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Nanoparticle targeting to the endothelium during
normothermic machine perfusion of human kidneys
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Ex vivo normothermic machine perfusion (NMP) is a new clinical strategy to assess and resuscitate organs likely to be
declined for transplantation, thereby increasing the number of viable organs available. Short periods of NMP provide a
windowofopportunity todeliver therapeutics directly to theorganand, inparticular, to the vascular endothelial cells (ECs)
that constitute the first point of contact with the recipient’s immune system. ECs are the primary targets of both ischemia-
reperfusion injury anddamage frompreformedantidonor antibodies, and reductionof perioperative EC injury could have
long-term benefits by reducing the intensity of the host’s alloimmune response. Using NMP to administer therapeutics
directly to the graft avoidsmany of the limitations associatedwith systemic drug delivery.Wehavepreviously shown that
polymeric nanoparticles (NPs) can serveasdepots for long-termdrug release, but ensuring robustNPaccumulationwithin
a target cell type (graft ECs in this case) remains a fundamental challenge of nanomedicine. We show that surface
conjugation of an anti-CD31 antibody enhances targeting of NPs to graft ECs of human kidneys undergoing NMP. Using
a two-color quantitativemicroscopy approach, we demonstrate that targeting can enhance EC accumulation by about 5-
to 10-fold or higher in discrete regions of the renal vasculature. In addition, our studies reveal that NPs can also non-
specifically accumulatewithin obstructed regions of the vasculature that are poorly perfused. These quantitative preclinical
human studies demonstrate the therapeutic potential for targeted nanomedicines delivered during ex vivo NMP.

INTRODUCTION
Kidney transplantation is the most effective treatment for end-stage
renal failure with 1-year graft survival rates that exceed 90%.However,
two considerable challenges remain: the shortage of suitable donor
organs and the rate of late graft failure (1). In the United States, about
100,000 patients currently await kidney transplants, and only about
18,000 transplantations are conducted annually, resulting in a median
wait time of 3.6 years (1). A recent advance can potentially address the
first challenge by expanding the pool of available kidneys: resuscita-
tion of marginal organs via short periods (typically 1 hour) of ex vivo
normothermic machine perfusion (NMP) (2–5). The second chal-
lenge of late graft loss primarily occurs as a result of chronic rejection
(6). Notably, the rate of late graft loss has not substantially improved
despite large gains in reducing acute graft rejection through new drugs
and better immunosuppressive regimens (6, 7). Perioperative events,
such as ischemia-reperfusion injury resulting in delayed graft function
or perioperative injuries caused by preformed host antidonor-specific
antibodies (Abs), pose an additional risk for late graft loss, likely because
inflammation at the time of organ implantation primes amore vigorous
host antigraft adaptive immune response (8).

NMP itselfmay provide a therapeutic benefit by reducing the sever-
ity of ischemia-reperfusion injury to graft vasculature (9). In addition,
NMP also creates a window of opportunity for the ex vivo delivery of
therapeutic agents to further alter the graft microenvironment directly
in the transplanted organ. In particular, the endothelial cell (EC) lining

of the graft vasculature—the primary target of graft injury due to is-
chemia reperfusion or preformed anti-donor Abs (10–14)—is directly
accessible to the perfusate during NMP. Reduction of preformed Abs
by plasmapheresis or immunoadsorption, sometimes in combination
with administration of intravenous immunoglobulin, may partially
mitigate early Ab-mediated rejection (15). However, these approaches
are expensive, and neither strategy has been fully successful on its own.
Ex vivo treatment of the vascular EC targets in the isolated graft
(rather than the organ recipient) may represent a complementary
strategy to enhance efficacy and minimize adverse systemic effects.

Because the nature of the host’s adaptive immune response can
evolve over the first few postoperative weeks, a prolonged therapeutic
response over this time periodwill likely be needed.We have previously
shown that drugs encapsulated within polymeric nanoparticles (NPs)
can be internalized by human ECs and that these NPs can serve as a
slow release depot for drug delivery because theNPs slowly degrade by
hydrolysis (16). In the case of a small interfering RNA (siRNA), the
therapeutic effectmay persist 6 weeks or longer (17). The challenge we
address in this study is how to best ensure that NPs introduced during
NMP are efficiently delivered to graft ECs.

TargetedNPs have thus far had only limited success in clinicalmed-
icine because of several challenges associatedwith systemic administra-
tion (18, 19). First and foremost, NPs typically cannot efficiently escape
from the vasculature to reach extravascular targets (20). This results in
marked accumulation within phagocytes of the liver and spleen that
compete nonspecifically with the intended target cell (21). In addition,
surface adsorption of serum proteins can create a so-called “protein
corona” that can mask targeting ligands and abolish targeting benefits
in vivo (22–24). Targeting graft ECs duringNMP, which uses a serum-
free perfusate, can potentially circumvent these challenges.

Anti-CD31 Abs conjugated either to NPs or directly to therapeutic
molecules have been previously used to target ECs in vivo in animal
models, including in the context of organ transplantation. In one
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study, a conjugate of anti-CD31 and catalase enzyme accumulated in
lung ECs after intravenous administration inmice and was subsequent-
ly able to reduce ischemia-reperfusion injury after lung transplant into a
second animal, thereby mitigating effects of cold ischemia (25). ECs of
other organs, such as the heart and the brain, have also been successfully
targeted by anti-CD31–therapeutic conjugates when administered in
specific anatomic locations to enhance the first-pass rapid accumula-
tion in the organ of interest (26, 27). However, it was unclear how these
results would translate into targeting of NPs to the ECs of the human
kidney, the most commonly transplanted organ in clinical practice.

Here, we report that conjugating anti-human CD31 Abs to
poly(lactic acid)–poly(ethylene) glycol (PLA-PEG) NPs loaded with
a fluorescent dye and administering them to isolated human kidneys
during ex vivo NMP can lead to enhanced vascular retention compared
to nontargeted NPs. Using two-color quantitative microscopy on
cryosectioned biopsies, we observed the time-dependent accumulation
of CD31-targeted and nontargeted NPs simultaneously in physiologically
viable human kidneys during a period of NMP. This approach showed
that Ab targeting to ECs can produce enrichment of accumulation in
both renal glomerular and interstitial microvascular ECs in regions
that were well perfused.

RESULTS
CD31 expression in the human renal cortical vasculature
To evaluate the potential use of molecularly targeted NPs for use dur-
ing ex vivo perfusion of the human kidney, we first sought to identify a
suitable surface protein on ECs to target. CD31 [also known as platelet
EC adhesion molecule–1 (PECAM-1)] is a pan-EC marker typically
expressed at relatively high quantities (28). Although it is also
expressed on platelets and new thymically released T cells, neither
of these potentially competing cell types are present in isolated kidneys
that are perfused with leucocyte-depleted and washed red blood cell
(RBC) suspensions. CD31 has been shown to be a viable target to fa-
cilitate binding and subsequent internalization of Ab-conjugated NPs
within ECs (29–31), provided that an appropriate epitope is recognized
by the conjugated Ab (29). These features suggest that CD31 may be
well suited as a receptor for targeting of Ab-NPs uniformly to human
renal ECs. However, the renal cortex contains a variety of vascular
beds—including arteries, afferent and efferent arterioles, glomerular
capillaries, peritubular capillaries, venules, and veins—that are molecu-
larly distinct andmay vary in the quantity of CD31 expressed (Fig. 1A).
To confirm the appropriateness of CD31 as our target, we probed for
the expression of CD31 throughout the renal cortex of three separate
human donor kidneys using fluorescence immunohistochemistry.
CD31 staining was consistently present throughout the vascular beds
of the renal cortex, suggesting that CD31 is an EC receptor with the
potential to induce widespread accumulation of targeted NPs (Fig. 1,
B and C).

