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Abstract

Acute rejection remains a major cause of graft attrition in vascularized composite allotransplantation
(VCA). Clinical assessment and superficial biopsy may fail to detect early or spatially heterogeneous
inflammatory infiltration, particularly within deeper graft compartments. Because macrophages are
among the earliest mediators of alloimmune activation, they represent an attractive target for
noninvasive immune surveillance of skin-bearing grafts. We evaluated longitudinal near-infrared
fluorescence (NIRF) imaging of macrophage infiltration using a perfluoro-15-crown-5 ether
nanoemulsion (PCE-NE) labeled with a near-infrared fluorophore in a rat hindlimb transplantation model
and a radial forearm flap model in non-human primates (NHPs). Single- and dual-dose administration
strategies enabled serial visualization of macrophage recruitment and improved detection of evolving
inflammatory responses during acute rejection. To capture the spatial heterogeneity of rejection, a multi-
sampled region-of-interest analysis framework was developed for quantitative mapping of NIRF signal
across donor and recipient tissues in rats and throughout transplanted flap regions in NHPs. To validate
in vivo imaging findings, grafts were analyzed ex vivo using fluorine-19 ('°F) magnetic resonance imaging,
histopathology, and CD68 immunofluorescence. NIRF signal identified rejecting graft regions and
demonstrated spatial patterns of inflammatory infiltration that corresponded to compartment-specific
19F MRI signal localization in ex vivo imaging. Imaging findings corresponded with Banff rejection grade
and CDé8-positive macrophage accumulation across Grade |-V rejection. Importantly, increased NIRF
and '9F MRl signals were detected during early Grade |-l rejection, when clinical manifestations remained
limited. These findings establish a translational multimodal imaging strategy for longitudinal, noninvasive
monitoring of acute VCA rejection and demonstrate concordance between in vivo NIRF imaging, ex vivo
19F MR, histopathology, and immunofluorescence across rodent and non-human primate models.

Keywords: near-infrared fluorescence imaging, vascularized composite allotransplantation, acute rejection, cell tracking, fluorine-
19 magnetic resonance imaging
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1. Introduction

Vascularized composite allotransplantation
(VCA) has transformed reconstructive transplanta-
tion; however, acute rejection (AR) remains a frequent
and clinically significant barrier to durable graft
survival and long-term functional outcomes[1].
Rejection episodes are often recurrent and contribute
to cumulative tissue injury, underscoring the need for
improved strategies for longitudinal graft surveillance
beyond episodic clinical assessment and biopsy[1, 2].
Current monitoring relies primarily on visual
examination and serial skin biopsy. While accessible,
these approaches are limited in their ability to provide
continuous, noninvasive longitudinal tracking of
evolving immune activity. Importantly, early Banff
Grade I-II rejection may present with only subtle
erythema or edema, making clinical delineation
unreliable and delaying therapeutic intervention][3, 4].
A platform capable of detecting immune activation
prior to overt clinical deterioration would therefore
enable earlier and potentially preemptive rejection
management.

Macrophages are among the earliest immune
cells recruited during alloimmune activation and play
a central role in coordinating adaptive immune
responses through cytokine signaling and interaction
with T and B lymphocytes[5, 6]. Their early infiltration
into graft tissue makes them an attractive mechanistic
biomarker for immune activation. Imaging macro-
phage burden longitudinally and non-invasively
could therefore provide a clinically translational
approach for the detection of acute rejection in real
time[6]. Here, we report a multimodal imaging
strategy to monitor macrophage-driven acute rejection
in vascularized composite allotransplantation (VCA),
integrating near-infrared fluorescence (NIRF) with ex
vivo fluorine-19 magnetic resonance imaging (*F MRI)
and macrophage detection in graft tissues.

NIRF imaging offers sensitive, real-time
detection of labeled macrophages within superficial
tissues[7-9] and is compatible with rapid bedside and
intraoperative assessment. However, it is inherently
depth-limited and two-dimensional. Together, these
modalities offer complementary strengths: NIRF for
high-throughput, longitudinal, non-invasive
monitoring over time and "F MRI for quantitative
compartment-level confirmation ex wvivo[10]. Skin-
bearing vascularized composite allotransplants are
uniquely suited to such imaging strategies because
they are externally visible grafts amenable to optical
imaging while also containing substantial soft tissue
accessible to MRI.

In this study, we developed a macrophage-
specific perfluoro-15-crown-5 ether nanoemulsion
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(PCE-NE) as a multimodal nanoimaging probe for
sequential near-infrared fluorescence and fluorine
magnetic resonance imaging in a rat hindlimb
transplant model [11]. To address the spatially
heterogeneous distribution of inflammation across
graft compartments, we implemented longitudinal
quantitative NIRF imaging coupled with a multi-
sampled region-of-interest (ROI) analysis strategy to
enable spatially resolved assessment of macrophage-
associated signal over time.

To facilitate clinical translation, we further
evaluated this platform in a pilot cohort of nonhuman
primates undergoing fasciocutaneous radial forearm
flap (RFF) transplantation using a clinical-grade PCE-
NE formulation and a clinically approved
FLUOBEAM imaging system. This large-animal study
was designed to assess the feasibility, persistence, and
quantification of macrophage-associated NIRF signal
within a clinically relevant VCA model.

To our knowledge, this is the first study in VCA
to integrate noninvasive longitudinal macrophage
tracking with near-infrared fluorescence imaging in
living subjects, quantitative °F MRI for compartment-
level spatial mapping ex vivo, immunohistochemistry
and immunofluorescence imaging, and histological
characterization of acute rejection across Banff grades.
Furthermore, we demonstrate the translational
feasibility of this imaging strategy in a clinically
relevant nonhuman primate model. Together, these
studies establish a multimodal framework for
sequential immune surveillance and depth-resolved
confirmation of inflammatory distribution within
vascularized composite allografts.

2. Methods

2.1. Rat Study design overview

Fully mismatched Brown Norway—Lewis
orthotopic hindlimb transplants were performed to
model acute rejection through postoperative day
(POD) 6-8 (Banff Grade I-IV). Nanoemulsions were
administered either as a single intravenous dose on
PODO, as dual doses on POD3 and PODS, or as three
doses on PODO, POD3, and POD6 to enhance labeling
of rejection-associated macrophages. Longitudinal in
vivo near-infrared fluorescence (NIRF) imaging was
performed until endpoint, followed by ex vivo NIRF,
PF/TH magnetic resonance imaging (MRI), and
histological assessments that correspond to the
presence of macrophages to ex vivo 1°F MR and NIRF
signal. All animal experiments were performed in
accordance with institutional and national guidelines
for the care and use of laboratory animals and were
approved by the Institutional Animal Care and Use
Committee (IACUC) of Wake Forest Institute for
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Regenerative Medicine, Atrium Health, Winston-
Salem, NC.

2.2. NHP Study design overview

Longitudinal in vivo near-infrared fluorescence
(NIRF) imaging was performed until endpoint,
followed by ex vivo NIRF and histologic correlation.
All animal experiments were performed in accordance
with institutional and national guidelines for the care
and use of laboratory animals and were approved by
the Institutional Animal Care and Use Committee
(IACUC) of Wake Forest Institute for Regenerative
Medicine, Atrium Health, Winston-Salem, NC.

2.3. Rat hindlimb transplant model

Orthotopic  hindlimb  transplantation = was
performed  using  established  microsurgical
techniques. The model incorporates skin, muscle,
nerve, and vascular compartments to recapitulate
multi-compartment rejection (Figure S1). No
maintenance immunosuppression was administered.
Animals were monitored daily and euthanized at
POD7-8 or at humane endpoints.

