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Abstract
Purpose: We generated a folate-conjugated porphyrin nanoparticle (porphysome) suitable for
multimodal non-invasive active macrophage tracking post-myocardial infarction (MI).
Procedures: Macrophage uptake of folate-conjugated porphysomes was selective. Folate-
porphysome cardiac macrophage tracking was detected in vivo using radioligand and
fluorescent imaging. To track post-MI macrophage mobilization, cardiac fluorescence signal in
folate-porphysome-injected mice was measured for 9 day post-MI. Active macrophage
phenotype was assessed using immunohistochemistry.
Results: Heart active macrophage presence peaked on day 1, returned to baseline by day 3,
and peaked again on day 7 post-MI. Macrophages were distributed throughout the left ventricle
at day 1, but aggregated within scar tissue at day 7. Macrophage phenotype was pro-
inflammatory (TNFα+) at day 1, whereas scar-resident macrophages expressed anti-
inflammatory markers (IL-10, TGFβ) at day 7. However, day 7 macrophages outside the scar
expressed neither pro- nor anti-inflammatory markers.
Conclusions: We established that folate-porphysomes are suitable for non-invasive imaging of
macrophages and used it to investigate active macrophage behavior in the infarcted heart.

Key words: Nanoparticle, Porphysome, Macrophage, Inflammation, Myocardial infarction,
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Introduction
Myocardial infarction (MI) remains a leading cause of
death [1]. Progressive ventricular dilatation and decreased
cardiac function post-MI result in irreversible congestive
heart failure [2, 3]. Because the heart has limited
regenerative potential, improving cardiac recovery post-
MI requires reducing adverse inflammatory and
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increasing regenerative responses [4]. Macrophages are
not only critical post-MI for debris removal, extracellular
matrix/scar formation, and angiogenesis stimulation but
can also trigger apoptosis, impair scar retraction, and
damage non-ischemic cardiomyocytes [5–7]. Proper un-
derstanding of the macrophage response is essential to
limiting injury post-MI.

The post-MI macrophage response has been studied
extensively, but the majority of research has utilized
invasive ex vivo techniques requiring animal sacrifice
(e.g., flow cytometry) to isolate macrophages for further
examination. These studies have established that cardiac
macrophage accumulation post-MI is biphasic, with early
pro-inflammatory (M1) and later anti-inflammatory (M2)
infiltrating waves [7, 8]. However, these invasive
approaches prevent longitudinal macrophage tracking
and fail to capture macrophages (which are highly plastic
[6, 9, 10]) in their natural environment. Non-invasive
methods are thus optimal for characterizing the post-MI
macrophage response.

Porphysome nanoparticles are bilayered nanovesicles
that self-assemble from phospholipid-porphyrin conju-
gates [11]. Porphysomes can selectively target cell types
as peptides and ligands can be conjugated to the lipid
bilayer during the self-assembly process. Furthermore,
the porphyrin within the nanoparticle bilayer emits near-
infrared fluorescence and is also a natural chelator of the
Cu-64 radioisotope. These traits result in a highly
selective nanoparticle that can be visualized using both
fluorescence imaging and positron emission tomography
(PET). We have engineered folate-conjugated porphy-
somes to target inflammation-activated macrophages.
Folate receptor expression under endogenous conditions
is very limited but is highly upregulated in malignant
cells and activated macrophages [12–15]. Thus, folate
receptor has been used as a mediator for selective
targeting of drugs or imaging agents to cancer cells
and/or activated macrophages with minimal non-specific
collateral effects and has been proposed as a macrophage
BAchilles’ heel^ [14, 15].

Macrophage response modulation is a potential strat-
egy to prevent progressive cardiac dysfunction after MI
[5, 16]. We sought to determine whether folate-
conjugated porphysomes could selectively target macro-
phages both in vitro and in vivo and whether this
selective targeting could track macrophage mobilization
to the post-MI heart. We found that folate-porphysomes
were selective for macrophages, could be visualized and
quantified using multiple modalities, and could track
macrophages non-invasively post-MI. We thus used
folate-porphysomes to characterize the post-MI

macrophage response in terms of magnitude, location,
and phenotype.

Methods
The complete and detailed methods can be found in Supplementary
Materials 1.

