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ABSTRACT PEGylation (PEG) is the most commonly adopted strategy to prolong nanoparticles'
vascular circulation by mitigating the reticuloendothelial system uptake. However, there remain
many concerns in regards to its immunogenicity, targeting efficiency, etc., which inspires pursuit of
alternate, non-PEGylated systems. We introduced here a PEG-free, porphyrin-based ultrasmall
nanostructure mimicking nature lipoproteins, termed PLP, that integrates multiple imaging and
therapeutic functionalities, including positron emission tomography (PET) imaging, near-infrared
(NIR) fluorescence imaging and photodynamic therapy (PDT). With an engineered lipoprotein-
mimicking structure, PLP is highly stable in the blood circulation, resulting in favorable

pharmacokinetics and biodistribution without the need of PEG. The prompt tumor intracellular

trafficking of PLP allows for rapid nanostructure dissociation upon tumor accumulation to release monomeric porphyrins to efficiently generate
fluorescence and photodynamic reactivity, which are highly silenced in intact PLP, thus providing an activatable mechanism for low-background NIR
fluorescence imaging and tumor-selective PDT. Its intrinsic copper-64 labeling feature allows for noninvasive PET imaging of PLP delivery and quantitative
assessment of drug distribution. Using a clinically relevant glioblastoma multiforme model, we demonstrated that PLP enabled accurate delineation of
tumor from surrounding healthy brain at size less than 1 mm, exhibiting the potential for intraoperative fluorescence-guided surgery and tumor-selective
PDT. Furthermore, we demonstrated the general applicability of PLP for sensitive and accurate detection of primary and metastatic tumors in other
clinically relevant animal models. Therefore, PLP offers a biomimetic theranostic nanoplatform for pretreatment stratification using PET and NIR

fluorescence imaging and for further customized cancer management via imaging-guided surgery, PDT, or/and potential chemotherapy.
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ersonalized medicine focuses on tai-
P loring of medical treatment to the

individual characteristics, needs and
preferences of patients during all stages of
care from diagnosis, treatment to prognosis.
Theranostic, an integrated form of imaging
and therapy, plays an increasingly impor-
tant role in personalized cancer treatment,
where imaging modalities not only offer the
potential to noninvasively detect and func-
tionally characterize disease, but also provide
a quantitative way to assess the delivery of
therapy in tumor regions and specify the
activation state of a therapeutically shielded
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drug for finely tuned treatment planning.
Furthermore, multimodal imaging could pro-
vide complementary information pertaining
to the strengths of the individual modalities
to better elucidate disease from morpholog-
ical behaviors to physiological mechanisms.
Research in the development of nanoscale
theranostics sits at the forefront of rapidly
expanding field of cancer personalized med-
icine to improve solubility of functional
agents, protect from premature degradation,
prolong blood circulation and enhance
tumor accumulation through the enhanced
permeability and retention (EPR) effect,’ and
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control drug release.? The majority of reported multi-
functional nanoparticles, including inorganic,®~°
organic,'® '3 and the recently reported porphysome,'*
require PEG to ameliorate the stability and avoid fast
clearance by reticuloendothelial system (RES) in vivo.
Although multiple PEGylated nanoparticles have been
clinically approved, there remain several concerns
including “PEG dilemma” (inhibition of intracellular
trafficking of nanoparticles and subsequent endo-
somal escape),””'® immunogenicity,'®?° anti-PEG
immune response,’>?' 23 biocompatibility and toxi-
city issues following chronic administration.?*%* Pre-
vious attempts to solve the issues typically involve
developing PEG linker-removable approaches,*® using
nonbioadhesive surface-coating materials, such as
polysaccharides, poly(vinyl alcohol), and other non-
bioadhesive hydrophilic polymers,®” or hitchhiking
blood cells to prolong intravascular particle circula-
tion.?8 Lipoproteins are naturally existing nanoparticles
that evade RES uptake, thus exhibiting a long circulat-
ing half-life (the native HDLs in humans have a circulat-
ing half-life of 9—15 h?9), offering another PEG-free
pathway to design biomimetic long circulating ther-
anostic nanomedicine°3° By engaging the bio-
compatible nanostructure of lipoprotein and the
multifunctionalities of naturally derived porphyrin
molecules, we developed a novel PEG-free, porphyrin-
based ultrasmall nanostructure mimicking nature
lipoproteins, termed porphylipoprotein (PLP), which
contains a hydrophobic drug-loadable core, enveloped
in porphyrin-lipid monolayer, and constrained by
ApoA-1 mimetic R4F (Ac-FAEKFKEAVKDYFAKFWD)
peptide networks. We demonstrated that the a-helix
structure endorsed by peptide network played an
essential role in constricting the size, stabilizing the
particles, and the favorable pharmacokinetic behaviors
in vivo without need of PEG. PLP nanoplatform inte-
grates a variety of imaging and therapeutic function-
alities including positron emission tomography (PET)
imaging, activatable near-infrared (NIR) fluorescence
and photodynamic therapy (PDT). More importantly,
we demonstrated that PLP potentiated the customized
cancer management on a clinically relevant glioblas-
toma multiforme (GBM) model. The tumor-selective
activation of NIR fluorescence facilitated the delinea-
tion of tumor, providing real-time low-background
intraoperative guidance for complete tumor resection.
Consistently, the selectively activated photodynamic
reactivity enabled potent PDT for tumor ablation and
surgery bed cleaning. The general applicability of PLP
for sensitive and accurate detection of primary and
metastatic tumors was further demonstrated in other
clinically relevant animal models.