Specific anti-CD31 NP binding to human endothelium in
cell culture
Weusednanoprecipitation to assembleNPs froma block copolymer of
PLA-PEG (Fig. 2A). This approach produces monodisperse NPs with
an inert surface coating that reduces NP clumping (32) and thereby de-
creases the likelihood that aggregates of NPs might plug vessels and in-
terfere with graft function. In addition, the PEGylated surface allowsAbs
to be conjugated using simple standard approaches (33). NPs encap-
sulating either 1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine

perchlorate (DiI) or 3,3′-dioctadecyloxacarbocyanine perchlorate
(DiO) dye were about 165 to 170 nm in diameter with a polydispersity
index (PDI) of <0.15 by dynamic light scattering (DLS; Fig. 2B). Dye-
loaded NPs were conjugated to either an anti-CD31 (CD31-NPs) or a
nonbinding isotype-matched Ab (Control-NPs) via covalent coupling
to terminal COOH end groups on the PEG. This procedure yielded
about 100Abs per NP, as determined using I125-labeled Ab. DLSmea-
surements after the conjugation procedure displayed an about 20-nm
increase in diameter, consistent with the addition of an Ab layer to the
NP surface (fig. S1A). NP-binding specificity was confirmed by fluo-
rescencemicroscopy after a 2-hour treatment of humanumbilical vein
ECs (HUVECs) with 100 mg/ml of either CD31-NPs or Control-NPs.
CD31-NPs strongly associated with HUVECs, whereas Control-NPs
showed minimal association (Fig. 2C). Quantification of this associa-
tion via flow cytometry demonstrated that CD31-NPs enhanced accu-
mulation by about 80× relative to Control-NPs under these static
incubation conditions (Fig. 2, D and E). In addition, a quantification
of the number of NPs per cell after 30 min of static incubation sug-
gested that ourCD31-NP formulation is capable of accumulating at an
amount commensurate with previously validated CD31-targeted NPs
evaluated under similar conditions (fig. S1, B andC) (30, 31, 34). Com-
bined treatment of red CD31-NP and green Control-NP for 2 hours
demonstrated that simultaneous treatment of CD31-NP and Control-
NP did not have an appreciable impact on either specific or non-
specific NP accumulation (fig. S1D). A dose titration of CD31-NPs,
followed by a 24-hour incubation period, show no adverse effects
on EC viability (fig. S1E).

Although targeted NP association in static culture is frequently
used as a measure of potential for targeting in vivo (16), its relevance
is unclear because association of NPs with ECs in the vasculature will
occur under flow. The kinetics of targetedNP association with ECs are
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Fig. 1. CD31 is present throughout the human renal vasculature. (A) Repre-
sentative fluorescent immunohistochemistry staining image of a cryosection taken
from a wedge biopsy of a human kidney undergoing normothermic machine perfu-
sion (NMP). Section was stained for Ulex to depict vascular endothelium (green).
White arrows label different vascular beds and the kidney surface. Multiple 20×
images were tiled to reconstruct the entire cryosection. (B) Representative images
for CD31 (green) and nuclear 4′,6-diamidino-2-phenylindole (DAPI; blue) staining
of glomerular capillaries (left) and interstitial microvessels (right). Representative
staining from three different donor kidneys.
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likely influenced by both the presence of flow and NP concentration.
These features are particularly relevant for clinical NMP, given the
relatively short perfusion period (typically about 1 hour). Thus, we
quantified the targeting kinetics of CD31-NPs under physiologically
relevant flow conditions and as a function of NP concentration. Pre-
vious studies have evaluated the kinetics of NP association with surface-
immobilized target receptors via surface plasmon resonance (35);
however, to our knowledge, quantitative studies evaluating the kinetics
of NP association with live cells have not been reported.

Using microfluidic flow chambers (shear of 2 dyne/cm2) and live-
cell imaging, we measured the association of CD31-NPs to HUVEC
monolayers over an NP concentration range of 10 to 100 mg/ml.
CD31-NPs accumulated on the EC monolayer, whereas Control-NP
at 100 mg/ml did not (Fig. 2F). CD31-NP binding did not fully saturate

the surface of the cultured HUVECs over a 2-hour observation period
even at the highestNP concentration tested (100 mg/ml; Fig. 2, F andG).
As predicted for first-order kinetics, the rate of CD31-NP association
scaled linearly with NP concentration (Fig. 2H). Collectively, these
cell culture data demonstrate both that our CD31-NPs bind ECs
with robust specificity and that targeting is occurring under non-
saturating kinetics. This finding of nonsaturating kinetics is consistent
with previous examples of CD31 targeting to cultured ECs under flow,
which showed apparent linear increases in NP accumulation with
increasing NP dose, but a direct comparison of our results with pre-
vious studies is difficult because the previous studies did not directly
examine the time dependence of NP accumulation (30, 31, 34). The
critical point raised by the observation that targeting to ECs is a kinetic
(time-dependent) process, rather than equilibrium process, is that
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Fig. 2. CD31 provides robust NP targeting in vitro but slow kinetics. (A) Representative transmission electron microscopy image of poly(lactic acid)–poly(ethylene)
glycol NPs. Scale bar, 200 nm. (B) Quantification of NP size distribution and polydispersity index as measured by dynamic light scattering for both 1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiI)– and 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO)–loaded nanoparticles (NPs; n = 3; a t test was used for statistical
analysis). N.S., not statistically significant. (C) Representative 20× images of CD31-NPs versus Control-NPs after a 2-hour incubation with human umbilical vein endothelial
cells (HUVECs) in static culture. DiO-loaded NPs are shown in green (right column) overlaid with brightfield images (left column). Scale bars, 150 mm. n = 3. (D) Representative
fluorescence-activated cell sorting (FACS) histograms for HUVECs treated identically to (C). (E) Quantification of triplicate FACS experiments as shown in (D). n = 3. MFI, mean
fluorescence intensity; a.u., arbitrary units. (F) Representative images of accumulation of DiI NPs as a function of time on HUVECs in amicrofluidic cell culture during perfusion
with CD31-NPs (100 mg/ml; top) or Control-NPs (100 mg/ml; bottom) at 2 dyne/cm2. Each image is 300 mmwide, representing the full width of themicrofluidic channel. NPs are
pseudocolored green for better visualization. (G) Quantificationofmeanarea of positive fluorescence for flowexperiments as performed in (F) at a rangeof concentrations (n=3
independent imaging regions for each dose and time point). Lines through data represent fit to a rate equation. (H) Plot of rates as a function of NP concentration as extracted
from quantification in (G). Line through data represents linear fit. Rates are normalized to a concentration of 10 mg/ml (dashed line, 1). All error bars represent 1 SD.
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achieving robust accumulation within human kidneys during a short
period of ex vivo NMP will require the optimization of both NP con-
centration and duration of exposure.

Donor characteristics and experimental design for human
kidney perfusion series
To determine whether CD31-NPs can provide enhanced accumula-
tion during ex vivo NMP, eight experimentally viable human kidneys
that had been declined for transplantation were perfused with NPs.
Four of these kidneys were declined because there was a concern that
the donor had a nonrenal malignancy, two kidneys were declined be-
cause of poor in situ cold perfusion characteristics in the donor during
procurement, one kidney was declined on the basis of histological
features consistent with diabetes, and the final kidney was declined
because of a damaged ureter and artery (Table 1). Other donor demo-
graphics are presented in Table 1.

Experiments with these eight human kidneys were divided into
three stages: (i) Low-dose (4 mg/ml) CD31-NP or Control-NP were
perfused in separate organs using a single-color NP to establish our
experimental approach (two kidneys). (ii) A dose titration (10, 50, and
100 mg/ml) of simultaneously administered CD31-NP and Control-NP

in two NP colors (red and green, respectively) was performed for the
identification of optimal NP concentration and in situ discrimination
of CD31-specific versus nonspecific NP accumulation (three kidneys).
(iii) Comparison of CD31-targeting benefit in three separate kidneys
using an optimized NP dose and sampling conditions (three kidneys).
The results from each stage of the study are described below.