2.4. Non-human primate radial forearm
fasciocutaneous (RFF) model

A pilot cohort of two adult cynomolgus
macaques (Macaca fascicularis; 2.5-4.0 kg, 2-4 years
old) was utilized as a large-animal translational model
of vascularized composite allotransplantation (VCA).
All animals were obtained from accredited vendors,
confirmed pathogen-free, and housed in AAALAC-
accredited facilities. Experimental procedures were
approved by the Institutional Animal Care and Use
Committee (IACUC) of Wake Forest Institute for
Regenerative Medicine, Atrium Health, and the U.S.
Army Animal Care and Use Review Office (ACURO)
and were conducted in accordance with the Animal
Welfare Act, the National Institutes of Health Guide
for the Care and Use of Laboratory Animals, and
Department of Defense Directive 3216.01. Animals
underwent radial forearm fasciocutaneous (RFF) flap
allotransplantation under general anesthesia. Donor
flaps consisted of skin, subcutaneous tissue,
brachioradialis muscle, palmaris longus tendon,
medial and lateral antebrachial cutaneous nerves, and
the radial artery and cephalic vein vascular pedicle.
Following flap procurement and cold preservation,
recipient transplantation was performed using
microsurgical end-to-end arterial and venous
anastomoses and neurorrhaphy of the corresponding
sensory nerves. Following restoration of graft
perfusion, recipients received a single dose of
intravenous administration of PCE-NE (1 mL/kg)
through a central venous catheter on postoperative
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day (POD) 0. Longitudinal near-infrared fluorescence
(NIRF) imaging was performed using a clinical-grade
FLUOBEAM imaging system to evaluate macrophage-
associated signal persistence and rejection-associated
inflammatory changes over time. Quantitative image
analysis was performed using the same region-of-
interest (ROI) methodology applied in the rodent
hindlimb transplantation studies to enable cross-
species comparison of imaging signal dynamics. Acute
rejection progressed to graft failure in both animals,
resulting in study endpoints on POD8 and POD?Y
(NHP A and NHP B, respectively). At study
termination, graft tissues were collected for ex vivo
imaging, histological evaluation, and
immunohistochemical analysis.

2.5. Multimodal nanoimaging probe
preparation and administration

A nanoimaging probe, formulated as a Perfluoro-
15-crown-5 ether (PCE) nanoemulsion incorporating a
near-infrared fluorophore, was manufactured by high-
pressure microfluidization as previously
described[11]. Droplet size and fluorine content were
confirmed by dynamic light scattering and F
NMR[11]. In rats, nanoemulsions (0.5 mL IV) were
administered via the external jugular vein according to
single- or dual-dose protocols.

2.6. Near-infrared fluorescence imaging and
signal quantification

2.6.1. Rat NIRF imaging analysis: in vivo and ex vivo

In vivo and ex vivo near-infrared fluorescence
(NIRF) imaging was performed using LI-COR Pearl®
Small Animal Imager (LI-COR Biosciences, Lincoln,
NE, USA) in rat hindlimbs with optimized settings in
Image Studio™ Software (Version 5.2, LI-COR
Biosciences, Lincoln, NE, USA). Live NIRF images
were captured at 800 nm channel using 85 um or 170
pum resolution settings. In the ex vivo imaging both
orientations of the allograft, including the inner side
(View 1) and outer side (View 2), were imaged and
accounted for in fluorescence signal quantification at
800 nm channel at a resolution of 85 um and focus
offset of 2 settings. To quantify the fluorescence signal,
a multi-sampled region of interest (ROI) strategy was
utilized across the transplanted rat hindlimb. The
distinct regions of the transplanted hindlimb were
sampled in multiple ROIs and the fluorescence signal
for each region in the hindlimb was quantified using
Image Studio (Version 5.2). Based on the biological
view of transplanted limbs, multiple ROIs were
captured and the same area for each circled region was
maintained to standardize measurements in
experimental groups. The background signal was
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normalized, and NIRF images were linked to compare
fluorescence signal intensity across all groups. Using
the same approach, multiple ROIs were also selected
across the entire limb, including the transplanted
hindlimb and adjacent recipient tissue, to characterize
the spatial distribution of the fluorescence signal,
which corresponds to the PCE-NE-labeled monocyte-
derived macrophages. Fluorescence signals were
analyzed by performing one-way analysis of variance
(ANOVA) to determine statistical significance among
postoperative time points and experimental groups.

2.6.2. NHP in vivo and ex vivo imaging analysis

Longitudinal in vivo and ex vivo near-infrared
fluorescence (NIRF) imaging was performed using the
FLUOBEAM® LX imaging system (Getinge AB,
Goteborg, Sweden) to monitor flap transplantation
and rejection. Images were acquired using
standardized settings (80 ms exposure, x10
resolution). Ex vivo image analysis was performed
using Image Studio™ Software (v5.2, LI-COR
Biosciences, Lincoln, NE, USA), and tissues were
imaged in both skin-up and skin-down orientations to
evaluate fluorescence distribution and dye
penetration. Fluorescence signal was quantified from
the green channel using Image Studio™ Software.
Two ROI-based approaches were used to assess
macrophage-associated  fluorescence = dynamics.
Method 1 employed identically sized circular ROIs
arranged within flap boundaries to quantify
fluorescence localized to the transplanted tissue.
Method 2 employed identically sized circular ROIs
distributed across the flap and adjacent limb tissue to
assess regional fluorescence changes. ROI size and
number were maintained across imaging sessions. For
NHP A, ROIs overlapping fluorescent surgical tape on
postoperative days 1-2 were excluded from analysis.
Fluorescence values were background-corrected,
normalized to ROl area, and compared across imaging
time points using linked image analysis. Following
tissue harvest, excised flap specimens were imaged
using the same acquisition settings as in vivo imaging.
Fluorescence measurements were background-
corrected and normalized to a low-signal reference
region. Regions exhibiting weak and strong
fluorescence signals were identified, and triplicate
circular ROIs were used for signal quantification.
Mean fluorescence intensity for each region was
calculated from triplicate measurements. Statistical
significance between weak- and strong-signal regions
was assessed using an unpaired two-tailed t-test.

2.7. Fluorine MRI acquisition and
quantification

Ex vivo MRI was performed at 9.4 Tesla using a
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dual-tuned  YF/'H  resonator. = Co-registered
anatomical and fluorine images were acquired, and a
PCE reference standard was used for quantification.
Regions of interest were delineated by anatomical
compartment, and fluorine concentration was
calculated relative to the standard.

2.8. Macrophage Quantification from Stained
Tissue Images

Tissue samples from NHPs were fixed in 10%
neutral buffered formalin for 24 h and processed by
HistoWiz Inc. (Brooklyn, NY, USA) for paraffin
embedding, sectioning, CD68 immunohistochemical
staining, and whole-slide scanning. Sections (4 pm)
were analyzed in QuPath (v.0.5.1). Images were
configured as H-DAB, stain vectors were estimated
automatically, and tissue regions were manually
annotated. Cell detection was performed using
QuPath default watershed-based parameters. A
Random Trees classifier was trained using manually
annotated macrophage and non-macrophage
populations based on nuclear, cytoplasmic, and
whole-cell DAB optical density features. Macrophage
percentage was calculated as CD68-positive cells
divided by total cell count for each section. Weighted
averages and standard deviations were calculated
using total cell counts per section. Statistical
comparisons between weak- and strong-signal regions
were performed using an unpaired two-tailed t-test.

2.9. Histological Assessment

Full-thickness graft tissue was collected at
endpoint for hematoxylin and eosin staining and Banff
grading. @ CD68  immunohistochemistry  and
immunofluorescence were performed to confirm
macrophage localization and imaging-histology
concordance.

2.10. Statistical Analysis

Data are presented as mean + standard deviation.
One-way ANOVA or Student’s t-test was used as
appropriate. A p-value < 0.05 was considered
significant. All statistical analyses were performed on
GraphPad Prism 10.0.

