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ABSTRACT

Cell-intrinsic reporters such as luciferase (LU@GY aed fluorescent protein (RFP) have been
commonly utilized in preclinical studies to imagentor growth and to monitor therapeutic
responses. While extrinsic reporters that emit m&sared | (NIR-I: 650 - 950 nm) or near-
infrared 11 (NIR-1l: 1000 - 1700 nm) optical sigsahave enabled minimization of tissue
autofluorescence and light scattering, it has rapwhiunclear as to whether their use has
afforded more accurate tumor imaging in small amsmidere, we developed a novel optical
imaging construct comprised of rare earth lanthamanoparticles coated with biodegradable
diblock copolymers and doped with organic fluoro@so generating NIR-1 and NIR-II
emissive bands upon optical excitation. Simultaseajection of multiple spectrally-unique
nanoparticles into mice bearing tumor implants [dsthed via intraperitoneal dissemination
of LUC'/RFFP OVCAR-8 ovarian cancer cells enabled direct comspas of imaging with
extrinsic vs. intrinsic reporters, NIR-Il vs. NIRslgnals, as well as targeted vs. untargeted
exogenous contrast agents in the same animal aedtione. We discovered that vivo
optical imaging at NIR-II wavelengths facilitatesora accurate detection of smaller and
earlier tumor deposits, offering enhanced sensptiumproved spatial contrast, and increased
depths of tissue penetration as compared to imagitigvisible or NIR-I fluorescent agents.
Our work further highlights the hitherto underappated enhancements in tumor
accumulation that may be achieved with intrapea@nas opposed to intravenous
administration of nanoparticles. Lastly, we founscdepancies in the fidelity of tumor uptake
that could be obtained by utilizing small molecui@sin vivo as opposed tm vitro targeting

of nanoparticles to disseminated tumors.



INTRODUCTION

Fluorescent contrast agents have been widely usétbmedical research and hold promise
for translational applications [1, 2]. Fluorophotéat emit visible light (350-650 nm) have
been shown to generate highly sensitive signalshiénge enabled (sub-) cellular imaging via
in vitro andin vivo (i.e. intravital) microscopy [2]. Those that erdnght in the near infrared |
spectrum (NIR-I: 650-950 nm) have exhibited incesbadepths of tissue penetration and have
been utilized in whole animal or clinical imagingpdications [3]. Recently, it has also been
demonstrated that optical imaging in the short-wiatred or the near-infrared Il spectrum
(NIR-II: 1000-1700 nm) provides additional advargaglue to further minimizations in tissue
autofluorescence and light scattering [4, 5]. Asesult, NIR-Il emissive agents have been
developed to afford maximal depths of signal pexten and enhanced contrast resolution for

in vivo optical imaging [6, 7].

Unfortunately, only a handful of agents have begported to fluorescence in the NIR-II
spectral window, including a few organic fluoropé®{8-10], carbon nanotubes [4, 6, 11-20],
guantum dots [21-25], and lanthanide nanoparti¢ldss) [26-32]. Among them, the organic
fluorophores have exhibited very low NIR-II fluooesce quantum yields while quantum dots
and LNPs have displayed the highest [33, 34]. Ruallsanimal imaging applications, LNPs
offer many advantages, including tunable multipxission upon excitation at a single
wavelength (through substitutions of lanthanide afdp), superior chemical and
photostability, improved biocompatibility, as wek facile surface functionalization [35-40].
There have been many examples of utilizing up-cmee (UC) fluorescence from LNPs in
preclinical imaging studies [41-49]. Recently, LNirs/e also been shown to generate NIR-II
signals following X-ray [26] or 980 nm laser extita [27], enabling sensitive and high-

resolutionin vivo optical imaging.



To date, however, there have been no studies #nas Bought to rigorously compare the
fidelity of tumor imaging that could be afforded loietecting NIR-II vs. NIR-I emissive

signals, whether generated from an organic fluoooptor from any inorganic-based agent.
The utility of using a targeted vs. untargeted exays fluorophore, especially in comparison
to intrinsic reporters such as luciferase (LUC) aed fluorescent protein (RFP), have not
been conclusively established in preclinical animaddels. Further, there have been no
reports of simultaneous vivo imaging of different reporters in a single anirtfedt contained

a multitude of tumors at varying depths. Whitevivo imaging of LUC and/or RFP has been
extensively used to follow tumor growth and to dete@e therapeutic responses to
experimental agents, these intrinsic reporters lcanelated poorly with tumor measurements
made by CT or MRI in the same animals [2]. It his® aemained unclear as to whether a
NIR-II or NIR-I emissive agent could promote morecaratein vivo imaging for such

preclinical applications, which could help to supglthe use of intrinsic reporters.

To address these challenges, we utilized LNPs asetpof sodium yttrium fluoride (Nai-
doped with ytterbium (Yb) and either erbium (Er)fmimium (Ho) with or without thulium
(Tm). Yb served as an acceptor ion that absorbeida¢ion light at 980 nm while Er, Tm, and
Ho then generated various visible and NIR-I emisdiands (through UC energy transfer) as
well as signals in the NIR-II spectrum. To generatger-soluble contrast agents farvivo
imaging, we further coated these LNPs with a dibloopolymer of poly(ethylene oxide)-
block-poly-caprolactone) (PEO-b-PCL), generating core-shahoparticles with fully
PEGylated surfaces. Comprised of two-FDA approweittlimg blocks [50], PEO-b-PCL has
been previously shown to form nanoparticles thattdodegradable, that exhibit prolonged
circulatory half-lives, and that evade vivo immune recognition and uptake [51]. PCL is
known to slowly degrade through hydrolysis of e$itdtages, leading to safe byproducts that

do not affect local pH nor induce otherwise deletes environmental reactions [52]. The
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lipophilic carbocyanine dye 1,1'-dioctadecyl-3,33tetramethylindotricarbocyanine iodide
(DIR) was further incorporated within the PCL shafllour nanoparticles; DIR has previously
been shown to enable accurate tumor imaging of BEQL micelles in subcutaneous tumor
xenograft models [53, 54]. Utilization of DIR in ostudies enabled direct comparisons
between imaging of NIR-I emission from this convenal organic fluorophore (in the

nanoparticle shell) to detection of NIR-I UC andRNIl emissive bands generated from the

inorganic LNPs (in the nanoparticle core).