Single-color evaluation of separate kidneys by
quantitative microscopy
We first examined accumulation of CD31-NPs versus Control-NPs in
two separate kidneys using the same lowNP dose (4 mg/ml). Note that
this is the initial NP concentration in the perfusate reservoir; the actual
concentration in the perfusate will change as fluidmoves in and out of
the intravascular space during normal kidney function and as NPs are
depleted from the circulating perfusate. The goal of these experiments
was to establish our methodology, including detection within tissue
samples by quantitative fluorescence microscopy. On the basis of our
cell culture–targeting studies (Fig. 2), we predicted that several hours of
perfusion would be necessary for substantial NP accumulation at this
dose. Therefore, using quantitative imaging of cryosections,we evaluated
the accumulation of either CD31-NPs or Control-NPs in glomerular

Table 1. Declined human kidney characteristics and experimental conditions. Donor demographics, donor type; donation after brain death (DBD), donation
after circulatory death (DCD), reason for decline, warm ischemic time, cold ischemic time, duration of ex vivo normothermic perfusion (NMP), mean renal blood
flow (RBF), total urine output, macroscopic appearance, NPs, and time to administration of NPs.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

Donor age
(years)

57 25 44 68 45 64 65 57

Donor type
(DBD/DCD)

DCD DBD DCD DBD DBD DCD DCD DCD

Left/right kidney Left Right Right Right Left Left Left Left

Reason for decline Poor in situ
perfusion

Malignancy Suspected
malignancy

Suspected
malignancy

Poor in situ
perfusion + prolonged

agonal phase

Suspected
malignancy

Histological
changes

consistent with
diabetes

Damage to
ureter and

artery

Warm ischemic
time (min)

13 — 13 — — 12 14 11

Cold ischemic time
(hour:min)

13:13 17:17 34:37 16:03 22:38 27:05 18:20 25:58

NMP duration
(hour:min)

4:30 6:50 5:45 5:00 5:00 8:30 8:30 8:30

Mean RBF
(ml/min per 100 g)

88.0 ± 19.6 123.7 ± 35.2 91.6 ± 23.9 67.9 ± 31.7 83.5 ± 35.5 75.0 ± 22.1 77.3 ± 25.4 80.7 ± 37.7

Total urine
output (ml)

177 730 107 1045 373 598 451 257

Macroscopic
appearance

Moderate Moderate Moderate Moderate Moderate Excellent Excellent Moderate

NP type CD31-NP Control-NP CD31-NP +
Control-NP

CD31-NP +
Control-NP

CD31-NP +
Control-NP

CD31-NP +
Control-NP

CD31-NP +
Control-NP

CD31-NP +
Control-NP

NP circulating
concentration

4 mg/ml 4 mg/ml 10 mg/ml 50 mg/ml 100 mg/ml 50 mg/ml 50 mg/ml 50 mg/ml

NP administration
time (from start of
perfusion)

30 min 50 min 45 min 75 min 60 min 30 min 30 min 30 min
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vessels and surrounding interstitial microvessels after 4 hours of NMP
(Fig. 3, A and B). Although there was considerable variability, CD31-
NPs accumulatedabout 2.5-foldmore thanControl-NPs [93.2±23.2mm−2

(CD31-NPs) versus 36.8 ± 15.4 mm−2 (Control-NP) normalized mean
intensity; ± represent 95% confidence interval of themean; Fig. 3B].No-
tably, we did not find evidence for extravascular accumulation ofNPs in
either CD31-NP or Control-NP perfused kidneys, nor did we find NPs
present in the urine during NMP. Accumulation within the vasculature
was heterogeneous. For both CD31-NP and Control-NP, there were
vessels that showed NP accumulation, whereas adjacent vessels ap-
peared completely free of NP. Moreover, there was a statistically signif-
icant elevation of accumulation in glomeruli compared to surrounding
interstitial microvasculature (P < 0.0001; Fig. 3B). Accumulation within
glomeruli was notably heterogeneous with strong accumulation in dis-
creet regions, whereas other vessel segments appeared devoid of any ac-
cumulation (Fig. 3A).

Our cell culture results (Fig. 2) suggested that accumulation of NP
in renal vascular ECs could increase over several hours. Quantification
of CD31-NP association with glomerular ECs at early time points
showed low NP signal that increased linearly with time (Fig. 3C). In
contrast, the NP signal observed in the kidney treated with Control-

NPs appeared to show a rapid accumula-
tion to a low, saturated value within the
first 30 min. The rapidity of these non-
specific interactions, combinedwith their
heterogeneous distribution throughout
the vasculature, suggested that these NPs
may be accumulating at specific sites due
to discrete anatomical features of the tis-
sue rather thanbinding to ECs. This raised
the possibility that the difference observed
between CD31-NPs and Control-NPs
could have resulted from differences be-
tween the two kidneys rather than the
nature of the NPs. Thus, although these
results are consistentwith an enhancement
of accumulation of CD31-NP relative to
Control-NP after 4 hours of perfusion, we
next developed an approach to compare
specific versus nonspecific accumulation
simultaneously in the same kidney.

Dose escalation and two-color
analysis of specific versus
nonspecific NP accumulation
Todetermine the extent of specific versus
nonspecific NP accumulation within an
individual organ, we used a two-color
NP approach where red-labeled (DiI
dye) CD31-NPs and green-labeled (DiO
dye) Control-NPs were simultaneously
administered to each perfused organ; rel-
ative accumulation was then determined
by quantifying the ratio of the twoNP sig-
nals. The two-colorNPswerematched for
intensity under identical imaging and
analysis conditions, as used for perfused
kidney sections (fig. S2). The Control-
NPs were specifically chosen for the green

DiO channel to ensure that any tissue autofluorescence (which is pre-
dominately present in the green channel; fig. S3) did not artificially
inflate the calculated degree of targeting specificity.

The analysis of kidney 1 confirmed that CD31-NP targeting of renal
ECs during NMP is time-dependent. Because our in vitro studies
showed that increasing NP concentration increased the rate of delivery
to ECs, we next focused on optimizing the concentration of NPs in the
perfusate fluid above the initial concentration tested (4 mg/ml). A mix-
ture of red CD31-NP (DiI) and green Control-NP (DiO) were
administered to three donor kidneys, each at matched doses of 10,
50, and 100 mg/ml. Individual images of either glomeruli (masked to
exclude any surroundingmicrovessels) or interstitial microvasculature
(masked to exclude any glomerular vessels if present) taken within
cryosections cut from wedge biopsies collected at various time points
after perfusion were evaluated by quantitative microscopy. Quantifica-
tion of the mean intensity per unit vascular area of the CD31-NP with-
in glomeruli for all four NP doses revealed an apparent linear
dependence on NP concentration (R2 = 0.465, as determined by non-
linear regression analysis), consistent with NP delivery under non-
saturating conditions (fig. S4). This linear dependence of mean NP
intensity on NP dose demonstrates the reliability of our quantitative
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Fig. 3. CD31 targeting enhances NP accumulation in perfused human kidney. (A) Representative 20× fluorescent
images of glomeruli (top) and interstitial microvessels (bottom) for kidneys perfused with either CD31-NPs (left) or
Control-NPs (right). Overlay images show vascular stain (Ulex; green), DAPI nuclear stain (blue), and NP accumulation
(red). Scale bars, 100 mm. Images are cropped to provide finer details. (B) Quantification of individual image MFI after
background subtraction. Each image was normalized to the area of Ulex vascular stain, and every dot represents an
individual normalized image mean intensity. The red dots correspond to the images shown in (A). *P < 0.0001 using a
Mann-Whitney t test. For the single CD31-NP–treated kidney, n = 35 for images of glomeruli and n = 59 for images of
microvasculature; for the single Control-NP–treated kidney, n = 31 for images of glomeruli and n = 56 for images of
microvasculature. (C) Time-dependent normalized mean intensity values for CD31-NP versus Control-NP in glomeruli
with corresponding fits to a linear equation (CD31-NP, black line) or saturating kinetic equation (Control-NP, dashed gray
line). Error bars refer to 95% confidence window of the mean. n for each condition is provided in Table 3.
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microscopy approach. The dose titration also revealed that, although all
three doses provided sufficient signal for quantitative evaluation in both
glomeruli and interstitial microvessels, the intensity at NP concentra-
tions of 50 and 100 mg/ml allowed for optimal imaging conditions that
maximized NP signal and minimized green-channel autofluorescent ar-
tifacts from the tissue (fig. S5).