Porphysome Synthesis

Porphysomeswith orwithout folate-targeting ligandswere formed using
a protocol reported previously [11]. Unconjugated porphysomes were
constructed using lipid films comprised of a molar ratio of 55 parts
porphyrin (pyropheophorbide)-lipid, 40 parts cholesterol, and 5 parts
PEG2000-DSPE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethene glycol)-2000]). For folate-porphysomes, the 5
parts PEG2000-DSPE was substituted with a 4:1 molar ratio of PEG2000-
DSPE and folate-PEG2000-DSPE (1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[folate(polyethylene glycol)-2000]). All compo-
nents were purchased from Avanti Polar Lipids (Alabaster, AL). Final
particle size wasmeasured by dynamic light scattering (ZS90Nanosizer,
Malvern Instruments, Malvern, UK) and pyropheophorbide concentra-
tion was determined by UV/Vis spectrometry (Varian, Palo Alto, CA).
All porphysomes were freshly prepared and kept sterile prior to use.
Detailed information regarding porphysome properties and uniformity
can be found in the Supplementary Materials (Table S1).

Evaluation of Porphysome Uptake Selectivity

Folate-porphysome selectivity for macrophages was examined in vitro
by investigating porphysome uptake by folate receptor-expressing [17]
RAW264.7 cells (amacrophage cell line [18]) and control HT-1080 cells
(a fibrosarcoma cell line). Cells were incubated with 5 μMunconjugated
porphysomes, folate-porphysomes alone, or folate-porphysomes in the
presence of folic acid for 3 h. Cells were imaged 24 h post-incubation (in
order to ensure complete intracellular porphysome unquenching [19])
using confocal microscopy (FluoView FV1000; Olympus, Tokyo,
Japan) under brightfield and at 633 nm with a ×60 oil immersion lens.

Animal Model of Myocardial Infarction

All experiments were designed and conducted according to the
Canadian Council on Animal Care and approved by the Animal Care
Committee of theUniversityHealth Network (AUP no. 997.19).MIwas
induced in C57BL/6 adult mice (3–4 months) of both sexes via left
anterior descending coronary artery (LAD) ligation as previously
outlined [20]. Briefly, mice were anesthetized with isoflurane, intubated,
and respirated. The pericardium was exposed and removed, allowing
access to the myocardium. A 7-0 polypropylene suture was passed
under the LAD and tied. Successful ligation was confirmed by
blanching of the subtended myocardium. The incision was then closed
and the mice were given 0.1 ml bupivacaine analgesic intramuscularly
and allowed to recover. After induction of MI, mice were imaged using
PET/computed tomography (CT), fluorescence molecular tomography
(FMT), or spectral unmixed fluorescence imaging.
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In Vivo Localization and Quantification
of the Post-MI Macrophage Response
by PET Imaging and γ-Counting

Mice (n= 22) were imaged using PET/CT at day 2 and day 7 after
being injected with either 64Cu-labeled porphysome (n = 3 at day 2,
n= 4 at day 7), [64Cu]folate-porphysome (n = 3 at day 2, n = 4 at
day 7), or [64Cu]folate-porphysome with 2500× excess folic acid
(~700 μCi) as an inhibitor (n= 4 at day 2 and day 7). Preliminary
experiments investigated signal visualization at 3, 6, and 24 h post-
injection and found optimal signal contrast between cardiac and
peripheral regions at 6 h. This timepoint was thus selected for
subsequent studies.

Unconjugated porphysomes and folate-porphysomes were la-
beled with Cu-64 using a method reported previously [21]. After
labeling, the mixture was purified by centrifugation filtration (30 K,
Amicon Ultra; Millipore, Billerica, MA) and labeled/free copper
was quantified to assess radiochemical purity and yield. The
labeling yield of [64Cu]porphysome and [64Cu]folate-porphysomes
were both above 97 % (G3 % free copper detected after
centrifugation). The radiochemical purity of both nanoparticles
was 999 %. PET images were acquired (acquisition time 40 min)
using a Focus 220 microPET scanner (Siemens Preclinical
Solutions, Knoxville, TN). Immediately following small-animal
PET, microCT was performed using an eXplore Locus Ultra
Preclinical CT scanner (GE Healthcare, London ON) with routine
acquisition parameters (80 kVp, 50 mA, and a voxel size of
150 × 150 × 150 mm). Small-animal PET and microCT images were
co-registered using Inveon Research Workplace 4.0 software
(Siemens). MicroCT was used for anatomic referencing.

Following PET/CT imaging, mice were anesthetized with
isoflurane and euthanized via cervical dislocation. Hearts were
then excised and separated into infarcted and non-infarcted regions.
Sections were weighed and γ-counted to quantify Cu-64 tissue
uptake. Cu-64 uptake in tissues was calibrated by tissue weight and
the dose of Cu-64 injected (obtained by subtracting residual
radioactivity post-injection from the radioactivity measured before
the injection). Biodistribution was expressed as the mean ± SD
percentage injected dose (ID) per gram (%ID/g). To calculate %ID,
a quantification calibration factor was measured using a source of
64Cu with a known amount of radioactivity.