To directly compare various imaging parametersrdéd by detection of our core-shell
nanoparticles with those obtained by employing icetinsic reporters, we utilized an vivo
animal model comprised of nude mice that were xensplanted with LUGRFP" OVCAR-

8 human ovarian cancer cells via peritoneal dissatiin. OVCAR-8 has been shown to be a
high-grade serous ovarian cancer cell line; anttaperitoneal (IP) injection of OVCAR-8
cells has previously been used to establish a mumiodel of advanced human ovarian cancer
for basic investigation and preclinical developmgsb, 56]. Imaging was conducted at
various time points after tumor cell implantatiam ¢compare the imaging sensitivity and
resolution afforded by utilizing each agent (irgrinsic LUC and RFP signals as well as NIR-
I, NIR-1 UC and NIR-II emission from the core-shaknoparticles) to detect tumor implants
within the peritoneum of the animals. Additionaltihe folate receptor (FR) is known to be
highly expressed in > 90% of human ovarian canedis §57, 58]; and, folic-acid (FA) has
previously been conjugated to exogenous contrashtagto enable targeting of ovarian
cancers in both preclinical and clinical studie8][3 0 examine the utility of FR targeting to
enhance then vivo tumor accumulation of our nanoparticles, two s#tEonstructs were
generated comprised of untargeted (PEO-b-PCL-wihpjzeY F:Yb,Er-based LNPs) and FR-
targeted core-shell nanoparticles (FA-conjugate@®EPCL-wrapped NaYfYb,Ho-based

LNPs). Imaging commenced after either IP or intrentes (IV) injection of both sets of
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nanoparticles in order to compare the relative tuaszumulation obtained via each of these
routes of administration. Both IP and IV deliverdfyobemotherapeutics are currently utilized
in the treatment of locally advanced ovarian casideunt, there are conflicting clinical data as
to their relative efficacy [59]. Simultaneous irjea of spectrally unique nanoparticles into
mice bearing disseminated LUBFP  OVCAR-8 ovarian tumors enabled direct comparisons
of imaging with extrinsic vs. intrinsic reportexgith various NIR-1I vs. NIR-I signals, as well
as with FR-targeted vs. untargeted exogenous airdagents in the same animal, at differing

tissue depths, and longitudinally over time.

MATERIALSAND METHODS
Full descriptions of nanoparticle preparations,enats and optical characterizations, as well
as allin vitro, in vivo andex vivo experiments with different formulations may berfidun the

Supplemental Materials and Methods in the accompanying Supporting Information.

In Vivo and Ex Vivo Imaging of Core-Shell Nanoparticles. In vivo andex vivo imaging of

cell intrinsic reporters (LUC and RFP), as welliamging of DiR (NIR-I) emission from

core-shell nanoparticles in whole mice, their eadi®rgans, and in blood (microcapillary
tubes), were conducted using an IVIS Spectrum hiolescent and fluorescent imaging
system (PerkinElmer; Akron, Ohio; note that for gma of DiR, Aex = 710 nm;Aem= 800

nm). NIR-I UC and NIR-Il emission from the same echell nanoparticles were
concurrently imaged using a custom designed ingnirf6, 7, 17], which was equipped with
808 nm and 980 nm lasers diodes (CNI Laser; Chaailjcon camera for bright-field images
(Hamamatsu, ORCA-Flash4.0 LT; Japan), and a lieuficogen-cooled InGaAs camera for
NIR-1I fluorescence imaging (256 x 320 pixel arrajgtection range: 800 - 1700 nm;
Princeton Instruments, OMA:V 2D; Acton, MA). In fib of the InGaAs detector, a NIR

camera lens was attached (SWIR-2, Navitar; Rochdas¥). Two long-pass emission filters
6


~_^
Highlight


with a cut-off wavelength of 1400 nm (Thorlabs; Nem NJ) and two band-pass filters (1575
+ 25 nm; Thorlabs) were also employed. In fronthaf silicon detector, a second camera lens
was attached (MVL25M1, Navitar). Two short-pasgefg with a cut-off wavelength of 900
nm (Thorlabs) and two notch filters (980 + 40 nnmdpitind Optics, Barrington, NJ) were also

utilized.

For excitation of LNPs, an optical fiber coupledtb@ 980 nm laser diode (CNI Laser) was
used and a laser line filter centered at 980 nnm{iEdl Optics) was mounted in front of the
laser to remove any unwanted excitation light. Hoeual fluence (energy density) of the
mouse duringn vivo imaging was ~100 mW/chand the acquisition time was 0.1 ~ 1 s. For
the contrast images, white light illumination waslized. Custom designed software
(generated using Visual Basic and LabView; Natidnatruments, Austin, TX) was used to
control the lasers and the cameras during imagingtective eyewear was utilized during
image acquisition. Co-registration of bright-fielmhd fluorescence images, as well as
subsequent image processing, were performed usistpro-designed algorithms (Matlab;
MathWorks, Natick, MA). Quantification of fluoresoee intensities for biodistribution and

pharmacokinetic analyses were conducted using ldnsgféware (NIH).

Study Approval: All animal handling and procedures were conduatecbmpliance with the

rules and regulations set forth by the Committéammal Care at MIT. Animals were housed
and maintained in the vivarium on th& Floor of the Koch Institute building (76) at MIT,
following guidelines established by MIT’s Divisiari Comparative Medicine (DCM) under a

pre-approved protocol (0113-007-16).



RESULTS

Synthesis and Characterization of Core-Shell Nanoparticles. Oleic acid-coated LNPs
comprised of NaYE, and which were doped with Yb and either Er orwith and without
Tm, were prepared following established protocoith wninor modifications [60, 61]. The
formation of core-shell nanoparticles comprised pflymer-wrapped LNPs occurred
immediately after aqueous dispersion of a THF smtubdf oleic acid-coated LNPs, DiR, and
PEO-b-PCL diblock copolymef¢theme S1). The relative hydrophobic nature of DIR and the
LNPs drove their segregation into the hydrophobiel Rcompartment of the assembled
nanoparticles. The hydrophilic PEO corona enabtpetaus dissolution of the nanocomposite
and stabilized its core-shell structure. Optimizatof the sonication power and the initial
mass ratio of polymer-to-LNP established a reprddegorotocol for generating core-shell
nanoparticles (seeSupplemental Materials and Methods and Figure Sl1). Core-shell
nanoparticles were further engineered to incorgotae organic NIR-I fluorophore DIR
within their PCL shellsKigure S2). Three imaging constructs were preferentiallyize¢d in
this study: two untargeted core-shell nanoparti¢l&®-Er,Tm/PEO-PCL and DiR-Er/PEO-
PCL) as well as an FR-targeted formulation (DiRftdate-PEO-PCL), representing DiR-
encapsulated PEQPCLg-coated NaYEYDb,Er,Tm-, PEGQ-PCLig-coated NaYEYDb,Er-,

and FA-conjugated PEQPCLs-coated NaYE Yb,Ho-based LNPs, respectively.

Figure 1A illustrates the structure of the core-shell namigea, wherein the PEO-b-PCL
shell is depicted as a yellow micelle, the LNPblag cubes, and the organic fluorophore DIR
as red dots. The structures of the actual nanocsiegowere verified by cryo-TEM and the
core-shell nanoparticles were found to be approteina@®0-90 nm in diametelF(gure 1B);
note that the core LNPs were each ~20 nm in siaeh Eore-shell nanoparticle formulation
(DIR-Er,Tm/PEO-PCL, DiR-Er/PEO-PCL, and DiR-Ho/FadPEO-PCL) was further

characterized by dynamic light scattering (DLS) arder to measure its average
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hydrodynamic diameter and its polydispersity indeé®l) in suspension; its average surface

charge was also determined through zeta potengakarementd={gur es S3-S5).