3. Results

3.1. Development and in vitro optimization of
a macrophage-specific nanoimaging probe for
rejection imaging

Given the extensive tissue inflammation
characteristic of acute rejection in VCA, the
formulation incorporated increased levels of both PCE
and NIRF dye, and the dosing strategy was adapted to
capture multiple waves of infiltrating monocyte-
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derived macrophages. We have previously
demonstrated  successful ~NIRF  tracking of
macrophage infiltration in rodent models of

inflammation, injury, and trauma following single or
multiple intravenous doses of PCE-NE[7, 8, 12-17].
Here, we prepared a multimodal nanoimaging probe,
customized for VCA acute rejection, as a triphasic
nanoemulsion (PCE-NE) comprising a perfluoro-15-
crown-5 ether (PCE) core, a triglyceride phase, and
non-ionic surfactants, with a low droplet diameter
(~120 nm). Figure 1 summarizes the structural and
functional characteristics of this VCA-tailored
nanoimaging probe. The characteristic “F NMR
spectrum confirms the integrity of the fluorine
payload and its suitability for quantitative MR
tracking (Figure 1A). Droplet size distribution was
maintained within the optimal range shown in Figure
1B for in situ labeling of monocyte-derived
macrophages following intravenous administration in
rats[7, 12, 13]. Importantly, the PCE-NE demonstrated

£
E
s
<
R

i

() Hydrocarbon Shell

Lipophilic NIRF Dye

Perfluoro-15-crown-5-ether Core

9900,
,«'§$\mﬁ Non-ionic surfactants

289
stability under physiologically relevant, serum-
containing conditions, supporting translational

robustness after systemic delivery (Figure 1C).
Reliable longitudinal detection requires a stable
optical signal; accordingly, fluorescence from the
embedded DiR dye was preserved across dilutions,
enabling consistent in vivo and ex vivo NIRF imaging
(Figure 1D). In vitro evaluation further supported
biologic compatibility. Macrophage viability was
preserved across the tested dose range, and
fluorescence  microscopy  confirmed  efficient
intracellular uptake, consistent with suitability for
tracking macrophage infiltration in VCA acute
rejection (Figure 1E & 1F). Collectively, these data
validate the VCA-customized PCE-NE as a stable,
biocompatible, and translationally viable multimodal
probe capable of supporting longitudinal NIRF
detection and ex vivo quantitative 1°F MRI tracking of
macrophage infiltration in acute rejection.
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Figure 1. Multimodal nanoimaging probe PCE-NE in vitro characterization. (A) Schematic illustration of the triphasic PCE-NE particle composed of a perfluoro-15-
crown-5 ether (PCE) core, triglyceride (hydrocarbon) shell incorporating a lipophilic NIRF dye, and a non-ionic surfactant surface; representative 'F NMR spectrum for PCE
with a signature 20-equivalent fluorine peak at —91.5 ppm. (B) Overlay of the intensity-weighted droplet size distribution measured on Day 1, demonstrating a narrow diameter
range of 110-130 nm. (C) Size measurements by DLS following 72 h incubation at 37 °C in culture medium supplemented with 20% bovine serum. (D) NIRF signal measurements
across decreasing concentration of PCE-NE on LI-COR Odyssey. (E) Cell viability assessed by CellTiter-Glo Luminescence-based assay of RAW 264.7 macrophages exposed
to increasing concentrations of PCE-NE for 24 h (mean * SD, n = 6), demonstrating no measurable viability loss across the tested dose range. (F) Representative fluorescence
microscopy of RAW 264.7 macrophages following exposure to 40 uL DiR-labeled PCE-NE (n = 6), illustrating cell uptake in vitro (scale bar, 20 um); PCE-NE (green) surrounds

the DAPI (blue) labeled nuclei in individual cells.
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POD 0 POD 2

POD 3
Banff Grade 0 Banff Grade |

POD 5 POD 6
Banff Grade 2 Banff Grade 3 Banff Grade 4

Figure 2. Longitudinal single-dose PCE-NE imaging captures progressive rejection but may incompletely represent secondary macrophage waves. (A)
Serial clinical photographs of the transplanted hindlimb from PODO through PODé demonstrating progressive macroscopic features of acute rejection, including erythema,
edema, desquamation, and tissue necrosis corresponding to escalating Banff grades. (B) Representative in vivo NIRF images acquired following a single intravenous administration
of PCE-NE at PODO. Fluorescence signal progressively increases within the transplanted limb over time, with detectable focal signal as early as POD2 and continued spatial
expansion through POD6. Arrows indicate sequential progression towards increasing grade of rejection. (C) Representative hematoxylin and eosin (H&E) sections illustrating
histopathologic progression according to Banff criteria for vascularized composite allotransplantation, advancing from Grade 0 (POD1-2) to Grade | (POD3), Grade Il (POD4),

and Grade IlI-IV rejection by POD5-6.

3.2. Sequential NIRF imaging with a single-
dose PCE-NE after VCA

To establish baseline in wvivo kinetics of
macrophage-associated signal during evolving
rejection, a single intravenous dose of PCE-NE was
administered immediately after transplantation
(PODQO), followed by serial NIRF imaging through
POD6 (Figure 2A-B). Clinically, grafts progressed
from minimal early postoperative changes to

increasing erythema, edema, desquamation, and
tissue injury, consistent with escalating Banff
grades[1]. Histopathologic evaluation confirmed
stepwise progression from Banff Grade 0 in the early
postoperative period to Grade I by POD3 and
advanced Grade III-IV rejection by POD5-6 (Figure
2C). In parallel, NIRF imaging demonstrated early
focal fluorescence within the transplanted limb
beginning at POD2, preceding overt high-grade
clinical deterioration. Early postoperative signal with
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a single POD0O dose of PCE-NE likely reflects a
combination of ischemia-reperfusion-associated
inflammation and emerging alloimmune recruitment.
These baseline kinetics established the temporal
relationship between the PCE-NE signal and Banff
progression and provided the biological rationale for
repeated dosing strategies to more comprehensively
map macrophage dynamics and distribution during
acute rejection.

3.3. Macrophages localize to adnexal niches
and deep dermal interface during Banff Grade
Il rejection

In Banff Grade III rejection, the inflammatory
burden extended well beyond superficial dermal
involvement, forming characteristic deep dermal
interface bands and dermal-subcutaneous transition
zones. Histopathologic evaluation (Figure 3) showed
dense mononuclear aggregates tracking along
perivascular structures and concentrating at the
dermal interface, architectural features consistent with
advanced alloimmune injury rather than nonspecific
postoperative edema. Prominent macrophage

Banff Grade Il Rejection at POD 5

F1 Macrophage Infiltration in Deep Dermis
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enrichment was also observed surrounding adnexal
and follicular units, highlighting the compartmental
complexity of late-stage rejection[18].
Immunofluorescence analysis revealed tight spatial
concordance between CD68* macrophages and PCE-
NE fluorescence within these deep interface,
perivascular, and perifollicular regions. Areas devoid
of CD68* cells showed minimal probe-associated
signal, suggesting that nanoemulsion uptake was
predominantly macrophage-dependent rather than
driven by passive diffusion or vascular leak. The
embedded lipophilic fluorophore within the PCE-NE
droplet enabled direct histologic visualization of
labeled macrophages, providing cellular-level
validation of the in wivo NIRF findings and
complementing subsequent F MRI-based detection.
Collectively, these data confirm that PCE-NE
fluorescence corresponds to the tissue distribution of
macrophages in advanced acute rejection. The probe
therefore functions as a biologically specific,
multimodal imaging agent that reports macrophage
infiltration across dermal, interface, vascular, and
adnexal compartments.

after Limb Transplantation

. Dyskeratosis
Keratinolysis

-

CD68 + DAPI

NE + DAPI

Figure 3. PCE-NE fluorescence spatially corresponds with deep dermal, interface, and periadnexal CD68* macrophage infiltration in Banff Grade Il
rejection. (A) Gross clinical appearance of the transplanted hindlimb at POD5 demonstrating Banff Grade lll rejection characterized by edema, erythema, dyskeratosis, and
keratinolysis. In vivo NIRF imaging reveals focal and confluent fluorescence signal corresponding to clinically inflamed graft regions. (B) Histopathologic correlation in the same
graft. Hematoxylin and eosin (H&E) staining demonstrates dense mononuclear inflammatory infiltration within the deep dermis forming interface-oriented inflammatory bands
extending toward the dermal-subcutaneous junction. CD68 immunohistochemistry (red chromogen) confirms prominent macrophage accumulation within these inflammatory
zones and along perivascular compartments. (C) Immunofluorescence analysis showing CD68 (green), PCE-NE fluorescence (magenta), and DAPI nuclear counterstain (blue).
Merged images demonstrate spatial colocalization of PCE-NE signal with CD68* macrophages within deep dermal interface aggregates. Regions lacking CD68" cells show
minimal PCE-NE fluorescence, supporting macrophage-dependent nanoemulsion uptake rather than nonspecific tissue diffusion. (D) Representative sections highlighting
periadnexal and perifollicular inflammatory architecture characteristic of advanced rejection. H&E staining demonstrates dense inflammatory cuffs surrounding hair follicles and
adnexal structures[18]. Higher magnification confirms macrophage-rich infiltrates encircling follicular units. Corresponding immunofluorescence demonstrates colocalization of
PCE-NE signal with CD68" macrophages within perifollicular inflammatory aggregates, indicating active nanoemulsion uptake in adnexal-associated macrophage populations.
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3.4. Alloimmune macrophage recruitment
resolved through novel spatially stratified live
NIRF image sampling