RESULTS AND DISCUSSION

Synthesis and Characterization of PLP. PLP was formulated
by assembly of porphyrin-lipid and DMPC-phospholipid
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on a hydrophobic core in aqueous buffered solution,
followed by size-constraint with an 18-amino acid
ApoA-1 mimetic peptide R4F (Figure 1a). Transmission
electronic microscopy (TEM) showed a spherical struc-
ture of PLP with 20 nm in diameter (Figure 1b). At
the 400000 magnification view of TEM, a core—shell
lipoprotein-mimicking structure of PLP was revealed
(Figure1b, top right corner). The size distribution and ¢
potential were determined by dynamic light scattering
measurement, showing a monodispersed particle peak
at 20.6 £+ 5.2 nm (Figure S1, Supporting Information)
with § potential of —6.07 £+ 0.71 mV. A fingerprint
o-helix structure of PLP was revealed by circular di-
chroism (CD) spectrum, manifesting the role of peptide
on the control of the particle structure (Figure 1c).*
The photophysical properties of PLP are dependent
on the proportion of porphyrin-lipid in the total phos-
pholipid used for nanoparticle construction. Increasing
the content of porphyrin-lipid led to the enhancement
of porphyrin fluorescence quenching together with
the increase of particle size (Figure S2). The PLP with
30 mol % of porphyrin-lipid was chosen as an optimal
formulation given its high-density packing of porphyrin-
lipid (fluorescence quenching efficiency >95%,
Figure 1e) and favorable size (<30 nm). According to
its characteristic absorption bands of porphyrin at
peaks of 420 and 680 nm (Figure 1d) and the particle
concentration calculated by the previously reported
method for lipoprotein-like nanoparticles,*’ the esti-
mated extinction coefficient of PLP was ggg0 = 7.8 %
10”7 cm ™' M, further confirming the highly dense
packing of porphyrin-lipid on PLP. Consistent with the
fluorescence quenching, the photodynamic reactivity
was also suppressed in intact PLP which exhibited 2—3
fold less singlet oxygen generation compared to the
nanostructure-disrupted samples at a wide range of
light fluence (0.5—10 J/cm?, Figure 1f). These results
suggest that the photoactivity of PLP is “switched-off”
in the intact form, but can be promptly “switched-on”
upon its structural disruption, thus exhibiting an acti-
vatable fashion for low background fluorescence imag-
ing and selective PDT. In addition, taking advantage of
the intrinsic metal chelation capacity of porphyrin, PLP
can be directly labeled with radionuclide copper-64
through a robust one-pot procedure to attain **Cu-PLP
with high yield (97.5 + 1.8%, n = 5) and high stability
(93.8 + 2.1%, n = 5) within 24 h storage (the methods
for measuring labeling efficiency and stability are
available in the Supporting Information).
Pharmacokinetics of PLP. The a-helix peptide network
not only facilitated the constraint of PLP size, but also
stabilized the nanostructure under physiological con-
dition. As shown in Figure 1g, PLP remained highly
fluorescence-quenched either in stock PBS at 4 °C
(98.4%) or in PBS containing 10% FBS at 37 °C
(97.0%) for 24 h, indicating insignificant occurrence
of particle dissociation. The pharmacokinetic profile of
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Figure 1. The scheme and characterization of PLP. (a) Schematic of PLP structure. (b) TEM showed a core—shell spherical
structure of PLP with size around 20 nm (the scales represented 100 and 20 nm respectively, for the whole view and the
magnified view). (c) Circular dichroism spectrum of PLP, affirming the a-helix structure assembled on the particle. (d) UV—vis
absorption spectra of intact (blue) and nanostructure-disrupted (green) PLPs. (e) Fluorescence emission spectra of intact
(blue) and disrupted (green) PLPs. (f) Singlet oxygen generation of intact and disrupted PLP upon laser irradiation at light
dose from 0.5 to 10 J/cm? measured by singlet oxygen sensor green (SOSG) assay. (g) Stability of PLP monitored by the change
of porphyrin fluorescence quenching efficiency under different condition: the freshly prepared PLP (T,); the sample stored for
24 hat4 °Cin PBS; and the sample incubated at 37 °Cin 10% FBS for 24 h. (h) Blood clearance curve of PLP (red, n =5), PEGylated
PLP (green, n =5) and PLP formulation without a-helix (blue n = 4) in mice. The profiles fit into the two-compartment model with

slow half-life of 9.88 h for PLP and 9.52 h for PEGylated PLP.