On the basis of the presence of apparent nonspecific accumulation
in the single-color Control-NP kidney, we hypothesized that such

areas would accumulate roughly equal
amounts of red (CD31-NP) and green
(Control-NP). A salient feature observed
in all human kidneys treated with two-
color NPs were distinct regions of specif-
ic (red only) versus nonspecific (yellow,
about equal amounts of red and green)
accumulation (Fig. 4, A to C, and fig
S5). Green-only areas, representing accu-
mulation of Control-NPs without CD31-
NPs, were rarely observed and occurred
at a frequency commensurate with the
green-channel tissue autofluorescence
present in tissues collected before NP in-
troduction (fig. S3). Quantitative evalua-
tion of yellow regions, either by line scan
or total region evaluation, confirmed the
nonspecific (about 1:1) nature of NP ac-
cumulation in these regions (Fig. 4, D
and E). Within the same field of view as
these nonspecific regions, therewere other
regionswith distinctly higher CD31-NP–
specific accumulation (about five- to sev-
enfold enhancement of CD31-NP relative
to Control-NP in the highlighted regions
shown in Fig. 4). The presence of regions
of about 1:1 CD31-NP/Control-NP accu-
mulation in the same field of view and
within the same cryosection as other ves-
sels with five- to sevenfold higher values
of CD31-NP–specific accumulation fur-
ther validatedour quantitativemicroscopy–
based approach and supports the conclusion
that CD31-NPs are capable of enhancing
retention in regions of the kidney vascula-
ture that donot otherwise accumulateNPs.
In contrast, other regions of the same kid-
ney accumulateNPs by a differentmecha-
nism that is not improved by targeting. In
both cases, NP accumulation was exclu-
sively intravascular.

To better understand the abundance
of specific versus nonspecific accumula-
tion,wequantified the total relative amount
of CD31-NP versus Control-NP at 4 hours
across all doses in both glomeruli and in-
terstitial microvessels. Consistent with
previous results in kidneys perfused with
single-color NPs (Fig. 3), CD31-NPs ac-
cumulated at higher quantities compared
to Control-NPs in all three kidneys eval-

uated (relative CD31-NP/Control-NP signal, >1). The enhanced accu-
mulation of CD31-NPs was statistically significant in both glomeruli
and interstitial microvessels for all kidneys, although the degree of
specificity varied between the different vascular beds for eachNP dose
(P < 0.001; Fig. 5A). Maximal CD31-NP enrichment at about twofold
above the Control-NP was roughly similar across NP doses, although
the most specific vascular bed varied among the three kidneys tested
(interstitial microvessels for 10 and 50 mg/ml and glomeruli for 100 mg/ml;
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Fig. 4. Specific versus nonspecific NP accumulation. Representative thresholded 20× fluorescent images of
(A) glomeruli from the NP kidney (10 mg/ml), (B) interstitial microvessels from the NP kidney (50 mg/ml), and
(C) glomeruli and interstitial microvessels from the NP kidney (100 mg/ml) with white boxed regions highlighting areas
of either specific or nonspecific accumulation within the same field of view or same section (DAPI, blue; CD31-NPs,
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both (A) and (B). The white dashed lines across the insets in (A) refer to the line scale analysis shown in (D) for
nonspecific (region 1) and specific (region 2) accumulation. Scale bars, 50 mm. (D) Line scan plot of highlighted regions
of NP glomerular accumulation in (A) showing similar amounts of accumulation in nonspecific regions with many
more CD31-NPs relative to Control-NPs in more specific regions. (E) Region quantifications depicting the total relative
NPs signal (CD31-NPs/Control-NPs) for the individual highlighted regions in (A) to (C); each bar represents the quan-
tification of the single image shown for the respective panel.
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Fig. 5A). These values were generally consistent across several different
time points (different wedge biopsy samples) in each of the kidneys
(Fig. 5B). This variation in targeting benefit among different vascular
beds within the same kidney and between different kidneys suggests
that factors intrinsic to each organmaymodulate the balance of CD31-
specific versus nonspecific NP accumulation.

Variation in CD31-NP targeting in perfused human kidneys
under identical conditions
Our second round of experiments both validated our two-color NP-
targeting approach and identified optimal experimental conditions for
quantitative microscopy. However, the variations in NP concentra-
tions administered to the kidneys analyzed in the previous three
organs limited our ability to directly assess how the benefits of
CD31 targeting may vary from kidney to kidney. In particular, we
were not able to assess how the quality of a given organ might affect
specific versus nonspecific NP accumulation. Three additional donor
kidneys (kidneys 6 to 8) were perfused with 50 mg/ml each of CD31-
NP (DiI-red) and Control-NP (DiO-green) under identical perfu-
sion and sampling conditions. High-resolution (40×) image analysis
was performed on cryosections taken from wedge biopsies collected
before NP introduction and at 2, 4, and 6 hours after NP adminis-
tration. The perfusion period was extended to a total of 8.5 hours for
each kidney to provide a longer period for assessment of viability. In
addition, several relevant physiological parameters were character-
ized along with gross appearance and histological analysis (Table 2).
The histological analysis did not identify major differences among the
three organs, although the macroscopic appearances of kidneys 6 and 7
were notably better than that of kidney 8 (Table 1). Kidney 8 also dem-
onstrated a decline in urine production after 4 hours, further suggesting
that the quality of this kidney was not as high as kidneys 6 and 7.

The two kidneys with the best macroscopic appearance (kidneys 6
and 7) also had the highest average enhancement of CD31-NP accu-
mulation relative to Control-NP in both glomeruli and interstitial
microvessels at 2, 4, and 6 hours of NP perfusion (Fig. 6, A and B).
Although there were individual glomeruli and regions of microvessels
within these two kidneys, where the accumulation was largely non-
specific, there were multiple glomeruli and areas of interstitial micro-
vessels where the CD31-NP accumulated at values about 5 to10 times
more that of the Control-NP (Fig. 6, A to C); one condition (kidney 7
at 4 hours) had a few regions where targeting benefit exceeded 20 times.
In contrast, kidney 8 had generally reduced NP-targeting benefit that
appeared to grow progressively worse over the course of 6 hours, con-
comitant with the decline in urine production (Fig. 6, A to C). These
results further demonstrate that CD31-NPs are capable of accumulating
via both specific and nonspecific means and that the degree of CD31-
specific accumulation varies significantly among organs and in a man-
ner that appears to correlate with the condition of the organ.