These physicochemical properties as well as theéhetin yields and compositions of all
components in each formulation are summarizedTeble S1. For each core-shell
nanoparticle formulation, the optical propertiesezfch of its emissive components were
independently measured in order to verify theispree in the final aqueous suspensions (e.g.
Figure S3E). When excited at 700 nm, an emissive signal tredked at 778 nm was
generated that corresponded to the NIR-I emissiddil®; exciting the same formulation at
980 nm, however, resulted in simultaneous UC (leséimd NIR-I) and NIR-II emission from
DiR-Er,Tm/PEO-PCL Figure S3E), DiR-Er/PEO-PCL Figure $4E), and DiR-Ho/Folate-
PEO-PCL Figure S5E). Additional processing steps enabled the isalatbhomogeneous
populations of core-shell nanoparticles from susmes that included PEO-b-PCL (shell)
nanoparticles (se®upplemental Materials and Methods andFigure S6); but, these steps were
not deemed essential as all core-shell nanopartari@mulations demonstrated analogous
material (size, charge, concentration) and optpraperties (absorbance and fluorescence

intensities), enabling accurate imaging comparisgmiseen different formulations.

980 nm excitation of core LNPs generated fluoresedrands in the visible range, consistent
with a well-known process of UC energy transfer][6&s well as simultaneous NIR-II
fluorescence with a peak at 1566 nm and 1162 nrefoand Ho- based LNPs, respectively.
For core-shell nanoparticles that contained NaYl,Er,Tm-based LNPs, the presence of
Tm®* generated another major NIR-1 UC peak at 800 rimeropeaks from this composition
were similar to those of core-shell nanoparticlest incorporated NaYEYb,Er-based LNPs.
The intensities of the LNPs’ UC emission processmsed with (powef)while that of their

NIR-II fluorescence increased linearly with laseowmer (Figure S7); similar power-
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dependent emission phenomena have previously ad#w in vivo detection of NIR-I UC

signals from LNP formulations [63].

In addition to the emission of these extrinsic régrs, bioluminescence due to the luciferase-
luciferin reaction and RFP fluorescence upon 535emxgitation are also included Figure

1C, generating a spectral comparison of all reportieas were subsequently utilized for
vivo andex vivo imaging(vide infra). Prior to embarking on comparisonsinfvivo imaging
with different reporters, we examined the photastglof each of the emissive components
within the core-shell nanoparticles. Nanopartidespensions were exposed to continuous
laser irradiation for 1 h; NIR-I UC or NIR-II fluescence from LNPs that were either
suspended in organic solvent or incorporated ineaqgs suspensions of core-shell
nanoparticles were found to retain > 98% of thmeitial intensities at the end of the study
(Figure 1D). Compared to free DIR in THF, whose fluorescetheereased by over 30% after
1 h of continuous excitation, DiR that was incogied within the PCL shell of the
nanoparticles maintained 88% of its initial emissiatensity under the same conditions,

exhibiting improved photo-resistance in the polyimenvironment.

Imaging Fidelity and Sensitivity of Visible, NIR-I, and NIR-Il1 Optical Reporters. We
next compared the accuracyinfvivo imaging afforded by detection of cell intrinsigpogters
(LUC and RFP) as compared to NIR-I vs. NIR-Il envisssignals generated from our core-
shell nanoparticles. LUTRFP* OVCAR-8 cells were implanted into nude mice via IP
injection, establishing a disseminated cell-lin@ograft model of ovarian cancer. Peritoneal
tumor implants were allowed to develop over a gkobtwo weeks (4 mice); imaging then
commenced at 72 h after IP injection of untarget@@-shell nanoparticles (DiR-Er,Tm/PEO-
PCL) (Figure 2A); note that this time delay between nanopartiojection and imaging

allowed for systemic diffusion anoh vivo tumor accumulation. Each mouse was imaged
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using different luminescence and fluorescence tletesystems. Optical imaging of intrinsic
LUC and RFP signalsi{/Aem = 535/600 nm), as well as NIR-1 emission from R/ Aem =
710/800), was conducted using an IVIS imaging systquipped with white light excitation
and appropriate filters for fluorescence detectioniferase bioimaging commenced 10 min
after IP injection of luciferin and did not utilizexcitation or emission filters. Imaging of
NIR-1 UC (Ae)Aem = 980/800 nm) and NIR-II fluorescencde{Aem = 980/1175 nm or

980/1575 nm) was conducted using a custom-desigmaging instrument [6, 7, 17].

From thein vivo images Figure 2A, top row), it was clear that the LUC and RFP signals co-
localized with one another; imaging of RFP fluoesste, however, offered better
visualization of individual tumor deposits and dat¢el additional implants that were not
visualized by bioluminescence imaging. Imaging ®RN signals from DIR demonstrated a
poor association between nanopatrticle (NIR-1) amddr (RFP) biodistribution while imaging
of UC-emission (NIR-I UC) from core LNPs correlatedth the detection of intrinsic
reporters for a tumor deposit in the left upperdyaat of each animal. Imaging of NIR-II
fluorescence from core LNPs (NIR-II) demonstratadmerous tumor deposits, many of
which corresponded with the same tumor sites tleiewletected by LUC and RFP imaging;

but, it did also highlight other potential implanist were not otherwise visualized.

Upon completion ofin vivo imaging, mice were sacrificed and their major agjavere
extracted in order to compare vivo andex vivo images of tumor locations and numbers as
well as those of the nanopatrticles and their netaliiodistribution.Ex vivo imaging of RFP
signals in whole organs demonstrated tumor implantshe serosal surfaces of the ovaries
(bilaterally), pancreas, duodenum, liver, spleg¢omsich, and intestine&igure 2A, bottom
row), which matched the known patterns of peritonaasemination for human epithelial

ovarian cancers [64]; note that tke vivo correlation between RFP and LUC signals was
11



poor, which was attributed to the short half-lifetbe luciferin/luciferase reaction and the
time betweenn vivo substrate injection, animal sacrifice, amdvivo imaging. As such, the
relative RFP signal intensity in each excised orgas used as a baseline to compare the
fidelity of in vivo and ex vivo imaging results that were obtained with other faszent
channelsEx vivo imaging of NIR-I signals from DIR, again, corradtpoorly to most areas
with RFP fluorescence; detection of DiR emissioah, thowever, correctly identify two tumor
deposits on the duodenum and pancreas that warenséteRFP imaging. In contrasx vivo
imaging of NIR-I UC emission of core LNPs provided better correlation with the
biodistribution of RFP signals; NIR-1I emission finothe same particles, however, showed a

nearly identical pattern of distribution to thatR¥FP.