PLP showed a favorable slow half-life (9.9 h) similar to
that of PEGylated PLP (containing 5 mol % of PEG-lipid)
with half-life of 9.5 h (Figure 1h). However, without the
a-helix peptide, the particle dissociated very quickly
in the bloodstream showing a slow half-life of 0.83 h
only. These results suggested that the a-helix peptide
plays a key role in stabilizing nanoparticles to provide
PEG-free PLP a favorite circulation time comparable to
that of PEGylated PLP, thus excluding the need of PEG
for favoring the pharmacokinetics of PLP. Therefore,
PLP has confirmed to mimic not only the structure
of lipoproteins, but also their biological behaviors to
circulate in the bloodstream with a favorite half-life.
Fast Fluorescence and Photodynamic Activation of PLP.
Compared with the previously reported liposome-like
porphysomes, the PEG-free, ultrasmall, a-helix struc-
tured PLP showed significantly enhanced intracellular
uptake in cancer cells. As shown in Figure 2a, PLP
exhibited 10 times higher uptake than porphysome
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in U87 cancer cells after 3 h incubation with the same
concentration of porphyrin. In addition, unlike the
fluorescence activation of porphysome in cell experi-
enced a time-consuming process,'**? PLP exhibited
rapid activation of porphyrin fluorescence in cells with-
out showing gradual increase of fluorescence after
incubation (Figure 2b,c). These data implied that the
PLP nanostructure facilitated not only the tumor intra-
cellular uptake, but also fast fluorescence activation.
The in vivo behaviors of these two particles were
further compared in the SKOV3 orthotopic ovarian
cancer model by using their **Cu-labled versions. As
shown in Figure 2d, PLP exhibited very similar biodis-
tribution as PEGylated porphysome, but displayed
notably lower spleen uptake than porphysome (3.4 +
0.2% ID/g versus 19.8 £ 1.6% ID/g, n = 3, P < 0.01),
fitting to the biodistribution pattern observed for
lipoprotein-like nanoparticles.*’ Although the two
nanoparticles displayed similar tumor accumulation
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Figure 2. PLP enabled fast activation of fluorescence and photodynamic activity. (a) Comparing the cell uptake of
porphysome and PLP in U87 cells by measuring the porphyrin fluorescence of the corresponding cell lysate (n =3, P <
0.05). (b) Confocal images of U87 cells right after 3 h incubation with porphysome or PLP. (c) Consecutive confocal imaging
of the PLP-incubated cells at 6 and 21 h after 3 h incubation. Scale bar in (b) and (c) was 50 um. (d) Biodistribution of 5*Cu-
porphysome and 64Cu-PLP in SKOV3 orthotopic ovarian cancer model (n = 3, mean 4 SEM) quantified by y-counting assay. (e)
Representative ex vivo fluorescence images of the exercised orthotopic SKOV3 tumors from %*Cu-porphysome and ®*Cu-PLP
porphysome dosed mice, respectively. (f) In vivo fluorescence activation of porphysome versus PLP in KB-xenograft model at
24 h after intravenous injection. (g) H&E staining of tumor sections at 24 h after porphysome-PDT and PLP—PDT (scale bar:
50 um). (h) H&E staining of hearts, lungs, livers, kidneys and spleens from mice with or without conducting PLP—PDT

treatment (scale bar: 200 #m).

based on y-counting, PLP exhibited much higher
fluorescence in tumor compared to porphysome un-
der ex vivo fluorescence imaging (Figure 2e), confirm-
ing the rapid fluorescence activation of PLP in vivo. We
next investigated if the suppressed photodynamic
reactivity of PLP could also be quickly activated in
tumors. After 24 h administration of PLP or porphy-
some with the same porphyrin dose, it is unsurprised to
find that the KB-xenograft mice administrated with PLP
displayed much stronger tumor fluorescence than
porphysome-dosed ones (Figure 2f). The fluorescent
tumors then received localized laser treatment
(671 nm, 100 mW/cm?, 75 J/cm?), and the treatment
efficacy was examined by H&E histological analysis
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at 24 h post-PDT. As shown in Figure 2g, PLP—PDT
group showed clear tumor cellular damage while por-
physome-PDT group gave negligible effect, suggesting
that PLP enabled a fast photodynamic activation in
tumors for selective and effective PDT. In addition, no
obvious cellular damage and morphology change
were observed in the healthy organs of PLP—PDT
groups compared to blank control (Figure 2h), indicat-
ing that the PLP—PDT is a safe treatment approach.
Theranostics Application of PLP for GBM Management. Effi-
cient delivery of imaging and therapeutic agents into
intracerebral region remains a major challenge in GBM
management. Conventional therapeutic agents are
often blocked by the blood-brain barrier (BBB) and
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Figure 3. Tumor-specificaccumulation and PDT activation of PLP in glioma. (a) Intraoperative bioluminescence, fluorescence
and white light images of 9L"' glioma-bearing mice under the crania opening after 24 h injection of porphysomes and PLP.
(b) Representative H&E staining image of brain from PLP-administrated mice, with the magnified images showed the
corresponding H&E staining and fluorescence microscopic imaging (blue: DAPI, red: porphyrin) of the tumor region and
contralateral healthy brain region (scale bar: 100 um). (c) Representative H&E and TUNEL staining of glioma tumor sections
from the blank control, laser alone control, PLP alone control and PLP—PDT group at 24 h post-PDT (scale bar: 100 um).
(d) Quantitative analysis of TUNEL positivity out of whole tumor region in the four groups (n = 3).