Acute rejection in the rat hindlimb VCA model
exhibits spatial heterogeneity across superficial and
deeper tissue compartments. Initial quantification of
NIRF signal across broad anatomical regions—the
transplanted limb, recipient stump, and entire post-
transplant limb (Figure S2)—revealed non-uniform
signal distribution that was not adequately captured
by single-region measurements. To address this
spatial complexity, we developed a multi-sampled
region-of-interest (ROI) image analysis strategy
(Figure 4B-D) designed to resolve intra-limb
heterogeneity and map signal gradients across
overlapping donor and recipient compartments. As an
initial methodological evaluation, we applied a multi-
sampled ROI approach to a transplanted hindlimb
(one donor-recipient pair) to characterize within-graft
spatial heterogeneity before evaluating variability
across animals with differing rejection trajectories.
Therefore, n denotes the number of ROIs representing
spatial subsamples of the same graft, not independent
biological replicates (N =1 transplant recipient). This
approach enabled quantitative assessment of the NIRF
signal distribution with improved spatial resolution
and statistical power, thereby increasing sensitivity to
detecting temporal changes in macrophage-associated
signal during rejection progression. This approach
allowed us to more accurately assess differences in

macrophage infiltration patterns across the
transplanted region at different time points post-
transplantation.

POD0O dose captures early post-surgical

inflammatory events associated with ischemia-
reperfusion injury (IRI), as shown in a single-dose
experiment (Figure 2). Since this phase also has
neutrophil-dominant inflammation[19, 20], we used
POD3 and POD6 administrations without PODO
dosing to label sequential waves of monocyte-derived
macrophage recruitment associated with evolving
alloimmune rejection. Serial imaging demonstrated
progressive emergence beginning at POD4 and
continued spatial expansion through POD6-7 (Figure
4). This delayed amplification is consistent with
labeling of newly recruited monocyte-derived
macrophages rather than persistence of early
ischemia-reperfusion-associated inflammatory cells.
The emergence of the signal approximately 24 h post-
injection at POD3 is consistent with earlier findings in
rat models of solid-organ rejection[10]. The temporal
separation between early postoperative inflammation
and later signal escalation suggests the NIRF signal
corresponds to rejection-associated macrophage
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recruitment.

When fluorescence was quantified across the full
imaged hindlimb field, signal increased progressively
over time, reflecting cumulative inflammatory burden
across overlapping donor and proximal recipient
compartments. However, multi-sampling ROI
restriction to the distal donor graft revealed a distinct
infiltration pattern: a quantitatively modest signal
through PODS5, followed by a significant escalation at
POD6-POD7? (Figure 4D). This divergence suggests
preferential macrophage enrichment within rejecting
donor tissue as alloimmune activation intensifies.
Spatial mapping further demonstrated expansion
from focal signal regions to broader dermal and limb-
wide coverage at later time points, consistent with
staged inflammatory amplification (Figure 4C).
Together, these findings show that repeated PCE-NE
administration enhances the temporal resolution of
macrophage kinetics and improves the discrimination
of rejection-associated immune recruitment from early
surgical inflammation, providing the mechanistic
basis for the subsequent implementation of a three-
dose regimen.

3.5. Three-dose regimen of PCE-NE enhances
in vivo mapping of macrophage recruitment

To distinguish early postoperative inflammation
from subsequent alloimmune-driven macrophage
recruitment, we implemented a three-dose PCE-NE
regimen (PODO, POD3, PODG6), Figure 5A, designed to
capture temporally distinct waves of macrophage
infiltration. Serial NIRF live imaging demonstrated
progressive signal amplification across the graft, with
maximal fluorescence following the POD6
administration (Figure 5B & 5C). Importantly, signal
escalation at later time points occurred despite
resolution of immediate surgical inflammation,
supporting accumulation of newly recruited
macrophage populations associated with active
rejection rather than residual innate injury. This
stepwise amplification is consistent with continued
macrophage-associated probe accumulation during
evolving rejection; however, the present study cannot
distinguish the relative contributions of newly labeled
macrophages and the persistence of PCE-NE from
earlier administrations. Ex vivo imaging confirmed
robust graft-localized fluorescence in rejecting
allografts compared with minimal signal in non-
rejecting controls (Figure 5D). Spatial heterogeneity
within the graft reflected the localization of PCE-NE to
zones of rejection, further confirmed with the F NMR
spectra (Figure S4). ROIl-based multisampling
quantification including both the inner and outer
views of the transplanted limb demonstrated
significantly (p < 0.0001) elevated PCE-NE-associated
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NIRF signal in rejecting grafts (Figure 5E), concordant
with marked increases in CD68" macrophage density.
Quantification of CD68* macrophages (Figure S5) in
representative ~ immunohistochemistry =~ samples
demonstrated that the in wivo NIRF signal
corresponded to dense macrophage infiltration within
rejecting tissue compartments, supporting the
biological specificity of PCE-NE uptake (Figure 5F &
5G). Together, these data demonstrate that repeated
PCE-NE administration enhances the sensitivity of