Longitudinal Tracking of In Vivo Macrophage
Accumulation by Fluorescence Molecular
Tomography

Mice (n = 16) were imaged using FMT to evaluate macrophage
accumulation in the heart over time. All mice were imaged
prior to MI induction surgery and then separated into three
groups post-surgery to allow for full porphysome clearance
(~72 h). The first group (n = 5) was imaged only on days 1, 4,
and 7 post-MI; group 2 (n = 5) on days 2, 5, and 8; and the
last group (n = 6) on days 3, 6, and 9. All mice received fresh
doses of 0.1 ml folate-porphysome on imaging days and were
imaged after a 6-h incubation period. All mice were also
imaged prior to porphysome injection to confirm absence of
residual signal.

FMT was performed using a VisEn FMT 2500 LX Quantitative
Tomography System (VisEn Medical, Bedford, MA). Mice were
loaded inside the VisEn system in manufacturer-provided cassettes
under constant 2 % isoflurane anesthesia. Image acquisition and
analysis was performed using TrueQuant 3D Software (Perki-
nElmer, Waltham, MA). Following completion of image acquisi-
tion, mice were removed and allowed to recover. A 100-mm3

region of interest (ROI) was visually determined and placed in the
cardiac region, and the number of fluorescent counts in the ROI
(arbitrary units) was recorded.

Examination of Intracardiac Signal Localization
Patterns by Spectral Unmixed Fluorescence
Imaging

Mice (n= 7) were subjected to ex vivo spectral unmixed fluores-
cence imaging at day 2 (n= 3) and day 7 (n = 4) post-MI in order to
examine porphysome signal intensity distribution within the heart.
Mice were injected with folate-conjugated porphysomes, then
anesthetized with isoflurane and euthanized via cervical dislocation
at 6 h after injection for imaging. Hearts were excised post-mortem
and imaged using the CRi Maestro system (Quorum Technologies,
Guelph, ON) under brightfield and using a 575–605-nm excitation
filter and a 645-nm long-pass emission filter. Remote, mid-
ventricle, and apex ROIs were delineated based on visual
inspection of the discolored myocardium. The mean signal intensity
within each ROI (counts/mm2) was calculated by dividing the total
signal intensity within the ROI (counts) by the size of the ROI
(mm2).

Examination of Bloodpool Porphysome
Quenching

Unconjugated porphysomes and folate-porphysomes were intrave-
nously injected into mice (n = 3). Blood was collected 6 h later from
the saphenous vein and separated into cellular and serum fractions.
Serum was diluted in either phosphate-buffered saline (PBS) or 1 %
Triton X-100 (Sigma Aldrich, St. Louis, MO) and analyzed using a
FluoroMax spectrofluorometer (HORIBA Jobin Yvon SAS, Long-
jumeau, France). Fluorescence emission readings of the serum
diluted with Triton X-100 at 675 nm were considered 100 %
unquenched fluorescence, and the emission curve of serum diluted
with PBS was normalized to the peak signal at 675 nm to calculate
the quenching efficiency.

Histological Delineation of Scar Region

Following fluorescence imaging, the excised hearts were processed
for histological analysis. Masson’s trichrome stain was used to
determine scar formation in infarcted murine left ventricles. Briefly,
infarcted hearts were cut into 5-μm sections, de-waxed, rehydrated,
and fixed using hot Bouin’s solution. Weigert’s iron hematoxylin,
Biebrich scarlet-acid fuchsin, and methyl blue (Sigma Aldrich)
were used to stain the nuclei (black), cardiac muscle (red), and
collagen (blue) respectively.
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Macrophage Characterization via
Immunohistochemistry

Immunohistochemistry (IHC) was performed to confirm folate-
porphysome selectivity in vivo by investigating porphysome signal
co-localization with the macrophage marker F4/80, the neutrophil
marker Ly-6G, and the folate receptor (FOLR). IHC was also used
to characterize macrophage phenotype by investigating the expres-
sion of the pro-inflammatory marker TNFα and the anti-
inflammatory markers TGFβ and IL-10, as well as macrophage
lineage by investigating expression of C-C chemokine receptor type
2 (CCR2).

Five-micrometer heart tissue sections were de-waxed, rehy-
drated, and then permeabilized with 0.01 % Triton X-100 (Sigma
Aldrich) in PBS for 10 min. Tissue sections were treated with
appropriate blocking serum for 1 h, followed by primary antibody
overnight at 4 °C. Secondary antibody was applied for 2 h at room
temperature. Sections were then treated with 4′,6-diamidino-2-
phenylindole (DAPI) for 3 min at room temperature and mounted.
Primary antibodies were obtained from Abcam (F4/80, CCR2;
Cambridge, MA), Pierce Antibodies (FOLR; Thermo Fisher
Scientific Canada, Ottawa, ON, Canada), BD Biosciences (Ly-6G,
Mississauga, ON, Canada), and Santa Cruz Biotechnology (TGFβ,
TNFα, and IL-10; Dallas, TX).