Confocal microscopy of excised tumor sections cargd co-localization of RFP (tumor) and
UC emission (nanoparticle), demonstrating that iaaoparticles accumulated both in the
perivascular spaces of large tumor deposits as agelh a punctate distribution pattern that
was consistent with uptake into individual infiliry tumor cells Figures 2B and S8); note
that there was an absence of nanoparticle uptakermal healthy tissues, including those of
the reticulo-endothelial system (i.e. the liver apieen), after this IP route of administration.
When comparing thesex vivo imaging results with those obtained byyvivo imaging of
RFP, it was evident that increased contrast seitgitand the identification of greater
numbers of individual tumor deposits were affordeg in vivo imaging of core-shell
nanoparticles at NIR-II wavelength&igures 3A and S9A). Further, there were superior
correlations between the relative vivo andex vivo signal intensities, as well as the tissue
distribution patterns of tumor deposits, obtaingddetection of NIR-II emissive signals as

compared to imaging with all other optical repaster

12



To compare the utility of each intrinsic and exdireporter for early tumor detection, we
next conductedh vivo imaging studies of mice at 1-week post-IP impltataof LUC/RFP
OVCAR-8 cells Figure S9B). By contrastingin vivo bioluminescence images to those
obtained by bothn vivo and ex vivo fluorescence imaging of RFP, it became clear that
bioluminescence imaging greatly exaggerated tunmess especially for low volumes of
disease and at depth. Again, there was a poorlabore between eithen vivo andex vivo
imaging of NIR-I emission from DiR with respect RFP; but, there was a nearly identical
correlation between the intensity and distributadrNIR-11 emissive signals from core-shell
nanoparticles with those of RFP fluorescence indaime organs. When assessing/ivo
images obtained with different fluorescent channilsvas obvious that imaging of NIR-II
emission from core-shell nanoparticles identifiesteBer and more numerous tumor deposits
than could be observed by detection of RFgYre 3B andS9C); in vivo imaging of NIR-II
emission from core-shell nanoparticles further @iéal improved detection of individual

tumor deposits as comparedmovivo imaging with all other reporters.

In addition toin vivo andex vivo imaging experiments with mice, we examined theimak
depths of tissue penetration for emissive signalegated from each optical reporter used in
our studies. A tumor implant that was isolated fritn@ pancreas of our ovarian cancer mouse
model was placed in a sample holder and was posti@at different depths beneath a tissue-
like phantom, which was comprised of a synthetitymer that exhibited optical properties
for light absorption and scattering that mimickédge of the human breast. The maximum
depth of tissue penetration for each optical regowas denoted as the depth (i.e. the
thickness of the phantom applied above the sammpdenber) at which the signal-to-noise
ratio (SNR) for detection decreased to 3. Analogtushe results obtained witim vivo

imaging, the maximum depth of tissue penetratianech reporter correlated strongly with
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its increasing wavelength of emissidfadure 3C); NIR-II emissive signals from core-shell

nanoparticles were detectable at the deepest dgqahstrating a 20 mm-thick phantom.

Engineering Tumor Cell Uptake via FR Targeting. Flow cytometric analysis demonstrated
high expression levels of FR on OVCAR-8 celsglre 4A). To generate an FR-targeted
core-shell nanopatrticle, we conjugated FA to anterminated PEO-b-PCL via EDC/NHS
chemistry (se&upplemental Material and Methods). Integration of NMR peaks assigned to
PEO (3.52 ppm) and FA (6.63, 7.6, and 8.653 ppmijiee the presence of 1:1 molar ratio of
FA to PEO-b-PCL in the purified reaction produEigure S10). DiR-Ho/Folate-PEO-PCL
denotes FR-targeted nanoparticles that were coatprig a core of NaYFYb,Ho-based
LNPs and a shell made up of a 1:9 molar ratio ofdéAjugated PEE-PCL;sk to methoxy-
PEQ,-PClLyesk, Which further incorporated DiR. The material atical properties of these
FR-targeted nanoparticles (DiR-Ho/Folate-PEO-PClgravmeasured and summarized in
Figure S5 and Table S1. For in vitro experiments \ide infra), two other untargeted
(DIL/PEO-PCL) and FR-targeted core-shell nanoplagic(DiL/Folate-PEO-PCL) were

constructed that incorporated the DiR-related thpdwore DiL fem max= 575 nm).

We next verified the utility of FR-targeting to me@ase the accumulation of core-shell
nanoparticles within LUGRFP'® OVCAR-8 cells grown in culture. The cells wereubated
with either untargeted (DiL/PEO-PCL) or FR-targetae-shell nanoparticles (DiL/Folate-
PEO-PCL) for different time periods and washedlutal accumulation was determined by
flow cytometry, gating on DiL signalsFigure 4B). For both formulations, tumor cell
accumulation increased over time but at a rate waat decidedly faster for the FR-targeted
nanoparticles; indeed, by 6 h after incubation aketh increase in cellular accrual was
already evident for FR-targeted (DiL/Folate-PEO-PChds compared to untargeted

nanoparticles (DiL/PEO-PCLFEigure 4C). This result was further corroborated by cellular
14



imaging of LUC/RFP° OVCAR-8 cells that confirmed an increased uptak&R-targeted
nanopatrticles (Er/Folate-PEO-PCL) with respect mtargeted nanoparticles (Er/PEO-PCL)
after 6 h, visualizing visible RFP signals (redJdddC emission of core LNPs (green) by
multiphoton confocal microscopyFigure 4D). Cytotoxicity analyses of LUURFP
OVCAR-8 cells were also conducted at 72 h afteulbation with various concentrations of
either FR-targeted or untargeted core-shell naniopes. Cell viability was measured, which
demonstrated a concentration-dependent toxicitybiath formulations Kigure S11); the
relatively enhanced cytotoxicity of FR-targeted oaticles was attributed to greater
intracellular concentrations mediated by enhancptake. Note that neither nanoparticle
formulation demonstrated significamivitro toxicity to OVCAR-8 cells at concentrations that
could be expected aften vivo administration (i.e. < 1 mg/mL). As such, the afoentioned
nanoparticles were unlikely to affect the fideldf/in vivo imaging of cell intrinsic reporters

(LUC and RFP), which were dependent upon presesgetdlar viability.

The Route of Administration and the Role of FR-targeting on In vivo Tumor
Accumulation of Core-shell Nanoparticles. LUC'/RFP OVCAR-8 tumor cells were
xenotransplanted into nude mice via IP disseminatad allowed to grow for 2 weeks.
Untargeted (DiR-Er/PEO-PCL) and FR-targeted comdlshanoparticles (DiR-Ho/Folate-
PEO-PCL) were then introduced by either IP (4 marel)V injection (4 mice). Simultaneous
injection of both untargeted and FR-targeted narimtes into the same animal enabled ready
comparisons of the effects of FR-targeting on tbeueacy of tumor detection, the spatial
contrast, and the maximal SNR that could be acldiev&in vivo optical imaging with each
emissive agent-igure 5A (upper row) showsin vivo images of a single mouse at various
time points after simultaneous IP administrationboth nanoparticle formulations. Gross
comparisons of thex vivo images of excised organs taken at the time of angacrifice,

which occurred at 72 h after nanoparticle admiatgin, again demonstrated a high
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correlation between RFP signals and the NIR-II srars of either the untargeted (Er) or FR-

targeted nanoparticles (Ho).