cannot access to the glioma cells. Even in the BBB-
compromised case, other obstacles, such as the brain
blood tumor barrier and the dynamic force caused
by the cerebrospinal fluid, hinder the effective drug
delivery upon systematic administration.**** Here we
assessed the theranostic potential of PLP in a clinically
relevant GBM model. The results in Figure 3a demon-
strated that PLP significantly accumulated in tumor of
the 9L gliosarcoma mice with high fluorescence of
tumor against the nonfluorescent surrounding healthy
brain. The detected PLP fluorescence (Figure 3a-v) was
well colocalized with the tumor bioluminescence (BLI)
signal (Figure 3a-iv) and with the visualized tumor
tissue under the crania opened view (Figure 3a-vi). In
contrast, porphysome-dosed animals showed negligi-
ble tumor fluorescence under the same imaging set-
ting (Figure 3a-ii), demonstrating the superiority of PLP
in brain tumor delivery and detection. When compar-
ing fluorescence microscopic imaging and H&E image
of the PLP-dosed brain tissue slides, strong porphyrin
fluorescence was observed only in tumor region, but
not in the contralateral brain (Figure 3b), further vali-
dating the tumor specific uptake of PLP.

In observation of significant fluorescence activation
of PLP in glioma tumor, we expected efficient PDT
activity as well. Four groups, including blank control,
laser control, PLP control and PLP—PDT (PLP + Laser)
group, were employed to evaluate the PDT efficacy
of PLP. At 24 h postinjection, PLP—PDT group was
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subjected to trans-cranium laser irradiation (671 nm,
50 mW/cm?, 50 J/cm?) (a detailed procedure on trans-
skull PDT is available in the Supporting Information).
Minimal temperature increase during the treatment
excluded the thermal effect (Figure S3a). The PDT
efficacy was evaluated by postmortem histopathologi-
cal analysis. PLP—PDT group displayed condensed
nuclei and loss of cell structure in tumor while control
groups did not (Figure 3c). TUNEL staining analysis
further revealed that PLP—PDT induced significant
tumor cell apoptosis (67.5 & 11.4%), while the controls
showed minimal tumor apoptosis (1.77 £ 1.37% for
blank, 0.17 &+ 0.05% for laser control and 0.19 £ 0.07%
for PLP control) (Figure 3d). Moreover, the adjacent
healthy brain after PLP-PDT showed none of cellular dam-
age, morphology change and cell apoptosis (Figure S3b),
demonstrating the high selectivity of PLP—PDT to
tumors. Therefore, PLP—PDT could be an appealing
alternative® to current radiation treatment for treating
GBM subtypes that are not surgically accessible or for
cleaning the surgery bed after operative procedure.*®

Stable Delivery of PLP into GBM. In observation of rapid
fluorescence and photodynamic activation of PLP in
GBM, we next experimented to investigate if PLP
remained stable during the systemic delivery. The
core—shell structure of PLP allowed for loading of a
NIR hydrophobic dye, DiR-BOA, in the particle core
without compromising the particle structure and
optical properties (Figure S4), thus providing a dual
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fluorescence labeled PLP (core labeled with DiR-BOA
and shell labeled with porphyrin) to track the particle
integrity during systemic delivery. The CRI Maestro
hyperspectral imaging system equipped with yellow
filter (Ex. 575—605 nm, Em: 645—730 nm) and NIR filter
(Ex: 725—755 nm, Em: 780 nm long-pass) was used to
monitor porphyrin and DiR-BOA fluorescence, respec-
tively. At 24 h post-administration of PLP(DiR-BOA)
in orthotopic U87 glioma bearing mice, brain tumor
margin was clearly delineated from surrounding healthy
brain by both porphyrin and DiR-BOA fluorescence. The
remarkable colocalization of two fluorescence signals
suggested that PLP maintained integrity during the
systemic delivery and allowed for a stable and efficient
delivery of both shell and core components into tumor
in vivo (Figure 4a). Notably, the ex vivo tissue fluores-
cence imaging (Figure S5) further confirmed the well-
matched porphyrin and DiR-BOA signals in most of
organs, demonstrating the integrity of PLP during the
blood circulation within 24 h. Therefore, the observed
rapid fluorescence and photodynamic activation of PLP
in tumor were likely happened after the entire particles
accumulation, excluding the concern of premature
degradation of PLP.