Stained slides were visualized using a VS-120 S5 slide scanning
microscope apparatus and VS-ASW software (Olympus). Images
were obtained using a XM-10 camera (Olympus) and processed
using ImageJ software (NIH). Co-labeled cells were counted in 8–
12 120,000 μm2 fields/sample, aggregated for each mouse (n = 3 for
each marker and timepoint), and expressed as a percentage of total
porphysome signal/positive cells counted.

Statistical Analysis

Statistical analysis was performed using Excel (Microsoft, Red-
mond, WA) and GraphPad Prism (GraphPad, San Diego, CA)
software. Two-way unpaired Student’s t tests were performed to
compare two groups at a single timepoint. One-way ANOVA was
used to compare an experimental group over multiple timepoints or
multiple groups over one timepoint. If F was significant, a post hoc
analysis was performed with the Newman-Keuls t test. Data is
presented as mean ± SEM. p G 0.05 was interpreted as statistically
significant.

Results

Folate-Porphysomes Selectively Target Activated
Macrophages

Conjugation of folate to porphysomes facilitates uptake by
folate receptor-expressing activated macrophages (Fig. 1a).
In vitro experiments confirmed the uptake of folate-
porphysomes by all macrophages (RAW264.7 cells). This
response was inhibited by the addition of free folic acid. No
uptake was observed when RAW264.7 cells were incubated
with non-conjugated porphysomes (Fig. 1b). Likewise, no

uptake was observed in control HT-1080 cells (Supplemen-
tary Fig. 1). These findings confirm that porphysome uptake
by RAW264.7 cells is folate receptor-mediated.

In vivo examination of infarcted heart tissue confirmed
folate-porphysome co-localized with the macrophage marker
[22] F4/80 (92± 2 %, n=3). No porphysome+/F4/80− cells
were observed, indicating an absence of non-specific
porphysome uptake. Furthermore, 99 ± 0.3 % (n= 3) of
folate-porphysome-labeled cells co-stained with the folate
receptor, confirming that in vivo porphysome uptake is folate
receptor-driven (Fig. 1c). Neutrophils comprise a significant
portion of the early post-MI inflammatory response [7]. We
thus investigated whether neutrophil uptake of folate-
porphysome occurred. We found very limited uptake by
neutrophils at day 1 (9.6 ± 2.1 %, n=6) and day 7 (12.1
± 2.4 %, n=6) post-MI (Fig. 1d). These data indicate that
folate-porphysomes specifically target activated folate
receptor-expressing macrophages in vitro and in vivo and
that porphysome administration penetrates the infarcted
heart in vivo.

Folate-Porphysome Detection of Cardiac-Activated
Macrophages Post-MI

PET/CT imaging was used to investigate the ability of
folate-porphysomes to accurately delineate macrophage
migration to the infarcted heart. Clear signal contrast was
observed in the cardiac region on day 2 post-MI in mice
injected with [64Cu]folate-porphysomes, but not in unin-
farcted mice or infarcted mice given [64Cu]porphysomes
(Fig. S2a), confirming that the observed signal was the result
of specific targeting of accumulated macrophages rather than
non-specific cardiac accumulation. γ-Counting confirmed
that folate-porphysome accumulation in the heart was
significantly elevated in mice with MI vs. healthy mice
(n=4, pG0.01, Fig. 2b). Furthermore, γ-counting showed
that infarct/remote %ID/g ratios were significantly higher in
mice injected with [64Cu]folate-porphysomes compared to
[64Cu]porphysomes at days 2 (pG0.05, n=3 for the folate-
porphysome group, n= 4 for the other groups) and 7
(pG0.01, n=4) post-MI. [64Cu]folate-porphysome uptake
was significantly antagonized by excess folic acid (Fig. 2c).
Porphysome biodistribution was also investigated to confirm
cardiac porphysome trafficking (Supplementary Fig. 2).
These results indicate that folate-porphysome signal was
selective for macrophages and could be used to non-
invasively detect cardiac macrophages post-MI.

