W. A. Leukocyte-endothelial-cell interactions in leukocyte transmigration and the inflammatory response. Trends in
immunology 24, 327-334 (2003).

31. Wittchen, E. S. Endothelial signaling in paracellular and transcellular leukocyte transmigration. Frontiers in bioscience 14,
2522-2545 (2009).

32. Evangelopoulos, M. et al. Cell source determines the immunological impact of biomimetic nanoparticles. Biomaterials 82, 168-177,
doi: 10.1016/j.biomaterials.2015.11.054 (2016).

33. Teraoka, S. et al. Changes in electrical charge of leukocyte surface membranes during hemodialysis. Possible role in transient
leukopenia. ASAIO transactions/American Society for Artificial Internal Organs 34, 608-612 (1988).

34. Marlin, S. D. & Springer, T. A. Purified intercellular adhesion molecule-1 (ICAM-1) is a ligand for lymphocyte function-associated
antigen 1 (LFA-1). Cell 51, 813-819 (1987).

35. Morgan, J. P. et al. Formation of microvascular networks in vitro. Nature protocols 8, 1820-1836 (2013).

36. Mannino, R. G. et al. Do-it-yourself in vitro vasculature that recapitulates in vivo geometries for investigating endothelial-blood cell
interactions. Scientific reports 5 (2015).

37. Muro, S. et al. Control of endothelial targeting and intracellular delivery of therapeutic enzymes by modulating the size and shape
of ICAM-1-targeted carriers. Molecular Therapy 16, 1450-1458 (2008).

38. Millan, J. et al. Lymphocyte transcellular migration occurs through recruitment of endothelial ICAM-1 to caveola- and F-actin-rich
domains. Nature cell biology 8, 113123, doi: 10.1038/ncb1356 (2006).

39. Martinelli, R. et al. ICAM-1-mediated Endothelial Nitric Oxide Synthase Activation via Calcium and AMP-activated Protein Kinase
Is Required for Transendothelial Lymphocyte Migration. Molecular biology of the cell 20, 995-1005 (2009).

40. Etienne-Manneville, S. et al. ICAM-1-coupled cytoskeletal rearrangements and transendothelial lymphocyte migration involve
intracellular calcium signaling in brain endothelial cell lines. Journal of immunology 165, 3375-3383 (2000).

41. Vandenbroucke St Amant, E. et al. PKCalpha activation of p120-catenin serine 879 phospho-switch disassembles VE-
cadherin junctions and disrupts vascular integrity. Circulation research 111, 739-749, doi: 10.1161/CIRCRESAHA.112.269654
(2012).

42. Sandoval, R. et al. Ca(2+) signalling and PKCalpha activate increased endothelial permeability by disassembly of VE-cadherin
junctions. The Journal of physiology 533, 433-445 (2001).

43. Turowski, P. et al. Phosphorylation of vascular endothelial cadherin controls lymphocyte emigration. Journal of cell science 121,
29-37, doi: 10.1242/jcs.022681 (2008).

44. van de Ven, A. L. et al. Rapid tumoritropic accumulation of systemically injected plateloid particles and their biodistribution. Journal
of controlled release: official journal of the Controlled Release Society 158, 148-155, doi: 10.1016/j.jconrel.2011.10.021 (2012).

45. D’Apolito, R. et al. Red blood cells affect the margination of microparticles in synthetic microcapillaries and intravital
microcirculation as a function of their size and shape. Journal of Controlled Release 217, 263-272 (2015).

46. Martinez, J. O. et al. The effect of multistage nanovector targeting of VEGFR2 positive tumor endothelia on cell adhesion and local
payload accumulation. Biomaterials 35, 9824-9832, doi: 10.1016/j.biomaterials.2014.08.024 (2014).

47. Yoo, J. W,, Irvine, D. ], Discher, D. E. & Mitragotri, S. Bio-inspired, bioengineered and biomimetic drug delivery carriers. Nature
reviews. Drug discovery 10, 521-535, doi: 10.1038/nrd3499 (2011).

48. Torchilin, V. Tumor delivery of macromolecular drugs based on the EPR effect. Adv Drug Deliv Rev 63, 131-135, doi: 10.1016/j.
addr.2010.03.011 (2011).

49. Luk, B. T. & Zhang, L. Cell membrane-camouflaged nanoparticles for drug delivery. Journal of controlled release: official journal of
the Controlled Release Society 220, 600-607, doi: 10.1016/j.jconrel.2015.07.019 (2015).