PLP for Intraoperative Fluorescence-Guided Surgery of GBM.
Surgical removal of the tumors remains the main-
stream of GBM treatment prior to other treatments in
clinic, but it experienced major challenge on precise
delineation positive margins for sufficient surgery
while maintaining important neuro-functions.*”8
PLP demonstrated its stable systemic delivery and its
ability for delineation of tumor from surrounding
healthy brain by the activated porphyrin fluorescence.
Even at microscopic level, it allowed for highly sensitive
detection of tumor by an in vivo confocal microscopy
(Figure 4b), separating completely from the nonfluo-
rescent contralateral brain tissue. We therefore investi-
gated PLP as fluorescent intraoperative guide for brain
tumor surgery. Orthotopic U87° glioma mice with
tumor deeply seeded inside brain (over 5 mm deep
from top surface, identified by MRI in Figure 4c-ii) were
used to mimic clinical scenario. At 24 h after injection of
PLP(DiR-BOA), both intrinsic porphyrin fluorescence and
DiR-BOA fluorescence could be detected by fluores-
cence molecular tomography (FMT) imaging system
in glioma mice (Figure 4c-iii), while neither was de-
tected in the brain of sham control (mice received the
same surgical procedure as the glioma mice but had
saline injection instead of tumor cells) (Figure S6),
eliminating the possibility of false-positive uptake of
PLP related to tumor-induction surgery. As illustrated
in Figure 4d, the brain was subjected to the coronal
transection to remove the top portion with minimal
malignancy (negligible GFP signal of tumor) and to
expose the major solid tumor (strong GFP signal
of tumor) in the bottom portion. The tumor and
malignant peripheral region were clearly delineated
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by both porphyrin and DiR-BOA fluorescence and the
two signals were well-correlated with the tumor GFP
signal (Figure 4e). Guided with the porphyrin fluores-
cence, the suspicious malignancy was surgically re-
moved and the final surgery bed exhibited minimal
porphyrin and GFP fluorescence, implying the comple-
tion of tumor resection. The resected tissues were
confirmed malignant by histological analysis and dis-
played the well-matched porphyrin fluorescence and
tumor GFP signal under fluorescence microscopy
(Figure S7), indicating that PLP was able to detect
primary tumor at cellular level to precisely guide the
surgery. Malignant gliomas sometimes occur within
multiple compartments in the brain and lead to the
failure in the gross total resection.*® PLP demonstrated
the ability to identify multiple foci of U87" tumors that
scattered through the mice brain ranging from 4 mm
to less than T mm in size with matched porphyrin
fluorescence and tumor BLI signal (Figure 4f). Given
that surgical outcome is critical for GBM management
and prognosis, PLP fluorescence-guided tumor dissec-
tion presented a promising add-on to facilitate the
standard surgery procedure.

Multimodal Imaging Application of PLP on Other Cancer
Models. Beyond the GBM application, we further eval-
uated the theranostic applicability of PLP in other types
of primary and metastatic tumor animal models. After
24 h injection of *Cu-PLP with the radioactivity of 43 Ci
per umol of particle, the deep-seated PC-3 orthotopic
prostate tumor was clearly delineated in both axial and
coronal views of coregistered PET and computed
tomography (CT) images (Figure 5a). The tumor-
selective accumulation was quantitatively confirmed
by y-counting assay, which revealed significantly high-
er PLP accumulation in tumor (5.27 £+ 0.48% ID/g)
versus healthy prostate (1.95 + 0.81% ID/g) (n = 4, P
< 0.05, Figure 5b). Meantime, significantly higher fluo-
rescence was observed in tumor over the surrounding
organs (Figure 5c) under ex vivo tissue imaging. On the
basis of the high fluorescence contrast of tumor/
nontumor, nonradioactive PLP was then explored for
fluorescence-guided intervention of primary prostate
tumor. At 24 h postinjection of 10 mg/kg of PLP, the
orthotopic tumor was depicted noninvasively by imag-
ing coregistration of CT and FMT, suggesting that the
activated inherent fluorescence of PLP enabled pre-
operative assessment of prostate orthotopic tumor
(Figure 5d). The fluorescent region under FMT/CT view
was surgically exposed and the tumor in pelvic cavity
was clearly demarcated under intraoperative fluores-
cence imaging (Figure 5e-i). Guided with the porphyrin
fluorescence, the suspicious tumor tissue was resected.
The clean surgical bed (Figure 5e-ii) after tumor re-
moval validated the tumor-preferential accumulation
and activation of PLP.