Longitudinal Tracking of the Post-MI In Vivo
Macrophage Response

The rapid half-life of Cu-64 (12.7 h) combined with
logistical difficulties in isotope acquisition meant PET
imaging was not feasible for longitudinal studies in our
laboratory. Thus, porphysome signal was serially quantified
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using FMT in order to determine the ability of folate-
porphysomes to non-invasively track the cardiac macro-
phage response post-MI (Fig. 3a, b). Cardiac fluorescence
signal significantly increased at day 1 post-MI relative to
baseline (pG 0.01, n=5). This signal significantly decreased
to near baseline (pG 0.05 vs day 1) by day 3 (n=6) and
through day 5 (n=5). A second increase in signal was
observed beginning at day 6, peaking at day 7 (pG0.05 vs
baseline, n=5), and persisting through day 8 (Fig. 3c).
Representative images for all timepoints are shown in
Fig. 3d. We quantified porphysome fluorescence in heart
sections post-mortem and found that fluorescence for days 1,
7, and 9 post-MI correlated well with the imaging done in
vivo. Indeed, porphysome signal at day 7 (0.32 ± 0.02 %
ROI) was significantly higher than that at day 9 (0.21
± 0.02 % ROI, pG 0.05), confirming the trend observed
using FMT (Fig. 3e).

We confirmed that folate-porphysome signal was ~99 %
quenched in blood serum (since it was not contained within
cells [19, 23]), indicating the absence of non-specific
bloodpool fluorescent signal (Supplementary Fig. 3). The
addition of a detergent to blood serum unquenched fluores-
cence and acted as a positive control.

Ex Vivo Examination of Intracardiac-Activated
Macrophage Distribution

Our FMT data demonstrated that folate-porphysomes can be
used to track the biphasic macrophage response. We thus
examined activated macrophage distribution within the heart
during the early and late phase peaks using ex vivo spectral
unmixed fluorescence imaging. During the early phase (day
2), folate-porphysome signal was predominantly detected in
the upper portion of the LV free wall, surrounding the site of
coronary occlusion. By the late phase (day 7), the strongest
signal was found closer towards the LV apex (Fig. 4a). To
quantify this phenomenon, we compared signal intensity in
the infarct and remote regions of the heart at day 2 and day 7
post-MI (Fig. 4a). At day 2 post-MI, the signal in the infarct
region was 1.63 ± 0.12-fold higher than in the remote region
(n=3). At day 7 post-MI, the infarct region signal was 3.27
± 0.35-fold higher in the remote region (n=4, pG 0.05 vs.
day 2, Fig. 4b). We then divided the infarct region into mid-
ventricle and apex regions to track macrophage migration
within the scar and found that proportional signal distribu-
tion was significantly lower in the remote (15.1±1.8 % day 7
vs. 23.7±1.4 % day 2, pG0.05) and higher in the apex scar

Fig. 1 Folate-porphysome nanoparticles target macrophages. a Folate-conjugated porphysome nanoparticles were used to
target activated macrophages (which have elevated folate receptor expression). These porphysomes did not interact with naïve
macrophages and were antagonized by excess free folic acid. b Confocal microscopy showed porphysome uptake by
RAW264.7 cells only when incubated with folate-porphysomes, which was antagonized by excess free folic acid. c We
examined in vivo folate-porphysome selectivity for macrophages by examining porphysome co-localization with the pan-
macrophage marker F4/80 in the infarcted mouse heart. Immunohistochemistry confirmed that ~90 % of F4/80 macrophage
marker-expressing cells co-localized with folate-porphysome signal (pyro) (n=3). We then investigated folate-porphysome non-
specific uptake by examining porphysome signal (pyro) co-localization with folate receptor (FOLR)-expressing cells. We found
that ~99 % of cells showing folate-porphysome signal also expressed the folate receptor (n=3). d We investigated whether
folate-porphysomes were taken up by neutrophils, which are also abundantly present in the post-MI heart. Immunohisto-
chemistry showed that only ~10 % of cells expressing the neutrophil marker Ly-6G co-localized with porphysome signal at
either day 1 or day 7 post-MI, compared to ~90 % uptake by F4/80-expressing macrophages. These results indicate folate-
porphysome sensitivity and selectivity in vitro and in vivo.
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region (41.7±1.3 % day 7 vs. 31.1±1.9 % day 2, pG0.05) in
late-phaseMI (day 7, n=4) compared to early phaseMI (day 2,
n=3) hearts (Fig. 4b).

We then used histological analysis to investigate whether
activated macrophages homed to the myocardial scar, which
we delineated using Masson’s trichrome stain (Fig. 4c). In
accordance with the ex vivo spectral unmixed fluorescence
imaging results, immunohistochemistry showed that porphy-
some fluorescence signal was distributed diffusely through-
out both ischemic and healthy myocardium during early-
phase MI (day 1). However, at day 7, the majority of
porphysome signal had congregated within the left ventric-
ular scar tissue (Fig. 4c). Quantification of porphysome
signal confirmed that although hearts at day 1 post-MI had
higher raw fluorescence signal than at day 7, only the day 7
post-MI group showed a difference in signal in the LV
region vs. the septal region (Fig. 4d, n=3, pG 0.01). At day
1 post-MI, LV region signal was 1.16 ±0.14-fold higher than
septal region signal, but at day 7, it was 6.85 ±0.28-fold
higher (pG0.01 vs day 1, n=3, Fig. 4d). These findings
suggest that macrophages rapidly arrive at the heart en

masse, but do not aggregate within the site of injury until the
late phase of the post-MI response.