e Recipient

NE injection POD 3

293

detecting evolving macrophage recruitment and
enables discrimination and monitoring rejection-
associated immune amplification and early post-
surgical inflammation. By capturing sequential waves
of macrophage recruitment, the three-dose regimen
enables dynamic immune surveillance across the
rejection trajectory, strengthening the translational
potential of PCE-NE-based NIRF imaging as a non-
invasive strategy for monitoring rejection in
vascularized composite allografts.
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Figure 4. Two-dose PCE-NE administration enables staged imaging of in vivo macrophage infiltration during acute rejection. (A) Experimental timeline
illustrating allogeneic hindlimb vascularized composite allotransplantation (VCA) followed by two intravenous administrations of PCE-NE at postoperative day (POD) 3 and
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PODé, with serial live near-infrared fluorescence (NIRF) imaging performed from post-surgical baseline through POD7. (B) Representative longitudinal in vivo NIRF images
acquired using the LI-COR Pearl® imager at the indicated time points from a single transplant recipient. Images are displayed as grayscale (anatomical reference), single-channel
fluorescence (800 nm), and corresponding heatmaps to visualize the spatial distribution and intensity of the PCE-NE signal across the imaged hindlimb field. Progressive signal
emergence is observed beginning at POD4 with increasing intensity and spatial expansion through POD7. (C) Quantitative analysis using a multi-sampled region-of-interest
(RO) strategy applied across the combined "donor graft—recipient stump zone", encompassing the full imaged hindlimb field (n = 104 ROls). Fluorescence intensity increased
significantly over time (one-way ANOVA; *¥p < 0.0001), reflecting overall macrophage-associated signal burden across overlapping donor and proximal recipient stump
compartments. Heatmap overlays illustrate heterogeneous signal distribution across sampled regions. (D) Signal quantification was restricted to the anatomically defined distal
donor graft region distal to the suture line (n = 78 ROlIs). At early time points (POD4-PODS), the signal is modestly increased over the baseline (PODO), followed by a
significant increase following the second dose at POD6-POD7 (one-way ANOVA,; **p < 0.0001; *p < 0.05; ns, not significant). Heatmap representation highlights a distinct
pattern of macrophage infiltration signal in the rejecting graft at endpoint (POD7).
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Figure 5. A three-dose PCE-NE regimen enhances graft-specific in vivo detection of macrophage recruitment during acute rejection, with ex vivo and
histologic validation. (A) Schematic illustration of the experimental timeline in a rat hindlimb VCA model incorporating three intravenous PCE-NE administrations at PODO,
POD3, and PODé with serial live NIRF imaging at defined time points. (B) Representative longitudinal in vivo NIRF images acquired from a single transplant recipient using the
LI-COR Pearl® imager, displayed with multi-sampled ROls to illustrate spatial distribution and temporal amplification of fluorescence signal across the allogeneic hindlimb.
Minimal baseline signal is observed pre-injection. Stepwise signal escalation is evident following surgery and subsequent administrations, with maximal fluorescence intensity
observed after the POD6 dose, consistent with cumulative labeling of infiltrating macrophage populations during active rejection. (C) Quantitative analysis of in vivo fluorescence
using a multi-sampled ROI strategy across the imaged hindlimb field (n = 59 ROIs). Signal intensity increased progressively over time, with significant amplification observed at
PODé6 both pre- and post-injection (one-way ANOVA; ¥¥p < 0.0001), reflecting accumulation of labeled macrophages during the rejection phase distinct from early post-
surgical inflammation. (D) Ex vivo NIRF imaging of harvested grafts is shown in two orientations (View 1: inner surface; View 2: outer surface) to better capture surface signal
distribution of a three-dimensional graft. Rejecting allografts showed strong, spatially heterogeneous fluorescence compared to a minimal background signal in non-rejecting
controls. Multi-sampled ROI overlays illustrate intragraft heterogeneity in signal intensity. (E) Quantitative multi-sampled ROl analysis of ex vivo fluorescence intensity (n = 300
ROls) demonstrating significantly greater signal in rejecting allografts compared to non-rejecting controls (one-way ANOVA; *#¥p < 0.0001), confirming robust graft-localized
PCE-NE-labeled macrophage accumulation. (F) Representative histologic sections and CD68 immunostaining from non-rejecting and rejecting allografts. The rejecting grafts
exhibit dense CD68* macrophage infiltration compared to sparse staining in controls. (G) Quantitative analysis of CD68* macrophage area density (cells/mm?) demonstrating
significant elevation in rejecting allografts relative to non-rejecting controls (***p < 0.0001).
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3.6. NIRF imaging of PCE-NE-labeled
macrophages during early Banff Grade I-11
rejection

To determine whether temporally optimized
macrophage labeling improves early rejection
detection, we evaluated grafts using the three-dose
PCE-NE regimen (PODO0, POD3, POD6), designed to
capture both the initial inflammatory response and
subsequent alloimmune-driven macrophage waves
(Figure 6). At Banff Grade I (POD3), macrophage
infiltration was already evident within deep dermal
and perivascular compartments when visible clinical
changes were limited to mild erythema or edema, and
clinical delineation was less reliable. In vivo NIRF
imaging demonstrated a clear graft-localized signal at
this stage, indicating that repeated labeling captures
early immune activation that may be underestimated
by visual inspection alone. This supports the concept
that the secondary macrophage wave emerging
around POD3 is effectively detected with repeated
dosing. With progression to Banff Grade II,
inflammation expanded into deeper dermal and
vascular regions. NIRF signal remained robust within
the graft and correlated with histologic evidence of
macrophage accumulation. Immunohistochemical
and immunofluorescent analyses confirmed that
fluorescence localized specifically to CD68*
macrophages, including perivascular aggregates
surrounding dermal arterioles, validating cellular
uptake-dependent signal generation rather than
nonspecific enhancement. These findings demonstrate
that the three-dose PCE-NE regimen enables sensitive,
macrophage-specific detection of early rejection stages
and improves immune surveillance during the critical
transition from innate postoperative inflammation to
alloimmune amplification. NIRF signal remained
robust within the graft and corresponded with
histologic evidence of macrophage accumulation.
These findings demonstrate that macrophage-
associated NIRF signal can be detected during
histologically confirmed early Banff Grade I-II
rejection when gross clinical manifestations remain
limited. By identifying macrophage recruitment at
Banff Grade I-II before advanced tissue injury
develops, this approach offers a non-invasive strategy
that could facilitate earlier therapeutic intervention
and reduce delayed or missed diagnosis in
vascularized composite allotransplantation.

3.7. Whole-limb 'F MRI confirms spatial
macrophage infiltration in deep tissues during
acute rejection

We performed whole-limb ex vivo ”F MRI to
spatially map PCE-NE-labeled macrophages across
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deeper graft compartments to determine whether
macrophage-associated signal extended beyond
superficial imaging with the nanoimaging probe.
Compartment-specific ~ quantification  confirmed
significantly greater fluorine signal burden across
multiple graft tissues, demonstrating that macrophage
infiltration during acute rejection is anatomically
extensive and not confined to superficial skin
compartments (Figure 7). In rejecting allografts,
fluorine signal was distributed throughout the full
thickness of the limb, including deep muscle groups,
fascial planes, foot musculature, and marrow-adjacent
regions. Signal was particularly enriched at the
surgical interface, consistent with a focal amplification
zone of inflammatory recruitment. In contrast,
contralateral control limbs demonstrated minimal
fluorine signal, largely restricted to physiologic bone
marrow compartments. Notably, signal within deep
muscle and fascial planes highlights inflammatory
involvement that may be under-sampled by standard
skin biopsies. These data establish that PCE-NE-
labeled macrophages distribute throughout the
rejecting graft and that YF MRI provides depth-
resolved validation of nanoemulsion-based immune
imaging beyond the surface sensitivity of NIRF.

3.8. PCE-NE enables multimodal monitoring
of acute rejection in superficial and deep
compartments of VCA

To evaluate whether macrophage-targeted PCE-
NE imaging could unify surface findings with depth-
resolved inflammatory architecture, we performed
combined NIRF and 'H/"F MRI across early and
advanced rejection stages. In Figure 8, at POD3 (Banff
Grade I-II), when clinical findings remained subtle,
NIRF detected clear macrophage-associated signal
within the graft, indicating early immune activity not
fully appreciated on gross examination. With
progression to Banff Grade III rejection, signal
intensity increased and expanded spatially, reflecting
escalating inflammatory burden. Depth-resolved °F
MRI demonstrated that macrophage accumulation
was not confined to superficial compartments but
extended across fascia, muscle groups, and peri-
surgical regions, establishing graft-wide involvement.
In contrast, contralateral limbs showed minimal
fluorine signal, largely restricted to physiologic
marrow compartments. Histopathologic evaluation
confirmed dense mononuclear infiltration in MRI-
positive  regions, and  immunofluorescence
demonstrated concordant PCE-NE localization within
CD68" macrophages. The absence of diffuse signal in
CD68-negative areas supports a cellular uptake-
mediated mechanism rather than nonspecific
interstitial accumulation. Collectively, these data
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establish that the optimized three-dose PCE-NE readouts of rejection activity, supporting a clinically
regimen enables spatially resolved, biologically translatable framework for non-invasive immune
validated mapping of macrophage infiltration across  surveillance in vascularized composite
tissue compartments. Surface-sensitive NIRF detection  allotransplantation.