Tumor deposits were easily visualized by all mdai(i.e.ex vivo RFP imaging or detection
of NIR-Il emission from Er and Ho) and were agaturid on the serosal surfaces of the
ovaries (bilaterally), pancreas, duodenum, liveslesn, stomach, and intestindsx vivo
fluorescence signals from each excised organ wakent after animal sacrifice and were
normalized to the intensity value obtained from ldogest tumor deposit, which was on the
pancreas of each animal; these normalized intensityes were then used to determine the
relative biodistribution patterns for untargeted &R-targeted core-shell nanoparticles after
IP administration Kigure 5B). A close association was evident between thetivela
distribution of the RFP fluorescence and the NIRfhission from both untargeted (Er) and

FR-targeted nanoparticles (Ho).

From in vivo images taken longitudinally, it was apparent taattable signal distribution
pattern occurred for both the untargeted and Féetad nanoparticles at 10 h after IP
administration FFigures S12A and S12B); both formulations were able to better visualize
individual tumor deposits and to detect increasaahlmers of tumor implants as compared to
in vivo imaging of RFP. Pharmacokinetic analyses were Isameous conducted by taking
small volume (typically 151L) blood draws at time points that correspondedh®in vivo
images; measurements of NIR-1l emission from Erddd\NPs) and NIR-I emission from DIR
(in the PCL shell) enabled determination of theatireé concentrations of each species in
blood over time. Emission intensities were nornealito their highest values, yielding a half-
life of clearance {j,) of 12.5 + 0.5 h (based on the NIR-II emission of &nd 11.9 + 0.2 h
(based on NIR-I emission of DIiR) for untargeted aparticles Figure S12C). As such,

monitoring of each optical channel yielded neadgntical blood clearance ratgs< 0.9704;
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Student’s t-test), establishing then vivo stability of the core-shell structure after IP

administration of the nanoparticldsigure 5C, black circles).

IV administration of both untargeted and FR-tardatanoparticles demonstrated a different
distribution pattern to that which was seen afieimljection.Figure 5A (lower row) showsin
vivo images of a single mouse at various time poirtey gimultaneous IV administration of
both formulations. Again, there was an apparentetation between thén vivo images
obtained by detection of each core-shell nanopartiwer time, demonstrating a stable
biodistribution pattern at 10 h after IV injectiqiigure S12D). Examination ofex vivo
images taken of excised organs at the time of fe@griwhich, again, occurred at 72 h after
nanoparticle injection, demonstrated a decreaseacklabon between the relative tissue
distribution patterns of untargeted and FR-targetede-shell nanoparticles that were
introduced via this route~{gure 5D and S12E); additionally, the biodistribution pattern for
either nanoparticle formulation did not seem taespond with tumor locations visualized by
in vivo or ex vivo imaging of RFP. The pharmacokinetic measuremeased on NIR-II
emission of Er and NIR-I emission of DIR were agaimilar after IV administration,

demonstrating ab=11.4 + 0.6 hKigure 5C, red triangles, an812F).

In order to accurately compare biodistribution @ats, we next sought to numerically
correlate the relative intensities obtainedelyivo imaging of NIR-1I emission with those of
RFP signals from harvested organs after IP admatish of untargeted vs. FR-targeted core-
shell nanoparticles. The results are depicteigure 5E, which contains diagonal plots that
adopt the same fluorescence biodistribution patténat are shown ikigure 5B. Each off-
diagonal plot represents the correlation of a pdifluorescent reporters, consisting of a
linear-fit (red line), a value for the Pearson’sretation coefficientr), and an adjusteB?

value. The correlation between the RFP signal atierethe NIR-1I emission of untargeted
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(Er) or FR-targeted core-shell nanoparticles (Haswery high: the distribution patterns of
NIR-II signals from each nanoparticle formulatioentbnstrated an > 0.96 withR* > 0.90
when compared to RFP. The correlation coefficlegtiveen RFP and DiR was, however,
very poor f = 0.42, R? <0.10), demonstrating the inherent inaccuracies tesult from
identification of tumors by monitoring of NIR-I ession of DiR from these same core-shell
nanoparticles Kigure S12G). Additionally, the correlation between untargetadd FR-
targeted core-shell nanoparticles was nearly penéth anr > 0.99 andR? > 0.99,

demonstrating an identical pattern of tissue bioihistion (Figures 5E andS12G).

Histologic sections were made of excised tissues) fseparate animals that were similarly
implanted with LUC/RFP° OVCAR-8 cells and imaged with either untargeted/REO-
PCL,; Figure S8) or FR-targeted core shell nanoparticles (Er/lEeREO-PCL) at 72 h after
IP administrationigure S13). When visualized via confocal microscopy, theangéted and
FR-targeted core-shell nanoparticles demonstratkhtical patterns of tumor-specific
accumulation with no evidence of healthy tissueak@t Immuno-fluorescence was also
performed for tumor-associated macrophages (TAM8)gQUFITC-conjugated F4/80 (green);
tumor cells were detected by RFP emission (red)came-shell nanoparticles were identified
from their visible UC emission (blue; pseudo-caloNlultifocal confocal microscopy
demonstrated nanopatrticle uptake by OVCAR-8 tunedisdmagenta) irrespective of FR-
targeting Figures 5F and5G, respectively). Taken together, these data supgdtiat no
further advantages in tumor targeting were affordgdconjugation of FA to nanoparticles

introduced via the IP route of administration.

Enumeration of thex vivo tissue distribution patterns for untargeted (Er) &R-targeted
core-shell nanopatrticles (Ho) after IV administvatrevealed that they correlated poorly with

those of the tumor deposits (RFP), yieldingran 0.20 &< 0.1), 0.16 < 0.1), and 0.26
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(RP< 0.1) for the association of RFP with DiR (NIR-Br (NIR-1) and Ho (NIR-I1) signals,
respectively Figure S14). Both untargeted and FR-targeted nanoparticlesodstrated a
pattern of predominantly liver and splenic accuriokg corresponding to organs of known
reticuloendothelial cell activity and nanoparticlptake. These results were confirmed by
fluorescence imaging of histologic tissue sectidisgure S15 and S16). On closer
examination, the association between the signam funtargeted (Er) and FR-targeted
nanoparticles (Ho) was also lower after IV admiaison, yielding arr = 0.8 & = 0.6;
Figure S14); this was attributed to a relatively larger buariable degree of lung
accumulation for FR-targeted core-shell nanopadicllmmunostaining demonstrated the
presence of TAMs (green) near LURFP  OVCAR-8 tumor cells (red); the intratumoral
distributions of both untargeted (Er/PEO-PCL) arid-targeted nanoparticles (Er/Folate-

PEO-PCL; blue), however, did not clearly indicateaaticular cellular tropismFjgure S17).

Early Detection of Tumor Deposits at 1 week after Implantation. Nude mice were
xenotransplanted with LUCRFP" OVCAR-8 cells and untargeted core-shell nanogasic
(DIR-Er/PEO-PCL) were administered by IP injectatrnl week after tumor cell implantation.
Animals were imaged over a period of 72 h and tbegans were excised in order to compare
the relative intensities and tissue distributioritgras of NIR-I signals from DIR, NIR-II
fluorescence from core LNPs (Er) and RHRy(re 6). Comparisons o#x vivo images, again,
readily demonstrated a strong correlation betwedR-IN emissive signals (Er) and RFP
localization;in vivo imaging confirmed the superiority of monitoring NfR-1l emission to
detect numerous early tumor deposits within thesenas, demonstrating increased
sensitivity and improved spatial contrast as compan imaging of RFPHigure 6A).