Activated Macrophage Properties Are Affected
by Location

Since the local environment is important in modulating
macrophage phenotype [10], we used immunohistochemistry
to examine the phenotypes of activated macrophages within
different locations of the heart at different times post-MI. At
day 1 post-MI, approximately half of the macrophages
expressed the pro-inflammatory marker TNFα (48 ± 3 %,
n=3), whereas a smaller percentage expressed the anti-
inflammatory markers IL-10 (35 ±3 %, n=3) and TGFβ (31
± 2 %, n=3). By day 7, the percentage of TNFα-expressing
macrophages had significantly decreased (24± 1 %; pG0.01,
n=4), and the percentage of IL-10-expressing (63± 4 %;
pG0.01, n=3) and TGFβ-expressing (69 ± 5 %; pG0.05,
n=3) macrophages significantly increased (Fig. 5). These
data concur with the established model that cardiac-

Fig. 2 Folate-porphysomes track macrophage accumulation in the infarcted heart. aIn vivo macrophage selectivity was
determined by injecting unconjugated and folate-conjugated Cu-64-labeled porphysomes into infarcted mice. Robust signal
was detected in the cardiac region of folate-porphysome-injected mice using PET/CT, but not in healthy or unconjugated
porphysome-injected mice. b γ-Counting confirmed significantly elevated signal accumulation in the infarcted heart (n=4). c
Signal was most prominent in the infarcted region of the heart compared to remote myocardium, at days 2 (n=3) and 7 (n=4)
post-myocardial infarction (MI). This increase was not observed with unconjugated porphysomes (n=3 at day 2, n= 4 at day 7)
and was attenuated by excess free folic acid (n=4). *p G0.05; **pG 0.01.
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localized macrophages shift from a predominantly pro-
inflammatory phenotype during early stages post-MI to a
predominantly anti-inflammatory phenotype during later
stages [7].

We then investigated whether positioning within the
heart affected activated macrophage phenotype at day 7
post-MI by examining inflammatory marker expression in
macrophages found within the ventricular scar and in the
remote viable myocardium. Within the scar, the propor-
tion of anti-inflammatory marker-expressing macrophages
was significantly elevated (IL-10 91 ± 2 %, pG 0.01; TGFβ
92 ± 2 %, pG0.05 vs day 7 total; n= 3). Conversely, IL-10
(32 ± 5 %, pG0.01) and TGFβ (24 ± 4 %, pG0.01 vs scar,
n= 3) expression was significantly decreased in remote
myocardium. The percentage of macrophages expressing

TNFα in scar (22 ± 1 %, n= 3) and remote (25 ± 5 %,
n= 3) tissue was not significantly different (Fig. 6). These
results indicate that the day 7 LV scar microenvironment
plays a role in directing activated macrophages to a pro-
wound resolution phenotype and that cells not present in
the scar tissue possess a more neutral phenotype.

Recent work has unveiled a new cardiac-native CCR2−

fetal lineage macrophage population [24], in addition to
the established CCR2+ macrophage population originating
from the bone marrow [25]. We thus investigated the
source of folate receptor-expressing activated macro-
phages post-MI. We detected sizable populations of both
CCR2+ and CCR2− porphysome-labeled macrophages at
day 1 (73.3 ± 4.6 %+, 26.7 ± 4.6 %−) and day 7 (69.0
± 1.3 %+, 31.0 ± 1.3 %−) post-MI (n= 3), although no

Fig. 3 Longitudinal in vivo tracking of the macrophage response via non-invasive fluorescence tomography (FMT). a
Detectable isolated porphysome signal in the post-myocardial infarction (MI) heart was confirmed using FMT/CT. b VisEn FMT
3D scanning was used to quantify the cardiac region signal in mice post-MI and was capable of delineating the cardiac region
from other organs and the thoracotomy incision. c Cardiac fluorescent signal peaked at day 1 post-MI, returned to baseline by
day 3, and peaked again at day 7 (n=16 for pre-MI; n=5 for days 1, 2, 4, 5, 7, and 8; n=6 for days 3, 6, and 9; *p G0.05,
*p G0.01 vs day 2; #pG 0.05 vs day 1). d Representative images for all timepoints. Arrows indicate incision location. e
Confirmation of FMT quantification results in post-mortem tissue sections (*p G0.05, n=3).
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differences in CCR2 expression proportion between the
two timepoints were observed. Similarly, both scar (69.0
± 1.6 %) and remote (69.3 ± 1.4 %) regions at day 7 post-
MI possessed roughly the same proportion of CCR2+

macrophages (n= 3, Supplementary Fig. 4). These results
suggest that the majority of the macrophages present in
the heart post-MI originate from the bone marrow, but

there is a sizable minority that may be cardiac-resident or
traffic from other locations.