and depth-penetrant °F MRI provide complementary
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Figure 6. Early Banff Grade I-1l macrophage detection by PCE-NE NIRF imaging. (A) Localization of PCE-NE-labeled macrophages in Banff Grade | rejection
(POD3). Deep biopsy sections from muscle (1) and deep dermis (3) demonstrate focal macrophage infiltration surrounding capillaries and extending toward superficial epidermal
and adnexal compartments (2). Immunofluorescence shows CD68 (green) and PCE-NE signal (magenta) with DAPI counterstain (blue), demonstrating spatial colocalization
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erythema, NIRF signal within the skin compartment is clearly detectable, indicating early macrophage-associated fluorescence preceding overt tissue injury. (C) Full-thickness
limb sections in Banff Grade Il rejection demonstrating expanded inflammatory architecture. H&E reveals deep dermal inflammatory infiltration with involvement of a dermal
arteriole. (D) Clinical appearance and corresponding in vivo NIRF imaging at Banff Grade Il rejection. Fluorescence remains robust within the graft despite modest external
clinical changes, highlighting the sensitivity of PCE-NE-based detection. (E) CD68 immunohistochemistry (red chromogen) confirms macrophage accumulation within
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Significantly greater 'F signal was detected in transplant limbs across multiple compartments, including foot bones, foot muscles, tibia, fibula, lower leg muscles, crural fascia,
thigh muscles, fascia lata, skin, and surgical site (*p < 0.05). The surgical site demonstrated the highest fluorine signal intensity among compartments. Box represents interquartile
ranges, while the line is the median, top whisker is the maximum and the bottom whisker is the minimum.

received a single intravenous NE dose (1 mL/kg) on
postoperative day (POD) 0, allowing assessment of the
persistence and utility of a one-time administration
strategy during acute rejection. Notably, fluorescence

3.9. Translation of Macrophage-Targeted
Nanoemulsion Imaging Paradigm to a Large-
Animal NHP Radial Forearm Flap VCA Model

To evaluate the translational feasibility of
longitudinal macrophage-associated NIRF imaging
demonstrated in the rat VCA model, the platform was
extended to a pilot cohort of two nonhuman primates
(NHPs) undergoing fasciocutaneous radial forearm
flap (RFF) transplantation. This cohort served as a
proof-of-concept large-animal validation using a
clinical-grade nanoemulsion (NE) formulation and the
clinical-grade FLUOBEAM® imaging system. Animals

signal remained detectable for up to 7-8 days
following administration, spanning the entire rejection
course in both animals (Figure S6). The two NHPs
developed acute rejection requiring flap explantation
on POD8 and POD7 (NHP A and NHP B,
respectively). To enable direct comparison with the rat
studies, fluorescence signal quantification was
performed using the same region-of-interest (ROI)
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methodology, including both flap-restricted and
expanded analyses, thereby allowing evaluation of
macrophage localization and signal distribution across
species.

For NHP A, analysis of the restricted flap ROI
(Figure 9A, first column) demonstrated significantly
increased fluorescence signal on postoperative day
(POD) 1 (p < 0.0001), POD2 (p < 0.0001), POD3 (p <
0.0001), PODS5 (p < 0.001), and PODS (p < 0.01). This
kinetic profile was consistent with acute rejection,

298

intensity at POD1 followed by a gradual decline that
remained elevated through the onset of clinical
rejection at PODS8. In contrast, analysis using the
expanded ROI (Figure 9A, second column) revealed
significantly decreased signal intensity on POD2 (p <
0.01), POD3 (p < 0.001), PODS5 (p < 0.0001), and POD8
(p < 0.0001). Rather than demonstrating localized
signal accumulation within the flap, this approach
produced an overall declining trend from baseline,
interrupted only by a transient increase at PODA4.

characterized by a pronounced early increase in signal

Transplanted
Limb

| Banff
Grade 3 :
Rejection :

NE % DAPI

NE'+/CD68 + DAPI

Axial Image (Cross Section of Limb)

Figure 8. Multimodal imaging with PCE-NE integrates clinical, NIRF, and '?F MRI mapping of macrophage infiltration during acute rejection. (A) Clinical
appearance of the transplanted hindlimb during evolving acute rejection. At POD3 (Banff Grade I-l), subtle erythema and edema are present despite preserved gross limb
architecture. By PODé6 (Banff Grade Ill), more pronounced inflammatory changes are evident. The contralateral limb serves as internal control. (B) In vivo NIRF imaging
following PCE-NE administration demonstrates robust fluorescence signal within the transplanted limb despite subtle clinical findings at earlier Banff grades. Signal localizes
predominantly to the skin and subcutaneous compartments and intensifies with advancing rejection severity. (C) Combined 'H/'*F MRI of rejecting limbs (Banff Grade Ill)
demonstrates depth-resolved PCE-NE signal distribution. Coronal and axial slice-selective imaging reveal fluorine signal (rendered in hot-iron pseudo-color) extending across
superficial dermis, fascia, and deep muscular compartments. Dashed regions correspond to areas of clinical inflammation and NIRF signal localization. Axial reconstructions
(panels 4-6) demonstrate pericompartmental and perivascular signal patterns within deep tissue planes. (D) Representative axial 'H/!%F MRI sections of transplant versus
contralateral limbs demonstrate marked compartmental fluorine signal enrichment within the rejecting graft, including fascia, muscle groups, and peri-surgical regions, with
minimal signal confined to marrow compartments in contralateral controls. (E) Gold-standard histopathology (H&E, 10%) confirms Banff Grade Ill rejection characterized by
dense mononuclear infiltration within dermal and deep soft tissue compartments corresponding spatially to MRI signal-positive regions. (F) Immunofluorescence validation
demonstrates colocalization of PCE-NE signal with CD68* macrophages within inflamed tissue compartments. DAPI (blue), CD68 (green), PCE-NE (magenta), and merged
images confirm cellular uptake—dependent signal localization rather than diffuse extracellular deposition.
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A similar pattern was observed in NHP B.
Analysis of the restricted flap ROI (Figure 9A, third
column) showed significantly elevated fluorescence
signal on POD1 (p < 0.01), POD2 (p < 0.01), POD3 (p <
0.0001), POD4 (p < 0.0001), POD5 (p < 0.001), and
POD7 (p < 0.05). As observed in NHP A, signal
intensity peaked early and subsequently declined over
time while remaining elevated relative to baseline.
However, the expanded ROI analysis (Figure 9A,
fourth column) demonstrated a distinct kinetic profile,
with significantly increased signal on POD1 (p <
0.0001), POD3 (p < 0.0001), POD4 (p < 0.01), and POD5
(p < 0.01), followed by a marked decrease on POD7 (p
< 0.0001). This profile was characterized by sustained
signal elevation preceding an abrupt decline at the
time of rejection. Collectively, these findings
demonstrate that fluorescence measurements confined
to the transplanted flap more accurately capture
localized macrophage accumulation associated with
rejection than analyses incorporating surrounding
host tissue.

To define the clinical extent of rejection in this
NHP VCA model, serial photographic assessment
demonstrated  progressive  graft deterioration
characterized by dermal erythema, edema, and
epidermolysis localized primarily to the central
vascular territory of the flap (Figure 9B). To further
characterize macrophage distribution and NE uptake,
dual-immunofluorescence staining was performed on
rejecting flap tissues. Merged DAPI, CD68, and NE
fluorescence images revealed substantial macrophage
accumulation and NE localization within perivascular
and deep dermal compartments (Figure 9B, bottom
row). Histologic evaluation by H&E staining
demonstrated  prominent  perivascular  and
periadventitial inflammatory cuffing, consistent with
perivasculitis and deep dermal rejection (Figure 9B,
top right).

To validate the relationship between fluorescence
signal intensity and macrophage infiltration, ex vivo
fluorescence imaging was performed on the NHP A
flap following explantation (Figure 9C). Regions
exhibiting visually strong and weak fluorescence
signals were identified on FLUOBEAM images (Figure
9C, top middle). Quantitative Image Studio analysis
confirmed that the high-signal region exhibited
significantly greater fluorescence intensity than the
low-signal region (p < 0.0001) (Figure 9C, top right).
Tissue samples were subsequently collected from both
regions for histologic analysis (Figure 9C, bottom left).
CD68 immunostaining demonstrated significantly
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greater macrophage infiltration within tissue obtained
from the high-fluorescence region compared with the
low-fluorescence region (p < 0.01) (Figure 9C, bottom
middle and right). These findings establish a direct
correlation between non-invasive fluorescence
imaging and histologically confirmed macrophage
accumulation, supporting the utility of fluorescence-
based macrophage tracking as a surrogate biomarker
of immune cell infiltration during VCA rejection.
These studies establish the feasibility of longitudinal
macrophage imaging in a clinically relevant large-
animal model and provide a foundation for future
investigations evaluating repeated dosing strategies
and the utility of this platform for monitoring chronic
rejection.