50. Zhou, H., Fan, Z., Lemons, P. K. & Cheng, H. A Facile Approach to Functionalize Cell Membrane-Coated Nanoparticles.
Theranostics 6, 1012-1022, doi: 10.7150/thno.15095 (2016).

51. Chiappini, C. et al. Tailored porous silicon microparticles: fabrication and properties. Chemphyschem: a European journal of
chemical physics and physical chemistry 11, 1029-1035, doi: 10.1002/cphc.200900914 (2010).

Acknowledgements

This work was supported by: grant PON02_00677 (BIOGENE) potenziamento lab.8 — 2012 from the Ministry
of University and Research, Italy (E.S.), grant POR Campania FSE 2007/2013 (CAMPUS-Bioframe) and project
DIAINTECH from the Regione Campania, Italy (ES.), the National Institutes of Health (1R21CA173579 and
5U54CA143837), the Department of Defense (W81XWH-12-1-0414), the Brown Foundation (Project ID:
18130011), the Cullen Trust for Health Care Foundation (Project ID: 18130014), and internal support provided
by the Houston Methodist Research Institute, including the Ernest Cockrell Jr. Presidential Distinguished
Chair. The authors thank: Bianca Garavaglia Association Busto Arsizio (VA), Italy; Jean Ann Gilder (Scientific
Communication srl. Naples) and to Megan Livingston for editing the text; Vittorio Lucignano, CEINGE-
Biotecnologie Avanzate for technical assistance. A kind acknowledgment to Jonathan O. Martinez for his
intellectual contribution, to Kemi Cui and the HMRI Advanced Cellular and Tissue Microscope Core Facility
for traditional confocal scanning services, to Dr. Xuewu Liu and the HMRI Nanomedicine Core Facility for
nanoporous silicon fabrication, James Gu and the HMRI Electron Microscopy Core for scanning electron
microscopy services.

Author Contributions

R.P, AP, M.E. and E.T. designed research; R.P., M.E., C.C. and N.E.T.E performed research; R.P., M.E. and S.A.
analyzed and interpreted data; R.P,, M.E. and A.P. wrote the paper; A.P,, M.E., ES., E.T. and M.F. reviewed the
paper and contributed their knowledge about NPS. R.P. and M.E. edited and finalized figures. E.d.R. acquired
intravital microscopy data. LK.Y., R-M. and J.Y. provided animal assistance. S.S cultured the different cell lines.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Palomba, R. et al. Biomimetic carriers mimicking leukocyte plasma membrane to
increase tumor vasculature permeability. Sci. Rep. 6, 34422; doi: 10.1038/srep34422 (2016).

SCIENTIFICREPORTS | 6:34422 | DOI: 10.1038/srep34422 10


http://www.nature.com/srep

www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:34422 | DOI: 10.1038/srep34422 11


http://creativecommons.org/licenses/by/4.0/

	Biomimetic carriers mimicking leukocyte plasma membrane to increase tumor vasculature permeability

	Results and Discussion

	Surface characterization of Leukolike Vectors. 
	ICAM-1 pathway activation. 
	LLV targeting and bioactivity in vivo. 

	Conclusion

	Materials and Methods

	Leukolike vector fabrication. 
	Flow cytometry. 
	Particle and cell flow experiments. 
	Immunofluorescence. 
	Western Blot Analysis. 
	Animal Care. 
	Intravital Microscopy Imaging. 
	Statistical Analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Particle Characterization.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ ICAM-1 pathway activation schematic.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Adhesion proprieties and effect on calcium signaling in inflamed endothelium.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ ICAM1 pathway activation.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Intravital microscopy analysis of LLV tumor endothelium targeting and binding stability.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Intravital microscopy analysis of 70 kDa dextran extravasation.



 
    
       
          application/pdf
          
             
                Biomimetic carriers mimicking leukocyte plasma membrane to increase tumor vasculature permeability
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34422
            
         
          
             
                R. Palomba
                A. Parodi
                M. Evangelopoulos
                S. Acciardo
                C. Corbo
                E. de Rosa
                I. K. Yazdi
                S. Scaria
                R. Molinaro
                N. E. Toledano Furman
                J. You
                M. Ferrari
                F. Salvatore
                E. Tasciotti
            
         
          doi:10.1038/srep34422
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep34422
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep34422
            
         
      
       
          
          
          
             
                doi:10.1038/srep34422
            
         
          
             
                srep ,  (2016). doi:10.1038/srep34422
            
         
          
          
      
       
       
          True
      
   