The multimodal cancer imaging by PLP was further
evaluated in a luciferase-expressing metastatic tumor
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Figure 4. Image-guided intervention of glioblastoma multiforme by PLP. (a) Photograph image and the corresponding
porphyrin and DiR-BOA fluorescence images of the brain from the orthotopic U87"" glioma mice at 24 h post-injection of
PLP(DiR-BOA). (b) Representative in vivo fluorescence microscopic images of tumor (ii) and contralateral brain (iii) obtained
with deep red long-pass laser probe (i) under the crania opening (the scales in both b(ii) and b(iii) are 100 xm). (c) The entire
brains with deep-seeded U87°"? tumor were imaged by photograph image (i); MRl (ii); and FMT (iii) at 24 h postinjection of
PLP(DiR-BOA). Followed the transection procedure illustrated in (d), the two separated portions were subjected to CRI
Maestro hyperspectral imaging system to detect GFP signal (tumor cells), porphyrin signal (PLP), and DiR-BOA signal (cargo)
(e). (f) Multifoci glioma detected by PLP. (i) Bioluminescence image of the entire ug7'uc tumor-bearing brain. (ii) Photography,
bioluminescence and porphyrin fluorescence images of multifoci resection.

model. As shown in Figure 6a, two bright hot spots
were detected clearly against the low-background
abdomen by %*Cu-PLP enabled PET/CT imaging. The
suspicious metastatic ovaries, uterus and muscle were
then harvested for ex vivo BLI and fluorescence imag-
ing. As shown in Figure 6b, the metastatic tumor
displayed strong and well-correlated fluorescence
and BLI signals whereas the muscle and connective
healthy uterus showed negligible signal. The regions
displayed all three signals (radioactivity, fluorescence
and BLI) were further confirmed metastasis through
both histopathological analysis that showed cancer
cell morphology (e.g., enlarged nuclei, prominent
nucleoli and irregular shape), and high positive pan-
cytokeratin staining (PanCK) that indicated the pre-
sence of carcinoma (Figure 6c). Therefore, PLP could
specifically accumulate in both primary and meta-
static tumors. This selectivity together with the in-
trinsic multimodal imaging capacities makes PLP an
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ideal tracer for tumor diagnosis and image-guided
interventions.

Inspired by the nature's nanoparticles, lipoproteins,
PLP opens a new avenue for designing PEG-free nano-
medicine. The a-helical peptide networks not only
enable stable assembly of the multifunctional compo-
nents within an ultrasmall sized structure, but also
render prolonged pharmacokinetic profile, favorable
biodistribution, and superior intracellular trafficking.
The built-in porphyrin assembly offers the coalition of
multiple imaging and therapeutic functions. The nat-
ural metal chelating property of porphyrin makes PLP
versatile for nuclear medicine. The intrinsic copper-64
labeling allows for noninvasive tracking PLP delivery
and essentially accurate and sensitive detection of
both primary tumor and metastasis by PET/CT imaging.
Other metal ions, such as paramagnetic Mn or Pd,
could also be incorporated into porphyrin molecules
to provide an additional MRI contrast or to enhance
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Figure 5. Tumor-specific uptake and multimodal imaging of PLP in orthotopic prostate cancer model. (a) Representative axial
and coronal views of PET/CT imaging of PC-3 orthotopic prostate cancer mice after 24 h intravenous injection of %*Cu-PLP (red
arrow: tumor). (b) Distribution of *Cu-PLP in tumor and surrounding tissues calculated as percentage of the injected dose per
gram (% ID/g), sv stands for seminal vesicle (n = 4, P < 0.05). (c) Ex vivo fluorescence imaging of resected tumor and
surrounding tissues. (d) Representative coregistration of CT and fluorescence molecular tomography (FMT) in the region of
interest after 24 h intravenous injection of PLP, clearly revealing the tumor margin. (e) Intraoperative fluorescence imaging
enabling the guidance of PC-3 orthotopic tumor resection: (i) before and (ii) after resection.
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Figure 6. Ovarian cancer metastasis detected by ®*Cu-PLP. (a) Representative whole-body PET/CT image of mouse with
ovarian cancer metastasis after 24 h intravenous injection of **Cu-PLP (red arrow: tumor). (b) Ex vivo bioluminescence
imaging (BLI) and fluorescence imaging (Fl) of metastatic tumors, uterus and muscle. (c) The PLP-detected metastases were
affirmed by histopathological analysis, showing cancer cell morphology in H&E staining and pan-cytokeratin (PanCK)-

positive, (the scale bar in the magnified image: 100 um).

PDT treatment.>® The superior PLP intracellular traffick-
ing results in rapid and efficient activation of porphyrin
fluorescence and photodynamic reactivity that were
both inhibited in intact PLP, thus exhibiting an activa-
table mechanism for low background fluorescence
imaging and tumor-selective PDT. Moreover, the
core—shell lipoprotein-mimicking structure of PLP
may provide amiable environment for stable delivery
of drugs, such as siRNA®'>* and hydrophobic
chemotherapeutics®> >’ for personalized treatment
or as adjuvant therapy for synergistic treatment. It
should be noted that PLP is distinctively different from
our previously reported porphysome in its nanostruc-
ture (20 nm versus 100 nm, monolayer versus bilayer,
hydrophobic core versus aqueous core, a-helical
peptide versus PEG coating) and nanostructure-
dependent functions (fast versus slow intracellular
trafficking, photodynamic therapy versus photother-
mal therapy).'**®

CUI ET AL.