4. Discussion

In this study, we demonstrate that a multimodal
perfluoro-15-crown-5 ether nanoemulsion (PCE-NE)
enables longitudinal, spatially resolved mapping of
macrophage infiltration during acute VCA rejection.
To the best of our knowledge, this is the first study to
demonstrate noninvasive imaging of macrophage
infiltration as a biomarker of acute rejection in VCA
across both rodent and non-human primate models.

Using Banff-graded histopathology as the
reference standard for AR[1, 21], we show that
macrophage-associated NIRF signal can be detected at
early Banff Grade I-II stages when clinical skin
findings are subtle[22], and that integration of
quantitative surface NIRF imaging with depth-
resolved F MRI reveals graft-wide macrophage
distribution extending beyond superficial dermis into
fascia, muscle, perivascular, and adnexal
compartments[18]. Repeated dosing (PODO, POD3,
POD6) more comprehensively captured temporally
distinct recruitment waves than single-dose labeling,
consistent with dynamic innate-to-alloimmune
transitions in the post-transplant inflammatory
trajectory[2, 23]. Immunohistochemistry = and
immunofluorescence demonstrated spatial
concordance between PCE-NE-associated NIRF signal
and CD68" macrophage infiltration across rejection
stages, supporting macrophage-dependent uptake
rather than nonspecific edema or vascular leak.

A key design choice was to optimize and validate
the platform first in AR, where standardized grading
exists[1, 21] providing a rigorous biological anchor
before considering extension to phenotypes such as
chronic rejection (CR), for which validated grading
remains limited or evolving[24, 25].
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Figure 9. Longitudinal in vivo and ex vivo fluorescence imaging of acute rejection in nonhuman primate radial forearm flap transplantation and correlation
with macrophage infiltration. (A) Quantification of longitudinal in vivo fluorescence signal in both nonhuman primates (NHPs) following radial forearm flap transplantation.
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Fluorescence intensity was measured on postoperative days (POD) 0, 1, 2, 3, 4, 5, and 7 (NHP B only) and POD8 (NHP A only). The first and third columns show quantification
using a flap-only ROI (NHP A and NHP B, respectively), and the second and fourth columns show quantification using an expanded ROl encompassing the flap and surrounding
perisurgical tissue; representative ROl placements are shown below each plot. Statistical significance was determined using an unpaired two-tailed t-test comparing fluorescence
intensity at PODO with each subsequent postoperative time point. (B) Histopathological and immunofluorescence characterization of acute rejection in NHP A at POD8. The
upper left panel shows clinical presentation of Grade llI-IV acute rejection. The upper right panel displays hematoxylin and eosin (H&E) staining (2%, left; 20%, right),
demonstrating dense inflammatory infiltrates within the deep dermis (red arrows) and perivascular regions (white hashed area and white arrow). The radial artery is outlined
by black hashed lines. The lower panels show immunofluorescence staining demonstrating colocalization of nanoemulsion (NE) signal with CD68-positive macrophages within
perivascular inflammatory infiltrates, confirming macrophage accumulation in regions of deep acute rejection and perivasculitis. CD68- and NE-positive cells are also observed
within the arterial lumen. (C) Ex vivo fluorescence imaging and macrophage quantification of rejected flap tissue from NHP A at PODS8. The upper left panel shows the excised
rejected flap. The upper middle panel presents FLUOBEAM imaging of the explanted tissue, with triplicate circular ROls placed within regions of weak and strong fluorescence
signal. The upper right panel shows quantification of fluorescence intensity within these ROlIs; statistical significance was assessed using an unpaired two-tailed t-test. The lower
left panel identifies tissue sampling locations from weak-signal (blue box) and strong-signal (red box) regions. The lower middle panel shows macrophage detection and
classification performed using QuPath software, with green cells classified as macrophages and red cells classified as non-macrophage cells. The lower right panel presents
quantitative comparison of macrophage percentage between weak- and strong-signal regions, with statistical significance determined using an unpaired two-tailed t-test.

Macrophages are increasingly recognized as
central mediators of allograft injury across transplant
settings, contributing to antigen presentation,
inflammatory amplification, endothelial activation,
and tissue remodeling[26]. In VCA, clinical and
experimental observations support an association
between macrophage burden and severe rejection,
including reports implicating macrophage-associated
mediators such as MMP3 as candidate biomarkers in
clinical face transplantation[27]. However,
macrophage assessment in current VCA practice
remains biopsy-dependent and therefore susceptible
to spatial heterogeneity, sampling bias, and limited
feasibility for frequent longitudinal surveillance[28].

YF MRI is a well-established translational
methodology for background-free cell tracking and
quantitative mapping of immune cells in
cardiovascular diseases[29, 30], cancer[31, 32], and
organ rejection[10, 33]. In parallel, nanoemulsion
platforms that incorporate both 19F tracers
(perfluorocarbons) and fluorophores have enabled
dual-modality optical/ MR readouts in inflammatory
settings[9, 34]. For the first time, our study extends
these principles to VCA AR by combining (i) rapid,
longitudinal NIRF detection (bedside-compatible)
with (ii) confirmatory F MRI for depth-resolved,
compartment-specific localization (Figure S3), and (iii)
direct tissue-level visualization of probe signal on
immunofluorescence sections via an embedded
lipophilic fluorophore. This multimodal approach,
which integrates clinical exam — NIRF — MRI —
histology/IF, provides a biologically validated
framework for macrophage-directed rejection imaging
anchored to Banff criteria[4, 21, 23].

The temporal kinetics observed are consistent
with staged post-transplant inflammation in which
early IRI and surgical injury initiate innate responses
that are often neutrophil-rich, followed by recruitment
and expansion of monocyte-derived macrophages
during evolving alloimmune activation[20]. In this
context, early macrophage-associated signal after
PODO dosing likely reflects a composite of injury/IRI-
associated inflammation with emerging alloimmune
recruitment[19]. Signal escalation beginning around

POD3 aligns with the timing of Banff Grade I-II
rejection and is consistent with increasing macrophage
accumulation within perivascular and deep dermal
compartments typical of progressive AR[35].

The plateau or decline of signal at later high-
grade stages after single-dose labeling supports the
concept that a single labeling event may incompletely
represent later recruitment waves, particularly if
initially labeled macrophage populations turn over
and are replaced by newly recruited cells not exposed
to the original dose[36]. Repeated dosing therefore
provides a practical strategy for capturing temporally
distinct macrophage waves and enabling broader full-
thickness spatial mapping. Fluorescence during

evolving rejection was higher than the early
postoperative signal, consistent with additional
macrophage-associated probe accumulation.

However, initially labeled macrophage populations
may also contribute to the signal during the later
rejection phase. While our colocalization data support
intracellular uptake within CD68" macrophages, the
relative contributions of resident versus recruited
macrophage subsets and the extent to which uptake
varies by activation phenotype remain incompletely
defined. Future studies will be required to dissect
subset-specific kinetics and to determine whether
signal intensity scales linearly with macrophage
burden across phenotypic states.

Noninvasive immune surveillance remains an
unmet need in VCA, where clinical monitoring is skin-
centric and biopsy-based[4, 23, 37-39]. The present
data suggest a clinically plausible monitoring
hierarchy in which NIRF provides early, bedside
sensitivity and YF MRI provides depth-resolved
confirmation and compartmental mapping, with
Banff-graded histology serving as the reference
standard during platform optimization.

The platform also enables orthogonal tissue-
specific immunological confirmation. Because the
PCE-NE includes an embedded fluorophore,
nanoemulsion uptake can be visualized directly on
immunofluorescence sections without relying solely
on secondary probe-specific antibody detection,
strengthening the interpretability of imaging-
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histology concordance. In addition, macrophage-
linked blood biomarkers may provide complementary
confirmation. For example, MMP3 has been
implicated as a biomarker associated with severe
rejection in clinical VCA[27, 28, 40], raising the
possibility that elevated NIRF signal might be paired
with serum biomarker assessment to strengthen risk
stratification before escalating to MRI or biopsy.