Effects of vascular occlusion on nonspecific NP accumulation
Confocal imaging revealed that nonspecific NP accumulation within
the interstitial microvessels occurred primarily within the lumen of ves-
sels, suggesting that this nonspecific accumulation was not occurring
because of engulfment by extravascular, tissue-resident phagocytic cells
(Fig. 7A). Moreover, nonspecific NP accumulation localized to intra-
vascular regions that contained RBC-shaped structures stained by Ulex
Europaeus Agglutinin 1 (Ulex; which stains RBCs in addition to ECs;
Fig. 7B). This feature suggests that RBC-enriched vascular plugsmay act
as a sieve to accumulate high amounts of NPs in a nonspecific manner.
Quantitative imaging of nonspecific regions that colocalized with high-
density RBC obstructions labeled by glycophorin A staining confirmed
the nonspecific nature of this mode of accumulation (Fig. 7, C and D).
To better understand the basis of nonspecific sites of NP accumulation,
we evaluated formalin-fixed, paraffin-embedded sections of selective
kidney biopsies. Hematoxylin and eosin and phosphotungstic acid
hematoxylin staining of samples of kidney 5 (fig. S6), whichhad substantial
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Fig. 5. Global analysis of CD31-NP targeting benefit in the renal cortex.
(A) Quantification of relative NP signal (CD31-NPs/Control-NPs) at 4 hours for kidneys
3 to 5 (10, 50, and 100 mg/ml, respectively). Each point represents an individual image
of either glomeruli (light gray) or interstitial microvessels (dark gray) withmean value
shownas theblack line; nonspecific (1:1) accumulation is representedbydashedgray
line. **P<0.001 for all values compared to 1 (nonspecific) usingWilcoxon signed-rank
test. *P < 0.004 using Mann-Whitney test. (B) Relative CD31-NP/Control-NP intensity
for images taken fromwedge biopsies collected at the given time point for kidneys 3
to 5. Values are shown asmeanwith error bars signifying a 95%confidence interval of
the mean. n for each condition is provided in Table 3.
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nonspecific accumulation of NPs in interstitial microvessels (Fig. 6A), re-
vealed that there were extensive areas of vascular plugging by RBCs and
RBC fragments that were present before NP introduction (Fig. 7A).

Widespread vessel plugging in the cortex and medulla persisted
throughout the 4 hours of perfusion and was correlated with visual in-
dicators of poor kidney perfusion (Fig. 6A and fig. S6).

These plugs did not appear to be classical thrombi because they
showed minimal amounts of overt fibrin. The lack of fibrin is not un-
expected, given that the perfusate consists of washed RBCs and lacks
fibrinogen, butwe cannot rule out thepossibility that fibrinmicrothrombi
were present downstream and caused an RBC- andNP-rich plug to back
up behind the obstruction. Alternatively, these plugs could represent vas-
cular constrictions despite the presence of a vasodilator in the perfusion
solution. Similar vascular plugs were observed to varying degrees in all
kidneys in both glomeruli and interstitial microvessels; however, there
was substantial variability in the degree of obstruction present be-
tween biopsies sampled at different time points and in different re-
gional locations. This heterogeneity limits our ability to draw a
quantitative correlation between vascular obstruction and nonspecific
NP accumulation. Overall, gross evidence of poor perfusion provided a
better correlation with nonspecific NP labeling.

DISCUSSION
Although molecular targeting of drug carriers is often referred to as
“active” targeting (36), molecular interaction forces (hydrogen bonds,
electrostatic interactions) cannot provide a physical force that actively
pulls the conjugate to a site of disease because these forces only operate
over very small distances (<0.5 nm) (37). Thus, molecular targeting to a
cell actuallyworks by enhancing the likelihood that a targetedNPwill be
retained by a target cell with which it happens to come in contact. The
maximal benefit from the addition of targeting ligands to NPs requires
optimization of the route of administration to ensure that theNPs come
in direct contact with the target cell of interest. For intravascular admin-
istration, ECs represent an ideal target cell type becauseNPs donot need
to escape from the vasculature to reach them.Notably, EC-targetedNPs
have been shown to enhance delivery to lung endothelium in vivo, likely
owing to the large surface area of ECs in lung capillaries (38). NMPpro-
vides an opportunity to isolate the targeted organ and thereby ensure
that the deliveredNPs only come in direct contact with the endothelium
of interest. NMP also circumvents competition with phagocytic cells of
the liver and spleen, which tend to substantially dilute any benefit asso-
ciated with in vivo administration of molecularly targeted NPs. In ad-
dition, NMP is typically performed with a serum-free perfusate, which
further alleviates issues associated with masking of targeting ligands
by a protein corona (23, 24). In this regard, NMP represents, in many
ways, the ideal setting for realizing the maximal benefit of molecular
targeting.

Despite this idealized nature of the NMP setting, we observed a
marked reduction between the degree of targeting benefit observed
during in vitro cell culture (under either static or flow conditions)
versus an intact human organ. Using static in vitro cell culture assays,
CD31-NPs accumulated asmuch as 80-fold above that of Control-NPs.
However, when delivered to human kidneys by NMP, we found that
targeted CD31-NPs accumulate only about two- to fourfold above
the level of Control-NPs in the vasculature of the renal cortex when
evaluated from a global average perspective. This two- to fourfold en-
hancement may seem relatively poor in comparison to previous results
in in vivo animal models of CD31-NP targeting to vascular EC, where
benefits have been observed as high as 10- to 20-fold. However, our
detailed analysis suggests that this two- to fourfold enhancement results
from taking an average across both nonspecific and CD31-specific

Table 2. Functional characterization and histological analysis of kid-
neys 6 to 8. The mean RBF, urine output, level of oxygen consumption,
and perfusate pH levels at baseline (after 30 min of perfusion but before
the administration of NPs), 2 hours, 4 hours, 6 hours, and 8 hours of
perfusion. ATN, acute tubular necrosis.

Case 6 Case 7 Case 8

RBF (ml/min per 100 g)

Baseline 52 41 25

2 hours 60 82 78

4 hours 76 90 98

6 hours 96 102 119

8 hours 120 107 135

Urine output (ml)

Baseline 55 9 8

2 hours 111 54 55

4 hours 135 126 101

6 hours 154 127 81

8 hours 143 135 12

Total 598 451 257

Oxygen consumption
(ml/min per g)

Baseline 38.5 46.0 57.9

2 hours 43.9 61.0 56.6

4 hours 52.2 67.4 70.9

6 hours 70.2 75.8 52.1

8 hours 84.7 81.0 99.4

pH

Baseline 7.21 7.23 7.34

2 hours 7.27 7.41 7.35

4 hours 7.34 7. 42 7.35

6 hours 7.37 7.38 7.28

8 hours 7.37 7.40 7.28

Histology

Baseline No ATN No ATN No ATN

2 hours No ATN No ATN No ATN

4 hours No ATN No ATN No ATN

6 hours No ATN Focal mild
ATN

No ATN

8 hours Focal mild
ATN

No ATN Focal mild
ATN
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modes of accumulation. These differences demonstrate the benefits of
using a microscopy-based approach as an alternative or complement to
whole-tissue quantification that necessarily loses information regarding
the spatial heterogeneity of accumulation. Moreover, the presence of
these discreet regions of about 1:1 NP signal in both glomeruli and in-
terstitialmicrovessels served as an internal validation of our quantitative
microscopy approach.

The relative abundance of the nonspecific accumulation appears to
be coupled to the condition of the organ such that regional poor perfu-
sion leads to more significant nonspecific accumulation. A recent study
in a spatially heterogeneous mouse model of acute respiratory distress
syndrome found a similar enhancement of nontargeted carriers in regions
of organ damage (39). Thus, our findingswould seem to corroborate in
human organs this previous observation in animal models. In addition
to both nonspecific and specific sites of vascular accumulation, there
were also areas of vasculature that accumulated no detectable NPs in
both glomeruli and interstitial microvessels, although this appeared to
be more pronounced in microvessels. Such differences may, in part, be
driven by the amount of surface expression and/or accessibility of the
target receptor, which may vary between and within vascular beds and
vessel types. Such heterogeneity is not reflected in the static in vitro bind-
ing assays commonly used as an initial screen for NP-targeting efficacy.
The discrepancy we observed in human kidneys highlights the need
for model systems that are more representative of human anatomy and
physiology to better translate NP therapeutic strategies from bench to
bedside. In this regard, NMP of isolated human organs holds signifi-
cant potential not only as an approach with intrinsic value to clinical

transplantation, but also as an experimental tool for the refinement of
new therapeutic strategies for in vivo drug delivery.