For each reporter, the fluorescence intensities fvarious organs were, again, normalized to
that of the largest tumor deposit, which was onghlecreas of each anim&igure 6B). A

correlation matrix was similarly obtained by compgrthe biodistribution patterns of all
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three emissive signals (RFP, DiR and Er) and wasd s further quantify the ability of each
extrinsic reporter to detect early tumor depositisich were delineated by RFP fluorescence
(Figure 6C). Correlation of RFP signals with NIR-I emissionrh DIR was particularly poor

(r = 0.20,R?< 0.10); NIR-Il emission from Er also demonstrasesveaker correlation with
RFP fluorescence in excised organs from these k-wkk xenotransplants & 0.80, R >
0.60), especially when compared to results obtaiaédtwo weeks after tumor cell
implantation { > 0.96, R > 0.92). Note that the intensity of RFP fluores@emeas much
weaker in these early tumor deposits, which caiedldo a decreased SNR when imaging
with this intrinsic reporter. As a resulin vivo and ex vivo optical imaging of RFP
fluorescence in excised organs demonstrated a ineid ability to correctly identify tumor
implants that were confirmed by multiphoton confogacroscopy of RFP fluorescence in
histologic sections. These microscopic tumor ddposiorresponded to organs that
demonstrated high NIR-II emission @x vivo imaging; NIR-Il signals from these same
organs were also visualized bg vivo imaging, demonstrating the improved detection
sensitivity that was afford by utilizing NIR-II farescence as compared to that of RFP in

order to identify early tumor deposits within thesemals.

DISCUSSION

Intrinsic reporters such as RFP and LUC have beemwnly utilized to visualize tumors, to
follow their growth, and to monitor their therapeutesponses in whole-animal imaging
studies.In vivo bioluminescence imaging, however, has been consttaby: 1) the short
lifetime of the enzyme-substrate reaction, whicls hacessitated re-dosing and which has
decreased the frequency at which longitudinal swdnay be conducted; 2) non-uniform
diffusion of the luciferin substrate and its inagsibility to necrotic portions of a tumor; and,
3) substantial light scattering at depth, which resulted in inaccurate estimations of tumor

volumes [65]. Converselyn vivo RFP imaging has obviated many of these aforemmaedio
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limitations; but, the absolute magnitude of the R¥ighal has not correlated with tumor
burden due to nonlinear optical scattering andadgichl absorbance, which have further
hindered the accuracy of tumor detection with iasneg depth [65]. Asn vivo optical
imaging with various NIR-lI and NIR-II emissive agerhas been proposed to circumvent
these challenges [66, 67], we undertook a comparatudy to establish the fidelity of the

vivo imaging results obtained by detection of eacthe$e intrinsic and extrinsic reporters.

Oleic acid-modified LNPs were coated with amphighdiblock copolymers of PEO-b-PCL
through optimization of an aqueous dispersion neetfe®]. These core-shell nanopatrticles
further encapsulated the organic fluorophore DiRheir PCL shells, which demonstrated
improved photostability as compared to its emissionbulk solution. Note that similar
phenomenona have been observed in other studiéshdve examined the emission of
fluorophores in immobilized polymeric membranes amchanoparticles [69-72]; they are
likely attributable to multiple factors, includingeduced concentrations of oxygen and
nucleophiles, more efficient dissipation of hedtof@wing absorption and emission/internal
conversion, as well as the restriction in the papoh of conformations that are present in the
excited state or hot ground state of fluorophorepalymeric environments as compared to
when in bulk solution. As a result, the core-simahoparticles were found to generate stable
visible, NIR-I, and NIR-II emissive signals, whidhcilitated correlative whole animal and

tissue-level experiments.

Two weeks after peritoneal dissemination of LURFP* OVCAR-8 cells in nude micesx
vivo imaging confirmed a nearly perfect associatiooween the biodistribution patterns of
peritoneal tumor implants (RFP) with those of tloeeeshell nanoparticles (NIR-1I emissive
signals) that were introduced by IP administrat®oth ex vivo andin vivo imaging of NIR-II

fluorescence demonstrated superior sensitivityiamuloved spatial resolution as compared to
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detection of either NIR-I emission from DIiR or NIRUC fluorescence from the same
nanoparticles. The particularly poor correlatiotm@en the biodistribution patterns observed
for DIR as compared to RFP may be attributablééoléakge of the organic fluorophore from
the core-shell nanoparticles at longer time scalksch would limit the achieveable SNR and
prevent the accurate detection of smaller, easliage, and deeper tumor implarts.vivo
imaging of NIR-II emission uniquely enabled theuaBzation of individual tumor deposits,
detecting all microscopically-confirmed tumors astdsubstantially deeper depths of tissue
penetration than could be obtained by monitoringhefNIR-I fluorescence of DIiR or that of
the cell intrinsic reporters (LUC or RFP). Thesevaadages further enabled the earlier
detection of tumors, which were imaged at 1 wesdr afnplantationjn vivo imaging of NIR-

Il fluorescence again proved superior at identdyall tumor locations, visualizing numerous

minute deposits that were not otherwise identified.

Although core-shell nanoparticles were highly laocad toin vivo tumor locations after IP

administration, we also explored the role of a twaogeting agent to further improve the
SNR forin vivo imaging. The FR has been shown to be a highlyesgad and validated
target for clinical ovarian cancer therapy [57,;58)d, conjugation of the small molecule FA
to various imaging agents has previously enablexlirate detection of epithelial ovarian
cancers in both preclinical and clinical studies9][5Here, FR-targeted core-shell
nanoparticles were generated from FA-conjugated-BERZL polymers; their materials and
optical properties were validated; and, their ewckdrnin vitro uptake by FR-expressing

OVCAR-8 cells was observed by flow cytometry andcbypfocal microscopy.

In vivo optical imaging of two separate nanopatrticles wpplectrally unique NIR-II emissive
signatures enabled independent tracking of eaamuiation within a single animal after

simultaneous administration. When introduced byinjction at 2 weeks after tumor cell
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implantation, the biodistribution pattern of the-ERgeted core-shell nanoparticle was found
to be identical to that of its untargeted countdrpahich showed a nearly perfect correlation
with tumor locations (RFP distribution). Indeed, vivo imaging of NIR-II fluorescence
confirmed that IP injection of untargeted core-Em@noparticles was sufficient to enable
preferential uptake in tumor tissues even at 1 wedier tumor cell implantation,
demonstrating increased sensitivity and improveakiapcontrast as compared to utilizing
intrinsic RFP signals to identify these early stagenors. Note that there was a poor
correlation between the relative tissue biodistidou patterns of untargeted and FR-targeted
core-shell nanoparticles after IV injection, dentoatsng no discernable tumor-specific
targeting or intratumoral cellular tropism. As suethile FA conjugation to nanoparticles
definitively aidedin vitro tumor cell uptake, the results presented hereatdithat no further

advantages fan vivo tumor targeting were achieved.