Although nanosized theranostics exhibits preferen-
tial accumulation in malignant tumors through the EPR
effect, most of them experience hindrance to sufficient
penetration within tumor. Recent studies have demon-
strated that nanoparticles with size less than 40 nm
was advantageous over larger-sized nanoparticles
in efficient penetration into the tumor types that
are poorly permeable and highly fibrotic or
desmoplastic.’* ' The PLP owns a favorable size
(~20 nm) for circumvention of fast elimination by
kidneys®? (>5 nm) and for superior diffusion through
the tumor interstitium (<40 nm), thus holding great
potential for improving drug delivery, especially in
tumors with low permeability, such as pancreatic
cancer. Though PLP (~20 nm) and larger-sized porphy-
some (~100 nm) exhibited similar tumor accumulation
in the SKOV3 orthotopic tumor (Figure 2d), a significant
difference was observed for their porphyrin photo-
reactivity activation (Figure 2e), which indicated that
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the small size of PLP might promote its intratumoral
transportation, along with its enhanced intracellular
trafficking (Figure 2a), leading to sufficient and active
porphyrin concentration in tumor cell for high-contrast
fluorescence imaging and potent PDT.

Nanotoxicity is one of the general concerns in
translation of nanoparticles into clinical practice.®®
Due to the natural chlorophyll origin, porphyrin-based
nanoparticles were found biocompatible and biode-
gradable and had minimal toxicity in vivo.' Lipopro-
teins are naturally endogenous protein—lipid nano-
complexes essential for the regulation of lipid
metabolism and cholesterol transportation.®* Lipopro-
tein-mimicking nanoplatform has been demonstrated
with minimal acute toxicity at a dose up to 2000 mg/kg.>®
By engaging the biocompatible nanostructure of lipo-
protein and the multifunctional porphyrin molecules,
PLP is able to fulfill “the one particle to rule them all”
strategy for personalized medicine, sparing from the
complexity, immunogenicity and toxicity issues caused

METHODS

Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) was purchased from Avanti Polar Lipids Inc. (AL, USA).
Cholesteryl oleate was obtained from Sigma-Aldrich Co. (MO,
USA). 1,1’-Dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine
iodide bis-oleate (DiR-BOA) and the (2)-octadec-9-enyl 2-(3-((2)-
octadec-9-enyloxy)-6-oxo-6H-xanthen-9-yl) benzoate was syn-
thesized by the previously reported methods.>* The ApoA-1
mimetic R4F peptide, Ac-FAEKFKEAVKDYFAKFWD, was pur-
chased from GL Biochem Ltd. (Shanghai, China). Porphyrin-lipid
was synthesized by the previously reported methods.'*

PLP Preparation and Characterization. PLP lipid film consists of
0.9 umol porphyrin-lipid, 2.1 umol DMPC and 0.3 umol choles-
teryl oleate was prepared under a stream of nitrogen gas. For
DiR-BOA-loaded particles, a 3 mol % DiR-BOA was included in
the lipid film. For PEGylated PLP formulation, 5 mol % DSPE-
PEG,000 Was added in the lipid film preparation. The completely
dried lipid films were hydrated with 1.0 mL of PBS buffer
(150 mM, pH 7.5) and sonicated using Bioruptor at low fre-
quency (30 kHz) for 30 cycles (30 s on/30 s off) at 40 °C. R4F
peptide (2.3 mg) in 1 mL of PBS was then added into the
rehydrated solution and the mixture was kept shaking at 4 °C
overnight. The solution was centrifuged at 12000 rpm for
20 min subsequently and filtered with 0.1 um membrane
(Millex, Sigma-Aldrich). ®*Cu-PLP was synthesized using the
method reported previously.5> Briefly, PLP was 1:1 diluted with
0.1 M NH,OAC buffer (pH 5.5), and then mixed with ¢*CuCl,
solution and incubating at 37 °C for 60 min. Small aliquot of the
mixture was purified with the centrifugal units (30K, Amicon
Ultra) and the radiochemical purity and yield were assessed.

The prepared PLP was subjected to TEM scanning and
dynamic light scattering measurement to determine the parti-
cle morphology and size distribution. In the photoproperties
measurement, PLP was diluted in either PBS (intact particles) or
PBS containing 0.5% Triton X-100 (nanostructure disrupted
sample), and subjected to the circular dichroism spectrum,
absorption spectra and fluorescence spectrum measurement.
Singlet oxygen ('0,) generation of PLP were measured using
singlet oxygen sensor green (SOSG) assay. For the blood
clearance study in mice, PLP (n = 5), PEG—PLP (n = 5) and PLP
formulation without R4F peptide (n = 4) were intravenously
injected to healthy BALB/c mice at the dose of 2.5 mg/kg. Blood
was collected prior to and after the injection, the fluorescence of

CUI ET AL.

by simple piling of different functional moieties. Indeed,
PLP administration and PLP—PDT caused no detectable
functional or histological side effects on normal tissues.
The intrinsic multimodal and biomimetic nature of PLP
confers high potential for cancer theranostics and clinical
translation.