Renal vascular ECs are a potentially important target for therapies to
improve transplant outcomes. These cells are highly susceptible to both
ischemia-reperfusion injury and damage by preexisting donor-specific
Abs that target the nonself allelic forms of human leukocyte antigens
(HLAs), which are highly expressed on human microvacular endothe-
lium. In both cases, injured or activated human ECs can enhance a de-
structive host T cell–mediated rejection response (40, 41). Current
approaches tomitigate the effects of preformed donor-specific Abs have
focused on removing such Abs from the circulation, but the benefits of
this approach are limited because the cellular sources of these Abs are
difficult to eradicate and have the potential to rapidly restore antidonor
Ab levels. NPs could be used to improve this therapy by providing a
sustained reduction in HLA antigen expression by graft ECs, allowing
the organ a chance to “heal in” and providing a period in which the
organmay accommodate to the presence of recurrent Ab (42). This ap-
proach could be used to complement a reduction in donor-specific Ab
titer by plasmapheresis, an approach that is less effective on its own in
patients with higher Ab titers. In support of this concept, we have re-
cently shown that degradable NPs—similar to the ones used here but
loadedwith an siRNA to class II transactivator—administered ex vivo to
human vessels can suppress class II HLA expression in the ECs for
6 weeks or longer after implantation of that vessel into an immuno-
deficient mouse host (17). Other targets for siRNAs or drugs may also
be relevant, and the identification of the best targets will require empiric
validation. The modularity of our polymeric NP system will allow us to

GlomeruliInterstitial microvesselsA

C Lower specificityHigher specificity

Kidney 6

Lower specificityHigher specificity

Kidney 7 Kidney 8

Lower specificity

B

Fig. 6. Effects of CD31-NP targeting in perfused human kidneys. Quantification of relative NP signal (CD31-NPs/Control-NPs) at 4 hours (h) for kidneys 6 to 8. Each
point represents an individual image of either interstitial microvessels (A) or glomeruli (B); nonspecific (1:1) accumulation is represented by dashed gray line. **P < 0.0001 and
*P = 0.0024 according to a Wilcoxon signed-rank test. Colored data points correspond to the quantification of the higher (red) or lower (green) specificity images shown
in (C). (C) Representative images of either higher or lower specificity regions of NP accumulation in interstitial microvessels of kidney 6 (left) or glomeruli of kidney 7 (middle)
and lower specificity regions in glomeruli of kidney 8 (right; DAPI, blue; CD31-NPs, red; Control-NPs, green; NP overlay, yellow; Ulex, white). Scale bars, 50 mm. n for each
condition is provided in Table 3.
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change the encapsulated therapeutic and the kinetics of drug release by
varying polymer composition and/or molecular weight.

Determining the functional capacity and viability of organs under-
going NMP remains a substantial clinical challenge. Although the
observation period afforded by NMP, in principle, allows for better
diagnostic evaluation of the organ viability, in practice, there remains
a need for better diagnostic tools. So-called “theranostic” NPs that are
capable of providing both therapeutic and diagnostic functionality have
gained increasing focus in recent years (43). The extent of poorly per-
fused regions of vasculature is likely a critical parameter in determining
the potential benefits ofNMP.Our findings suggest the possibility that a
high degree of nonspecific accumulation may be indicative of vascular
obstruction. Consequently,NPsmay also be a valuable tool for assessing
organ viability if coupled with a noninvasive, clinically compatible im-
aging methodology (for example, magnetic resonance imaging or
ultrasound). Moreover, as we begin to better understand the nature
and cause of these obstructions, it may also be possible to couple en-
zymes or mediators to the surface of NPs such that they could also
aid in reducing sites of poor perfusion. Given these features, as well
as the absence of the impediments that have hindered the translation
of targeted NPs to date, we posit that ex vivo organ NMPmay provide
a successful path to clinical translation for targeted nanomedicines.

MATERIALS AND METHODS
Study design
The primary objective of this study was to
evaluate whether surface conjugation to
polymeric NPs of an Ab reactive with an
EC surface molecule could enhance NP
targeting to vascular ECs during ex vivo
NMPofhumankidneys.Weadaptedanes-
tablished approach for conjugatingmouse
monoclonal Ab to fluorescent dye–loaded
PLA-PEGNPsof a consistent diameter and
initially used these NPs to analyze attach-
ment to cultured HUVECs under static
conditions or in amicrofluidic flow cham-
ber under conditions of shear that more
closely resemble those created during
ex vivo NMP. In these initial experiments,
we compared anti-CD31–conjugatedNPs
(CD31-NP) to isotype-matched irrelevant
Ab-conjugated NPs (Control-NP) and
quantified the effects ofNPconcentration
and duration of treatment by fluorescence
microscopy and fluorescence flowcytom-
etry. All in vitro experiments were done
in triplicate.We then analyzedNP target-
ing to ECs in eight human kidneys that
had been declined for transplant during
ex vivo NMP under the same conditions,
as would be applied to organs used for
transplantation.

The studywas carriedout in three stages.
First, a single-color approach was used in
the two kidneys that were treated separately
with either CD31-NP or Control-NP. As
detailed below, we then developed a two-
color quantitative microscopy approach
toproduce paired images ofCD31-NP rel-

ative to Control-NP in the same kidney; this approach was used in
three other human kidneys in which we also varied the NP concen-
tration to identify optimal conditions for quantitative imaging anal-
ysis. Finally, an additional set of three kidneys was perfused with the
two-color NP approach using optimal concentration and sampling
conditions, as determined in the second stage.

In each stage, images of wedge biopsies from each kidney sampled
at various time points after NP perfusion were collected from three to
four cryosectionswith about eight ormore independent images of either
glomeruli or interstitial microvessels. The total number of images for
each condition is provided in Table 3. A magnification of 20× was used
for imaging in stage 2 and the number of images (Table 2) was dictated
by the relative area of each cryosection with a minimum of three cryo-
sections sampled for each condition. In stage 3, 40× imagingwas used to
provide better discrimination between areas of specific and nonspecific
accumulation.Under these higher-magnification conditions, there were
some images of microvasculature, which showed essentially no NP ac-
cumulation; in all kidneys, microvascular NP accumulation was highly
heterogeneous with some vessels showing robust accumulation and
others showing very little or no NP accumulation; there was also
one early time point condition (kidney 6 at 2 hours) where several
glomeruli had no measureable NP signal (later time points showed
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Fig. 7. NPs accumulate at sites of vascular obstruction. (A) Three-dimensional projection of a z-stack of confocal
images of a vessel containing a high density of nonspecific NP accumulation in its lumen (DAPI, blue; CD31-NPs,
red; Control-NPs, green; NP overlay, yellow; Ulex, white). Dashed white line represents the point of apparent ob-
struction, and arrows highlight apparent red blood cells (RBCs). Scale bar, 10 mm. (B) Representative image of non-
specific colocalization of NPs with sites of high-density RBC (glycophorin A, white; nonspecific NP, yellow)
presumably representing vascular obstruction. Scale bar, 10 mm. (C) Quantification of relative NP signal (CD31-
NP/Control-NP) for image in (B). (D) Representative hematoxylin and eosin–stained images of kidney 5 (100 mg/ml)
before NP introduction (pre-NP) or after 4 hours of NP perfusion. RBC occlusions are stained red. Scale bars, 100 mm.
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robust NP accumulation, so thismay simply be a kinetic effect in some
glomeruli). In instances with exceedingly low or no NP accumula-
tion, the ratio of CD31-NP to Control-NP cannot be reliably calcu-
lated. Consequently, such images lacking appreciable NP signal were

necessarily excluded from analysis. Undermost of the conditions, there
were less than 5 images per 40 total images that lacked sufficient NP
signal for analysis. For biopsies where the number of images with no
NP signal exceeded five, additional sections were imaged to ensure a
similar n for each condition. The total n for each condition is provided
in Table 3.