To further evaluate the clinical translatability of
this platform, we extended our studies to a pilot cohort
of two nonhuman primates (NHPs) that underwent
fasciocutaneous  radial forearm flap  (RFF)
transplantation, a clinically relevant vascularized
composite allotransplantation (VCA) model that
enables longitudinal monitoring of rejection. These
studies represent a proof-of-concept progression from
the rodent experiments and utilized both a clinical-
grade PCE-NE formulation and the clinically
approved FLUOBEAM imaging system. A single
intravenous dose of PCE-NE (1 mL/kg) was
administered on postoperative day (POD) 0 to
evaluate the persistence and sensitivity of the imaging
signal under a minimal dosing regimen. Despite
administration of only a single dose, robust NIRF
signal was detectable throughout the monitoring
period and persisted for 7-8 days post-
transplantation. Both animals subsequently developed
acute rejection requiring flap explantation on PODS8
and POD7 (NHP A and NHP B, respectively).
Importantly, NIRF signal quantification was
performed using the same spatially resolved region-
of-interest (ROI) methodology established in the
rodent studies, enabling direct cross-species
comparison of inflammatory signal dynamics.
Collectively, these findings demonstrate successful
translation of the imaging platform from small-animal
models to a clinically relevant large-animal VCA
model and support future investigations evaluating
extended dosing regimens, longitudinal monitoring
capabilities, and applications in chronic rejection. The
successful translation of this approach to a clinically
relevant NHP model highlights one of its major
strengths: both imaging modalities possess clear and
feasible pathways toward clinical implementation in
VCA surveillance. Importantly, this platform is
complementary to standard immunosuppressive
regimens, which were not utilized as a treatment
condition in this pilot cohort, and the clinical-grade
nanoimaging agent does not induce macrophage
activation or exacerbate inflammatory responses,
thereby preserving native immune behavior during
longitudinal imaging studies. Future studies will
investigate the utility of this platform in chronic
rejection models and wunder clinically relevant
immunosuppressive treatment paradigms to define
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how macrophage trafficking and imaging signatures
evolve across distinct therapeutic conditions. Such
studies will enable direct comparisons between
treatment cohorts and provide mechanistic insight
into the interplay between immunosuppression,
macrophage-mediated inflammation, and graft
rejection dynamics over extended post-transplant
periods.

A strength of the presented approach is that these
imaging modalities have a clinically translatable path
in VCA. NIRF imaging is already used in clinical
surgical environments for perfusion and tissue
assessment; importantly, portable clinical NIRF
systems (e.g., SPY and FLUOBEAM) are compatible
with point-of-care workflows and could be adapted
for rapid superficial graft surveillance without
requiring advanced radiology infrastructure.
However, current clinical NIRF imaging methods lack
quantitative algorithms applicable for monitoring
inflammation in patients. The spatially resolved NIRF
signal quantification method presented here addresses
this gap by enabling accurate assessment of rejection
and supporting longitudinal monitoring of
therapeutic response to both local and systemic
immunosuppression in VCA. In a translational VCA
workflow, our PCE-NE NIRF imaging technology
could therefore serve not only as a standalone bedside
monitoring tool but also as a sensitive triage trigger for
targeted F MRI to localize deeper tissue
inflammation and guide biopsy toward signal-dense
compartments that are not reliably sampled by
protocol skin biopsies[2, 23]. MRI scanners can be
configured for 19F MRI with the appropriate hardware
and radio-frequency coil, thus 19F MRI can be readily
added on to existing clinical imaging protocols.

Finally, the clinical motivation extends beyond
diagnosis alone. Breakthrough rejection related to
medication nonadherence remains a significant cause
of AR and graft loss in transplant recipients[41]. A
practical, noninvasive surveillance method that can
detect early immune activation, before obvious skin
breakdown, could support earlier intervention and
may provide an objective adjunct when adherence is
uncertain. While this study did not directly test
treatment response or adherence monitoring, it
establishes a platform that is conceptually aligned
with these clinical use cases.

The path to clinical translation of nanomedicines,
including diagnostic probes, requires robust, scalable
manufacturing and quality control. By utilizing a
quality-by-design (QbD) framework and multilinear
regression modeling we successfully scaled up
production of PFC nanoemulsions to 1 L with strictly
defined critical quality attributes, narrow droplet size,
robust colloidal stability, and stable fluorescence
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signal under physiologic conditions[42-44].

Taken together, the combined considerations of
(i) established feasibility of PFC labeling and 9F cell
tracking, (ii) durable label persistence enabling
longitudinal surveillance, and (iii) scalable, QbD-
compatible manufacturing pathways support clinical
plausibility of the approach while still requiring
appropriate regulatory development steps. This
macrophage-targeted imaging technology could be
adapted for longitudinal, noninvasive monitoring of
whole-eye transplant rejection. Following systemic
administration, the PCE-NE would label macrophages
recruited during early alloimmune activation,
enabling rapid NIRF surveillance of accessible ocular
and periocular tissues, while °F MRI could provide
depth-resolved assessment of inflammation within
deeper graft compartments. By limiting prolonged
inflammatory injury to the retina, optic nerve,
vasculature, and other critical ocular structures, this
approach could improve graft survival and increase
the likelihood of functional recovery after whole-eye
transplantation.

Several limitations warrant consideration. First,
this study establishes a primary rodent VCA model
and introduces a pilot NHP cohort, and immune
kinetics and tissue scale differ from human
transplantation[23].  Second,  although  CD68
colocalization = supports = macrophage-associated
uptake, off-target uptake by other phagocytic
populations cannot be excluded[19, 20]. Third, early
postoperative signals may reflect mixed injury/IRI
inflammation and neutrophil-macrophage
cooperation[19], necessitating careful interpretation of
POD0-POD2 imaging as baseline inflammatory
context rather than rejection specificity. Fourth, NIRF
remains limited by depth penetration; while F MRI
addresses depth, clinical sensitivity thresholds and
acquisition time tradeoffs will require optimization for
human workflows. Finally, this work is focused on
AR — consistent with available Banff criteria — but does
not establish detection of CR, for which grading
remains limited and an active area of consensus
development[2, 19, 24, 25]. Additionally, the present
study did not evaluate systemic clearance kinetics,
blood chemistry, quantitative organ biodistribution
following repeated PCE-NE administration, or the
effects of repeated probe exposure on macrophage
function. These parameters will require evaluation in
future studies of repeated-dose imaging.

Priorities for future work include: (i) defining
quantitative relationships between NIRF and '°F signal
and absolute  macrophage  burden  across
compartments, (ii) assessing nanoimaging probe
uptake by macrophage subsets and activation states,
(iii) evaluating performance of nanoimaging probe in
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recurrent AR, CR and immunosuppressive treatment-
response paradigms[2, 38, 45, 46], and (iv)
implementing clinically feasible F acquisition
workflows embedded within standard MRI protocols.
Given the emerging interest in macrophage-associated
rejection biomarkers in VCA[36], combining
sequential NIRF imaging with serum biomarker
panels represents another promising translational
direction.

In summary, we demonstrate that a macrophage-
targeted multimodal PCE-NE platform enables live
longitudinal NIRF imaging and depth-resolved °F
MRI mapping ex vivo of AR across both superficial and
deep graft compartments, with spatial alignment to
CD68" macrophage infiltration and Banff-graded
histopathology. Although macrophage-associated
PCE-NE uptake provides a biologically relevant
imaging readout of rejection-associated inflammation,
macrophage recruitment is not exclusive to allograft
rejection and may also occur in response to ischemia-
reperfusion injury, surgical inflammation, or other
inflammatory processes. Imaging findings should
therefore be interpreted within the transplant context
together with clinical and histopathological findings.
Single-dose  administration establishes baseline
kinetics, while repeated dosing captures sequential
macrophage recruitment and improves tissue-scale
resolution. By combining clinically applicable NIRF
imaging with quantitative MRI depth mapping, this
approach creates a noninvasive immune surveillance
framework in VCA and a translational platform
adaptable to broader alloimmune injury phenotypes.
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