To our knowledge, PEGylated and untargeted nanofesthave not been shown to
demonstrate this high degree of tumor specifiditgrdP administration; and, the mechanisms
underlying their accumulation are unknown. As poesi investigators have noted that human
epithelial ovarian cancers possess large number3Adfis [73], we hypothesized that
intraperitoneal uptake by these macrophages amdstiiesequent homing to tumor sites could
account for nanoparticle accretion. Immunofluoreseestaining of TAMs was performed in
excised tumor tissues; the tumors were imaged Hdtiphaton confocal microscopy; and, the
locations of core-shell nanoparticles (with respecfTAMs and RFP OVCAR-8 ovarian
cancer cells) were observed from the visible UCssmin of their core LNPs. No clear
cellular association patterns for either untargeteBR-targeted core-shell nanoparticles were
determined. As such, the mechanisms of tumor epfak these PEGylated nanoparticles
after IP injection remain unknown and warrant fartiinvestigation. If confirmed in other

studies, IP administration of nanoparticles may exploited to improve ovarian cancer
23



imaging and therapy. Finally, the results presehte@ validate a generalizable paradigm in
which whole-animaloptical imaging at NIR-lIl wavelengths may be used accurately
monitor multiple nanoparticle populations, theredyabling simultaneous examinations of

both experimental and control formulations undeniitalin vivo conditions.

CONCLUSIONS

We have demonstrated that vivo optical imaging of NIR-IlI fluorescence was able to
accurately identify minute and early tumor depothtst were otherwise missed by detection
of exogenous NIR-I emissive agents or intrinsic Lzl RFP reporters. Simultaneous NIR-
Il excitation (980 nm) of two different nanoparécicompositions that possessed non-
overlapping NIR-Il emission maxima (1566 and 1162) renabled independent tracking of
each formulation after concurrent administratiomm dur knowledge, such direct, highly
sensitive, and longitudinah vivo optical imaging comparisons between experimental a
control formulations have not previously been regmly demonstrated in the same animal.
Our results have identified the advantages of IPopposed to IV administration of
nanoparticles and have called into question tHéyutif small molecule targeting agents to
further enable their accumulation within peritoneahor deposits. Adoption of our methods
may facilitate the preclinical development of otbdexgnostic and therapeutic constructs based

on directin vivo comparisons enabled by NIR-II optical imaging.

ABBREVIATIONS

1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarpacine iodide (DiR); DiR-encapsulated
PEG-PClLg-coated NaYEYDb,Er,Tm-based LNPs (DiR-Er,Tm/PEO-PCL); DiR-
encapsulated PEEPCLs-coated NaYEYb,Er-based LNPs (DiR-Er/PEO-PCL); DIR-
encapsulated, FA-conjugated, PROCLs-coated NaYEYb,Ho-based LNPs (DiR-

Ho/Folate-PEO-PCL); dynamic light scattering (DL8)bium (Er); indium gallium arsenide
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(InGaAs); intraperitoneal (IP); intravenous (IV&nthanide nanoparticles (LNPs); luciferase
(LUC); near-infrared (NIR); polydispersity indexdB; poly(ethylene oxide)-block-polgf
caprolactone) (PEO-b-PCL); red fluorescent pro(BiRP); sodium yttrium fluoride (NaYi:

thulium (Tm); up-conversion (UC); ytterbium (Yb)plmium (Ho);
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Figure 1. Structural and optical characterization of cdiellsnanoparticles. A) lllustration
depicting core-shell nanoparticles comprised of RERCL diblock copolymers (yellow), the
organic NIR-I fluorophore DIR (red), and LNPs (bju&) Cryo-TEM image of core-shell
nanoparticles (DIR-Er/PEO-PCL) in aqueous suspen@ocale bar = 100 nm). C) Normalized
fluorescence spectra of intrinsic reports (LUC &feP) as well as emissive components of
various core-shell nanoparticle formulations. 980-faser-excitation of DIR-Er/PEO-PCL
resulted in up-conversion emission (Er (UC); redil &NIR-1l fluorescence (Er (NIR-II);
orange) from core NaYFYb,Er-based LNPs; 700-nm irradiation of the sansatiples
resulted in NIR-I emission from DIR (DiR; navy b)ue their PCL shells. 980-nm irradiation
of DIR-Er,Tm/PEO-PCL resulted in UC emission (Er,TQUC); cyan) from core
NaYF;Yb,Er,Tm-based LNPs; similar excitation of DiR-IHolate-PEO-PCL resulted in
both UC emission and NIR-II fluorescence (Ho (NIR-inagenta) from core NaY,FYb,Ho-
based LNPs. D) Measurements of the photostabifisadous emissive components of core-
shell nanoparticles under continuous irradiationté\that the same excitation energies were
utilized as in C; and, emission was detected usargpus excitation and emission filters. The
photostability of DIR in THF (DiR in THF; black) wancluded for comparative purposes.
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Figure 2. Tumor detection via imaging of visible, NIR-I, abNIR-Il emissive signals. A)
Images taken of a representative mouse at two-waétks implantation of LUORFP
OVCAR-8 ovarian cancer cells and 72 h after IP dtigmm of untargeted core-shell
nanoparticles (DiIR-Er,Tm/PEO-PCLWpper Row: in vivo images of intrinsic reporters (LUC
and RFP) as well as various emissive componerasretshell nanoparticles (DiR and LNPS).
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LUC, RPF and DiR (NIR-I) signals were detected gsan IVIS imaging system; Up-
conversion emission (NIR-1 UC) and NIR-II fluoresce (NIR-II) emission from core LNPs
were visualized using a custom designed imagingrunmgent Materials and Methods).
Bottom Row: ex vivo images were obtained after animal sacrifice andesponded to the
detection of the same reporters in excised organkiding (from left to right and from top to
bottom) the bladder (B), ovaries (O), kidneys (KpJeen (Sp), pancreas (P), stomach (St),
heart (H), lung (Ln), liver (Li) and intestines @f the animal. B) Confocal microscopy of
tissue sections obtained from excised organs otdmee animal. Tumors were identified by
RFP fluorescence (red) while all tissues exhibitado-fluorescence (green). Untargeted
nanoparticles (NPs) were imaged by 980-nm multitph@xcitation and by detection of their
visible UC emission (white). H&E staining was ajserformed to identify tumor implants vs.
normal tissue in each organ. Scale bar =300
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Figure 3: Comparisons of the sensitivity of various intrmand extrinsic reporters to detect
peritoneal tumor implants. The numbers of tumoreaced using different reporters were
enumerated fronm vivo vs. ex vivo images taken at either A) two-weeks or B) 1 weegtp
implantation of LUC/RFP" OVCAR-8 cells in nude mice and at 72 h after Iamstration