Ethical approval
In vitro experimentation with HUVECs from de-identified sources has
been classified as nonhuman subject research by the Yale’s Institutional
Review Board. Ethical approval for experiments with human kidney
was granted by theNational Research Ethics Commission in theUnited
Kingdom. Consent for the use of the organs for research was obtained
from the donor family by the specialist nurses in organ donation before
organ retrieval. Kidneys were retrieved by one of the U.K. National Or-
gan Retrieval Services teams. After in situ flushing of the abdominal
organs with cold preservation solution, kidneys were retrieved and then
stored by static cold storage. Eight kidneys that were deemed unsuitable
for transplantation were recruited into the study.

Materials
PLA-PEG copolymer (molecular weight, 16 to 5 kDa) was purchased
from PolySciTech and used as received without further purifica-
tion. Anhydrous dimethyl sulfoxide (DMSO), DiI and DiO stains, and
Fisherbrand Superfrost Microscope Slides were purchased from Life
Technologies.Ulex vascular stainwaspurchased fromVectorLaboratories
either preconjugated with fluorescein isothiocyanate or unconjugated
for later conjugation toAlexa Fluor 633–N-hydroxysuccinimide follow-
ing the vendor’s supplied protocol.

NP formulation
NPs were prepared by a nanoprecipitation procedure (44). PLA-PEG
was dissolved at a concentration of 100 mg/ml in DMSO and then di-
luted to the desired concentration for NP formulation (typically about
55mg/ml for about 165-nmNPsused in this study), alongwith addition
of either DiI or DiO dye also dissolved inDMSO.NPs were loaded with
DiI or DiO dye at a final dye/polymer ratio of 0.5% (w/w). The dye/
polymer solution in DMSO was added dropwise to vigorously stirring
sterile deionized H2O (diH2O) in batches of 300 ml of polymer/dye
solution added to 1.2ml of diH2O,with identical repetitions performed
to generate a full NP batch. NPs were subsequently filtered through a
1.2-mm cellulose acetate membrane (GE Healthcare Life Sciences) filter
to remove any free-dye or polymer aggregates and then pooled. TheNP
solutions were then transferred in batches to dialysis cassettes (12-ml
volume; molecular weight cutoff, 10,000; Slide-A-Lyzer, Thermo Fisher
Scientific) and dialyzed against two exchanges of about 2.2 liters of
diH2O at room temperature to remove excess DMSO. After dialysis,
NPs were aliquoted and snap-frozen in liquid N2. One aliquot from
each NP batch was lyophilized in a preweighed tube to determine
the NP concentration. Standard NP concentration was typically about
5 mg/ml before Ab conjugation.

Ab surface conjugation
Ab-conjugated PLA-PEG NPs were generated via 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride–mediated
COOH-NH2 coupling. Commercial Abs were purchased from BD
Biosciences (CD31, clone WM59; Isotype, clone MOPC-21) and sub-
sequently dialyzed overnight in dialysis cassettes (0.5 ml; molec-
ular weight cutoff, 10,000; Slide-A-Lyzer, Thermo Fisher Scientific)

Table 3. Number of images collected per sample and condition. N/A
refers to conditions that were not analyzed within the manuscript.

Kidney Time point
(hours)

Glomeruli
(n)

Microvasculature
(n)

Stage 1 (kidneys
1 and 2)

1 0.5 27 N/A

1 29 N/A

3 26 N/A

4 35 59

2 0.5 29 N/A

1 29 N/A

3 25 N/A

4 31 56

Stage 2 (kidneys
3 to 5)

3 0.5 31 48

1 26 31

2 23 38

3 44 50

4 48 37

4 0.5 20 23

1 33 30

2 22 39

3 22 36

4 37 35

5 0.5 22 20

1 30 22

2 24 36

3 33 32

4 38 31

Stage 3 (kidneys
6 to 8)

6 2 39 37

4 40 33

6 40 36

7 2 38 39

4 40 35

6 40 40

8 2 40 48

4 40 37

6 40 36
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to remove sodium azide, which can inhibit the coupling reaction.
After dialysis, the protein concentration was adjusted (if necessary)
to 0.55 mg/ml by addition of sterile Dulbecco’s phosphate-buffered
saline (Thermo Fisher Scientific). Detailed procedure is provided in
Supplementary Material and Methods.

The number of Abs on the NP surface was estimated using Abs that
had been prelabeled with I125 from PerkinElmer using chloramine-T,
as previously described in the literature (45). The labeling efficiency
was 50 pCi/ng (110 cpm/ng). The I125-labeled Ab was used in the
identical conjugation procedures described above, and then, a known
concentration of NP conjugated with Ab was evaluated relative to a stan-
dard at a known Ab concentration after extensive purification of the
NP via centrifugation to remove any free Ab via scintillation counting.

Cell culture
HUVECs pooled from three separate donors were obtained from the
Yale Vascular Biology and Transplantation tissue culture core laboratory,
where they were isolated from fresh umbilical veins by treatment with
collagenase and subsequently cultured in gelatin-coated tissue culture
plastic plates usingM199mediumsupplementedwith20%v/v fetal bovine
serum, 2% L-glutamine, 1% penicillin and streptomycin, and 1% (v/v)
EC growth supplement (fibroblast growth factor-1). All cell culture ex-
periments were performed using cells passaged four or fewer times. For
static NP incubation, cells were cultured for at least 4 to 5 days after
reaching full confluence to ensure the formation of mature cell-cell
junctions to bestmimic in vivo conditions. Themediumwas exchanged
every 2 to 3 days during these culture periods to ensure that the cells
remained viable. Cells were visually inspected before all experiments to
ensure cell viability.

In vitro evaluation of NP per cell
HUVECs were plated on a gelatin-treated glass-bottom 24-well plate.
Once the cells reached confluence, themediumwas exchangedwith that
containing 50 mg/ml each of red CD31-NP and green Control-NP, as
used in kidney perfusion experiments. The NPs were incubated for
30 min and then washed extensively to remove any free NPs. Cells were
stained with a 1:20,000 dilution of Hoechst to stain the nuclei and then
imaged immediately under live-cell conditions with a 40× Olympus
apochromatic air immersion objective [numerical aperture (NA), 0.90].
Three separate wells were each imaged in triplicate, and the imageswere
subsequently analyzed inMATLAB (data file S1) for the number of NP
per 100 mm2.

In vitro evaluation of simultaneous administration of
two-color CD31-NP and Control-NP
HUVECs were plated on a gelatin-treated glass-bottom 24-well plate.
Once the cells reached confluence, the medium was exchanged with
that containing 50 mg/ml each of red CD31-NP and green Control-NP
either individually or as a combined treatment. The NPs were incu-
bated for 2 hours and then washed extensively to remove any free
NPs before immediate imaging under live-cell conditions with a
20× Olympus apochromatic air immersion objective (NA, 0.95).
Three separate wells were each imaged two to three times each, and
the images were subsequently analyzed for the number of NPs per 20×
field of view.