CONCLUSIONS

The PEG-free lipoprotein-mimicking structure of PLP
conferred great biocompatibility and in vivo behaviors.
With the built-in porphyrin, PLP exhibited intrinsically
multimodal imaging and therapeutic functionalities.
The inherent activatable NIR fluorescence and metal
chelation enabled PET imaging provided comprehen-
sive information for early diagnosis, disease staging,
intraoperative guidance, and quantitative assess-
ment of drug delivery. Together with the potent
PDT competency, PLP allowed for the tuning of
patient treatment via imaging-guided surgery and
effective PDT.

the extracted serum was measured, and the porphyrin amount
at each time point was then analyzed by Graphpad Prism to
calculate half-life of the particles.

Activation of PLP versus Porphysome. To compare the cellular
uptake of PLP versus porphysome, a quantitative cellular uptake
study was performed by measuring the porphyrin fluorescence
in cell lysate after 3 h incubation. Confocal imaging was also
conducted to monitor the porphyrin fluorescence activation
over time in vitro. To compare the fluorescence activation
in vivo, SKOV3 tumor-bearing mice (n = 3) were intravenously
injected with %*Cu-PLP or ®*Cu-porphyroms. At 24 h after
injection, the biodistribution was determined by y-counting
and tumors from both sides of the ovaries were harvested and
subjected to ex vivo fluorescence imaging. To compare the
photodynamic activation, KB-xenograft mice received PLP or
porphysome injections at a dose of 5 mg/kg (n = 3 for each
group) were subjected to laser irradiation (671 nm, 75 J/cm?) at
24 h postinjection. Temperature increase of tumors during
treatment was monitored by an infrared thermal camera. The
therapeutic efficacy was investigated by histological analysis.

Theranostic Application of PLP on GBM Model. The accumulation
and activation of PLP in glioma mice were investigated on 9L
gliosarcoma mice and compared with those of porphysomes.
Bioluminescence and open-skull fluorescence imaging were
acquired at 24 h after injection. To investigate the drug delivery,
U87 mice were injected with DiR-BOA loaded PLP, PLP(DiR-BOA),
intravenously and subjected to fluorescence imaging. Fluores-
cence images were performed using CRI Maestro hyperspectral
imaging system with the crania opening to acquire porphyrin and
DiR-BOA signals, respectively, using the filter pairs of 575—605 nm
excitation/645—730 nm emission and 725—755 nm excitation/
780 nm long-pass emission. In vivo confocal microscopic imaging
was further conducted.

To evaluate the competency of PLP for fluorescence-guided
surgery, orthotopic U87°F" glioma mice with deep-seeded
tumor were administrated with PLP(DiR-BOA) intravenously.
The mice were scarified at 24 h postinjection and the entire
brains were subjected to FMT imaging. Following the brain
transection procedure illustrated in Figure 4d, the two trans-
ected portions were subjected to fluorescence imaging using
Maestro system to acquire the signal of GFP, porphyrin and
DiR-BOA using different filter pairs (the filter pair for tumor
GFP signal is 445—490 nm excitation/515—550 nm emission).
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For multifoci resection, ex vivo bioluminescence imaging and
fluorescence imaging were performed on all the resected U87'"
tumors and the remained surgery bed of brain.

The PDT efficacy of PLP for glioma treatment was evaluated
on the U87"“ mice. The mice were categorized into four groups:
blank control group, PDT laser alone, PLP injection alone and
PLP—PDT (PLP injection plus PDT laser treatment) (n = 3 for each
group). The PLP was dosed intravenously at 5 mg/kg and the
671 nm laser irradiation was performed at 24 h postinjection in
the trans-cranium manner with laser intensity of 50 mW/cm?
and total light dose of 50 J/cm?. The therapeutic efficacy was
evaluated by histological analysis.

Multimodal Imaging and Biodistribution Studies of **Cu-PLP in Ortho-
topic and Metastatic Cancer Mouse Models. To study the specific
uptake of PLP in orthotopic cancer, PC-3 orthotopic prostate
tumor-bearing mice were injected with ®*Cu-PLP and subjected
to PET/CT scanning at 24 h postinjection (n = 5). Animals were
sacrificed after the scanning, tumor and surrounding organs
were then harvested and subjected to fluorescence imaging.
After the ex vivo imaging, organs of interest were weighed and
subjected to the radioactivity measurement by vy-counting
assay to calculate the PLP distribution as percentage of the
injected dose per gram (% ID/g). For FMT/CT imaging, mice
received 10 mg/kg of PLP were subjected sequentially to FMT
imaging and microCT scanning in the same chamber at 24 h
postinjection. The 3D images from FMT and micro-CT were
coregistered using Inveon Research Workplace. For metastatic
tumor imaging, MT-1'"" metastatic mouse model that received
64Cu-PLP injection was subjected to PET/CT scanning at 24 h
postinjection. The mice were then scarified, and the metastatic
tumor and surrounding tissues were subjected to ex vivo bio-
luminescence and fluorescence imaging. The metastases were
further affirmed by histology studies.
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