of untargeted core-shell nanoparticles (DiR-Er, TROPPCL; n = 4 mice per group; see also
Figure S9 for the numbers of tumor deposits idedtifrom each individual mouse and via
imaging of each reporter). C) Determination of thaximum depth of tissue penetration for
various reporters. A tumor deposit excised fromgheacreas of the mouse in Figure 2A was
immersed at different depths under polymer phantibrasmimicked the optical properties of
the human breast. Emissive signals emanating fieenphantoms were imaged utilizing
analogous techniques to those employedrfervo imaging; the maximum depth of emission
for a reporter was determined as the thicknessi@foverlying phantom at which its signal
was no longer detectable. Note that DiR fluoresee(dIR-1) as well as up-conversion
emission (NIR-1 UC) and NIR-II fluorescence (NIR-lirom LNPs embedded in the core-
shell nanopatrticles (DiR-Er,Tm/PEO-PCL) were indegently monitored.
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Figure 4. Examination of the role of FR-targeting to enhanteitro uptake of core-shell
nanoparticles by human ovarian cancer cells. AvFdgtometry histogram demonstrating FR
expression on the surface of LURFP" OVCAR-8 cells, using FITC-labeled mouse anti-
human FR antibody (green) and several controlsamtbody (Ab) (red), no primary Ab
(blue) and anti-rabbit IgG (orange). B) Relativetake of untargeted and FR-targeted
nanoparticles (NPs) as determined by flow cytornednalyses of LUGRFP®® OVCAR-8
cells over time. Untargeted (DiL/PEO-PCL) and FRytted NPs (DiL/Folate-PEO-PCL)
were incubated with aliquots of OVCAR-8 cells fofferent time periods: 0, 0.5, 1, 2, 4, 6,
12, 16, and 24 h. Cells were then trypsinized,dj»and flowed to quantify the relative levels
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of DiL (Aenr=488 nmA=585 nm) emanating from populations of intracellulanoparticles.
Note that a statistically significant increase ®lldar uptake was seen for FR-targeted as
compared to untargeted NPs at time points longer thh (p value < 0.01). C) Representative
flow cytometry histograms depicting differenceghie uptake of untargeted (DiL/PEO-PCL)
and FR-targeted NPs (DiL/Folate-PEO-PCL) after & imcubation as compared to those of
control (untreated) cells. D) Fluorescence imaddsiC*/RFP° OVCAR-8 cells taken after 6

h of incubation with untargeted (Er/PEO-PCL) and-tBRjeted NPs (Er/Folate-PEO-PCL).
Multiphoton confocal microscopy was used to imagePR(red) signals emanating from
OVCAR-8 cells as well as UC emission from core LN§®en). Scale bar = 50n.
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Figure 5. Determination of the optimal route of administoatiand the role of FR-targeting to
enhancen vivo tumor uptake of core-shell nanopatrticles. UntagdéDiR-Er/PEO-PCL) and
FR-targeted nanoparticles (DiR-Ho/Folate-PEO-PCleraenvsimultaneously administered to
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mice via either IP or IV injection at two-weeks posplantation of LUC/RFP" OVCAR-8
ovarian cancer cells. A) Representative imageswof different mice taken at 72 h after
simultaneous administration of both nanoparticlieseither IP (pper row — mouse 1) or IV
injection (ower row — mouse 2), detecting emission from the intrimeorter (RFP) as well
NIR-II fluorescence from core LNPs in untargeted) (&d FR-targeted (Ho) nanoparticles
(NPs). Fluorescence intensities for each reportrevalso measured in all excised organs
immediately aftern vivo imaging, including (from left to right and top bmttom) the bladder
(B), heart (H), intensities (1), kidneys (K), livéLi), lungs (Lu), ovaries (O), pancreas (P),
spleen (Sp) and stomach (St) of 4 separate miceduan route of administration. B) Relative
distribution of emissive signals obtained @avivo imaging of intrinsic (RFP) and extrinsic
reporters (Er and Ho) in major organs at 72 h p@sadministration. For each reporter, the
fluorescence intensities from all organs were ndired to the value obtained from the organ
with the highest fluorescence intensity (pancreas) are reported as the mean + SD (n = 4
mice). C) Pharmacokinetic analyses of core-shefloparticles in blood after IP vs. IV
administration to tumor-bearing mice. D) Relativstidbution of emissive signals obtained
via ex vivo imaging of intrinsic (RFP) and extrinsic reportéEs and Ho) in major organs at
72 h after IV administration of core-shell nanopet to tumor-bearing mice (n = 4 animals).
In vivo imaging commenced and organs were processeeéxfervo analysis in a fashion
analogous to that described in Fig. 5Bdé supra). E) Correlation matrix of the relativie
vivo distribution of RFP, Er, and Ho emissive signadsdatermined viax vivo imaging of
excised organs at 72 h after simultaneous IP adimation of untargeted (Er) and FR-targeted
core-shell nanoparticles (Ho) to tumor-bearing mice= 4 animals). Each diagonal graph
shows the distribution of fluorescence signalsa@iven reporter and correlates to the values
shown in Fig. 5B. Each off-diagonal graph depitts torrelation for a pair of fluorescent
reporters with a linear-fit red line, a value foetPearson’s correlation coefficien}, (@and an
adjustedR? value. Immunostaining was performed and confocirascopy images of F)
untargeted (Er/PEO-PCL) and G) FR-targeted cor#-shaoparticles (Er/Folate-PEO-PCL)
were obtained to observe their intratumoral distidn (blue) with respect to tumor cells
(red) and macrophages (green). Scale bar U800
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Figure 6. Early tumor detection afforded by imaging of NIRemission from core-shell
nanoparticles. Untargeted nanoparticles (DIR-Er/HEILL) were introduced into mice by IP
injection at one-week post-implantation of LURFP° OVCAR-8 ovarian cancer cells. A)
Representative images taken at various time poaftsr nanoparticle administration,

RFP

DiR
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visualizing the distribution of NIR-I (DIR) and NHR emissive signals (Er) from untargeted
core-shell nanoparticles in relation to the cetiiisic reporter RFP. Fluorescence intensities
for each reporter were measured in all excisednsgacluding (from left to right and top to
bottom) the bladder (B), heart (H), intensities kigneys (K), liver (Li), lungs (Lu), ovaries
(O), pancreas (P), spleen (Sp) and stomach (S8 eéparate mice that were similarly
processed. B) Relative distribution of emissivenalg obtained viaex vivo imaging of
intrinsic (RFP) and extrinsic reporters (DIR and Er major organs at the time of animal
sacrifice (72 h post administration of untargetedeeshell nanoparticles). For each reporter,
the fluorescence intensities from all organs weyanalized to the value obtained from the
pancreas and are reported as the mean + SD (nieed. 18) Correlation matrix of the relative
in vivo distribution of RFP, DIR, and Er emissive sigredsdetermined viax vivo imaging of
excised organs at 72 h after IP administrationmdérgeted core-shell nanoparticles to tumor-
bearing mice (n = 4 animals). Each diagonal grampbws the distribution of fluorescence
signals for a given reporter and correlates tovtllees shown in Fig. 6B. Each off-diagonal
graph depicts the correlation for a pair of fluaesg reporters with a linear-fit red line, a
value for the Pearson’s correlation coefficient &nd an adjuste value.
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