Ex vivo NMP
After arrival, the kidneys were prepared, and the renal artery, vein, and
ureter were cannulated. The kidneys were weighed before undergoing

ex vivo NMP (3, 5). Briefly, the ex vivo kidney perfusion circuit was de-
signed using pediatric cardiopulmonary bypass technology (Medtronic)
and consisted of a centrifugal blood pump (Bio-Pump 560), a heat
exchanger (Chalice Medical), a venous reservoir (Medtronic), 1/4-inch
polyvinyl chloride tubing, and aPixiemembrane oxygenator (Medtronic).
The hardware included a speed controller, a TX50P flow transducer,
and a temperature probe (Cole-Parmer). Two Alaris infusion pumps
(CareFusion) were also incorporated into the system. The circuit was
primed with a perfusate solution (Ringer’s solution, Baxter Healthcare)
and one unit of ABO-compatible cross-matched packed red cells from
the blood bank. Twenty-fivemilliliters of 10%mannitol (BaxterHealth-
care), 8mg of dexamethasone (OrganonLaboratories), and 2ml of hep-
arin (1000 IU/ml; CP Pharmaceuticals) were added to the perfusate.
Sodium bicarbonate (8.4%; Fresenius Kabi) was added to normalize the
pH.Anutrient solution (NuTRIflex, B. Braun)with 25ml of 8.4% sodium
bicarbonate, 100 IU of insulin (Novo Nordisk), and multivitamins
(Cernevit, Baxter Healthcare) was infused into the circuit at a rate of
20ml/hour. Prostacyclin (0.5 mg; Flolan, GlaxoWellcome) was infused
into the arterial arm of the circuit at a rate of 4ml/hour, and 5% glucose
(Baxter Healthcare) was infused at 7 ml/hour. Ringer’s solution was
used to replace urine output milliliter-for-milliliter.

Kidneyswere perfused at a setmean arterial pressure (70 to 75mmHg).
The plasma-free RBC-based perfusate was circulated from the venous
reservoir through the centrifugal pump into themembrane oxygenator,
where it was oxygenated and also warmed to 36°C. It then flowed
through the arterial limb of the circuit to the renal artery. Venous return
from the renal vein was fed back into the reservoir (5). Renal blood flow
(RBF) was monitored continuously during NMP, and the total urine
output was recorded. Preperfusion wedge biopsies and wedge biopsies
were collected at various time points, as noted in Results. The tissue
was either fixed in 10% formal saline or snap-frozen in liquid nitrogen
and then stored at −80°C. Samples of perfusate and urine were also
collected at the same time points and stored at −80°C.

The quality of each kidney was assessed on the basis of the macro-
scopic appearance, the mean RBF, and the total amount of urine

Table 4. Macroscopic assessment, thresholds of RBF, and urine
output.

Assessment Score

NMP assessment score during ex vivo NMP

Macroscopic assessment

Grade I: excellent perfusion (global pink appearance) 1

Grade II: moderate perfusion (patchy appearance) 2

Grade III: poor perfusion (global mottled and purple
and black appearance)

3

RBF

Threshold, ≥50 ml/min per 100g 0

Threshold, <50 ml/min per 100g 1

Total urine output

Threshold, ≥43 ml 0

Threshold, <43 ml 1
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produced. For macroscopic assessment, each kidney was categorized
into one of three groups and scored according to its macroscopic ap-
pearance as follows: (i) grade I, excellent perfusion (global pink ap-
pearance); (ii) grade II, moderate perfusion (patchy pink and purple
appearance, which either remained or improved during NMP); (iii)
grade III, poor perfusion (global mottling and purple and black appear-
ance, which remained throughout NMP). Kidneys with a mean RBF
below the threshold (<50 ml/min per 100 g) were given an additional
score of 1. Kidneys producing less than the threshold volume of urine
(<43ml/hour) were also given an additional score of 1. Therefore, over-
all NMPassessment scores can range from1 (indicating the least injury)
to 5 (the most severe) (Table 2). Six of the eight kidneys enrolled in this
study had anNMPassessment score of 2 (kidneys 1 to 5 and 8), whereas
kidneys 6 and 7 had a score of 1. Kidney assessment and scoring rubric
are shown in Table 4.

Quantitative microscopy on tissue biopsy sample
Snap-frozen wedge biopsies were cryosectioned on a microtome to a
thickness of either 10 or 20 mm. Sections were imaged without fixation
to avoid any alteration in dye-loaded NP signal. Ulex staining was per-
formed rapidly with about 15 min of Ulex (Vector Laboratories) conju-
gated withAlexa Fluor 633 (Life Technologies) after standard conjugation
procedures. After staining, sections were washed three times for 5 min
each with DPBS and then mounted with Hardmount medium (Vector
Laboratories) and coverslipped. Independent images were collected
by raster scanning across cryosections, with typically three sections
per condition and typically at least seven or more images of regions
containing glomeruli or solely interstitial microvessels per section (cor-
responding to at least 15 images per section typically). Images were
sorted, filtered, and processed using custom MATLAB code to distin-
guish glomerular vessels from surrounding microvasculature. Finally,
the background-subtracted NP fluorescent signal was quantified for
each image; backgrounds were determined by imaging sections from
biopsies sampled before introduction of NP. For single-color exper-
iments, these intensity values were then normalized to the vascular area
of each corresponding image, as determined by Ulex staining. For two-
color experiments, the total background subtracted signal from DiI
(red) CD31-NPs was normalized to the DiO (green) isotype-NPs and
expressed as a specificity ratio with 1 corresponding to nonspecific ac-
cumulations and values >1 corresponding to CD31-specific accumula-
tion. Images were collected using a SemrockGFP-1828Abandpass filter
set (excitation, 470 to 495 nm; emission, 505 to 535 nm) and a Chroma
TRITC/DiI/Cy3 filter set (excitation, 525 to 550 nm; emission, 580 to
630 nm) with an air immersion apochromatic 20× objective (NA, 0.95;
Olympus) or 40× objective (NA, 0.90; Olympus) on an Olympus Z71
inverted microscope illuminated by an light-emitting diode (LED)
light source (Olympus L300) with each LED at full illumination in-
tensity. These filter sets and illumination setup ensured no spectral
bleed with these NPs, which is a prerequisite for proper implemen-
tation of this technique (fig. S1). Quantitative equivalence of the two-
color NPs was confirmed by adding concentrated NPs to the sample
mounting medium with minimal dilution. NPs were imaged in an
identical plane as the positive Ulex stain to ensure that any signal ab-
sorption would be identical to the standard imaging conditions. All
images were captured by an Olympus Retiga R6 CCD camera. Images
of two-color NP accumulation are presented as thresholded images so
that regions of low and high levels of accumulation can be equally ap-
preciated. Data analysis, fitting, and statistical analysis were performed
in GraphPad Prism.

Statistical analysis
Distributions of kidney tissue imageswere typically non-Gaussian, so all
statistical analysis were performedusing two-tailedMann-Whitney test.
The only exception was the two-tailed Wilcoxon signed-rank test used
to test whether all two-color NP conditions were significantly above
1 (nonspecific accumulation). At least three cryosections were imaged
to characterize each biopsy and each cryosection, with the total number
of images for each condition provided in Table 3.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/418/eaam6764/DC1
Materials and Methods
Fig. S1. CD31-NP characterization.
Fig. S2. Matching of two-color NP fluorescence.
Fig. S3. Tissue autofluoresence characterization.
Fig. S4. Effect of NP dose on average glomerular accumulation.
Fig. S5. Two-color NP accumulation.
Fig. S6. Vascular obstruction histology.
Data file S1. MATLAB image analysis code.
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Particle perfusion for organ transplant
Ischemia-reperfusion injury, which occurs when a tissue or organ is temporarily cut off from blood flow, is a major
issue limiting organ viability for transplantation. Tietjan et al. devised a way to target the injury-sensitive endothelium
of organs during ex vivo perfusion. Using nanoparticles conjugated to an antibody targeting a protein expressed on
endothelial cells, the authors demonstrated that they could perfuse human kidneys and that nanoparticles accumulated
in kidney endothelial cells. In addition to expanding the pool of viable organs for transplant, this approach could
potentially be used to deliver targeted therapies to organs during ex vivo perfusion rather than treating the transplant
recipient systemically.
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