Discussion
Folate-porphysomes offer a new method for non-invasive
examination of post-MI responses. The generation of animal

Fig. 4 Ex vivo imaging of intracardiac regional accumulation in the infarcted heart. a–b Spectral unmixed fluorescence imaging
detected macrophage accumulation patterns within post-infarction hearts. We found that most of the fluorescent signal was
found around the point of coronary ligation during the early phase (day 2) of the post-myocardial infarction response (MI,
infarct/remote region signal ratio 1.63 ± 0.12, n=3); the strongest signal was seen closer to the ventricular apex during late
phase (day 7, infarct/remote region signal ratio 3.27 ± 0.35, n=4). Indeed, the proportion of signal in the apex region increased
from 31.1 ± 1.9 % at day 2 to 41.7 ± 1.3 % at day 7, while the proportion of remote region signal decreased from 23.7 ± 1.4 % at
day 2 to 15.1 ± 1.8 % at day 7 (n= 4). This trend was confirmed at the tissue level as well. c–d Masson’s trichrome staining was
performed to delineate the scar region. In accordance with PET/CT and FMT acquired results, overall raw folate-porphysome
signal was lower during the late phase (day 7) than the early phase (day 1) post-MI. However, at day 1 post-MI, no difference in
signal intensity was noted between ischemic and remote regions (LV/septum signal ratio 1.16 ± 0.14), whereas signal
aggregation in the ischemic region was profound by day 7 (LV/septum signal ratio 4.17 ± 0.17, n=3). *pG0.05; **p G0.01.
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models that express fluorescent markers is costly, and unlike
in the peripheral vasculature, real-time in vivo visualization
of coronary circulation has been accomplished only recently
[26]. Folate-porphysomes present an attractive alternative.
The large porphyrin composition (980,000 porphyrins/
particle) of porphysomes facilitates quantification and
visualization of the nanoparticle via non-invasive fluorescent
imaging. The affinity of porphyrin for certain radioisotopes
(i.e., Cu-64) also permits PET scanning. Critically, the dense
arrangement of porphyrin within the porphysome lipid
bilayer membrane results in fluorescent signal quenching.
It is only when porphysome bilayers are disrupted via cell
uptake that fluorescent signal can be visualized. This results
in minimal non-specific signal. Porphysomes are easily
engineered to target specific cells with high selectivity by
conjugating targeting ligands onto the lipid components of

the self-assembling membrane. FMT imaging and PET
scanning (using an isotope tracer with an appropriate half-
life) can be conducted multiple times within the same
animal. We have used these capabilities to establish methods
to selectively target activated macrophages and image in
vivo changes in their cardiac distribution post-MI.

The folate receptor has been extensively investigated as
a candidate for mediating cell-selective targeted therapeu-
tics, particularly in cancer research, because its expression
in very limited under endogenous conditions. However, it
is dramatically upregulated in certain cells under patho-
logical conditions, including in malignant cells and
macrophages [12–14]. Any potential therapeutic interven-
tion involving macrophages must be precise. Macrophages
serve a range of important functions [27] and limiting
post-MI inflammation via complete macrophage ablation

Fig. 5 The two macrophage peaks vary in phenotype. a Cardiac macrophage phenotypes at days 1 and 7 post-myocardial
infarction were characterized by immunohistochemistry. Folate-porphysome-labeled (pyro+, red) macrophages co-labeled with
inflammatory markers (green) are circled. Arrows mark porphysome+ cells not expressing inflammatory markers. b Half of all
day 1 macrophages showed a TNFα+ pro-inflammatory phenotype (48± 3 %). By day 7, anti-inflammatory marker expression
was dominant (IL-10, 63 ± 4 % and TGFβ, 69 ± 5 %), while TNFα expression significantly decreased (24 ± 1 %). n=3, *p G0.05;
**pG 0.01.
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is deleterious [5, 28]. Using the folate receptor as a
marker, we selectively targeted inflammation-activated
macrophages. Macrophage folate receptor expression is
induced by pro-inflammatory stimuli [14, 29], and this
induction is present in both pro- [14] and anti-
inflammatory macrophages [30]. We showed that non-
bone marrow-lineage macrophages also express the folate
receptor, as we noticed significant numbers of CCR2−

porphysome-labeled cells.
We used the folate-porphysome to examine activated

macrophages in situ, as macrophages are very susceptible
to external stimuli [10] and most investigations of the
post-MI inflammatory response have focused on charac-
terizing cell surface markers on extracted cells via flow

cytometry. However, the surrounding environmental mi-
lieu cannot be analyzed when cells are extracted from
digested heart tissue. The data obtained using folate-
porphysome tracking concurred with the existing model of
a biphasic macrophage response—an early pro-
inflammatory wave and a late anti-inflammatory wave
[7]. Folate-porphysome tracking furthermore showed that
although activated macrophages were most abundant in
the heart on day 1 post-MI, they interestingly did not
gravitate to the infarcted region. Instead, they were
distributed in a diffuse pattern throughout the LV and
intraventricular septum. This lack of homing was surpris-
ing, since the early macrophage response functions to
clear dead cells and debris within infarcted tissue [16].

Fig. 6 Macrophage phenotype varies depending on microenvironment. a Immunohistochemistry was used to examine
location-affected macrophage phenotype at day 7 post-infarction. Porphysome-labeled (pyro+, red) macrophages co-labeled
with inflammatory markers are circled. Arrows mark porphysome+ cells not expressing inflammatory markers. b The majority of
scar-localized macrophages expressed the anti-inflammatory markers IL-10 (91 ± 2 %) and TGFβ (92 ± 2 %). However,
macrophages in remote myocardium showed significantly reduced anti-inflammatory marker expression (IL-10, 32 ± 5 % and
TGFβ, 24± 4 %). Expression of the pro-inflammatory marker TNFα was unaffected. n=3, **p G0.01.
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In contrast, on day 7 post-MI, macrophages showed
pronounced aggregation in the ventricular free wall distal to
the ligated LAD within the scar tissue, indicating the
presence of a prominent intramyocardium chemotaxic
gradient associated with prolonged ischemia and scar tissue
formation. Scar formation was associated with elevated
TGFβ [8], a chemotaxic agent for monocytes and macro-
phages [31], which likely contributes to this macrophage
homing. Indeed, 92 % of scar-located macrophages
expressed TGFβ, compared to only 24 % in the non-
injured region. Thus, progressive alterations to the cardiac
microenvironment post-MI drive macrophage localization
and phenotype.

Despite our growing understanding of macrophage
function, many questions remain, particularly regarding
how best to therapeutically modulate the macrophage
response. Macrophages affect, and are affected by,
environmental factors including local stem cells [5, 32]
and organism aging [33, 34]. In this study, we found that
folate-porphysome imaging allows in situ examination of
macrophage-environment interactions. This platform per-
mits the evaluation of the influence of the microenviron-
ment on macrophage phenotype within the infarcted
heart. Expanding our understanding of these complex
mechanisms may lead to the development of more
selective and more effective therapeutic options in the
future.

While porphysomes may eventually transition from the
bench to the bedside, their development and usage is very
nascent and obstacles remain to be overcome. While the
64Cu tracer used in this study is feasible for establishing
proof-of-concept, the short half-life makes it impractical for
serial imaging in larger experimental models or patients
unless an on-site provider of the isotope is available.
However, we are exploring porphysome compatibility with
another isotope (Mn-52). More commonly used in MRI,
Mn-52 shows promise as a PET tracer [35, 36] and has a
half-life of 5.591 days [35], which would facilitate serial
imaging in vivo.

In addition, while folate-porphysomes allow selective
targeting of activated macrophages, they currently
cannot distinguish between pro- and anti-inflammatory
macrophage phenotypes, as both express the folate
receptor [14, 30]. However, the strength of porphy-
somes is in their malleability. Selective porphysome
targeting is possible by conjugating the appropriate
ligand to the phospholipid component of the structure.
Several ligand-phospholipid conjugates are already
available commercially, including the folate-PEG2000-
DSPE used in this study. As such, the generation and
characterization of a phenotype-selective porphysome
may be possible in future studies. Porphysomes also
have demonstrated potential for cargo loading [11] and
thus could possibly be used as a vector for targeted
delivery of modulating factors directly into target cells,
including macrophages.

Conclusions
We have characterized the suitability of a novel folate-
conjugated porphysome nanoparticle for accurate, selective,
and non-invasive longitudinal tracking of macrophages in
vivo post-MI. Porphysome signal visualization confirmed the
existence of a biphasic macrophage accumulation trend in
the post-MI heart. Interestingly, macrophages presented a
diffuse distribution pattern throughout the infarcted heart
early after coronary ligation, but eventually home to the
infarcted region. Furthermore, positioning within or outside
the scar significantly influenced the adoption of anti-
inflammatory phenotypes. Folate-conjugate porphysomes
thus offer an exciting new method for the investigation of
the post-MI macrophage response.
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