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ABSTRACT

Purpose Detailed in vivo and ex vivo analysis of nanoparticle
distribution, accumulation and elimination processes were
combined with comprehensive particle size characterizations.
Methods The in vivo fate of near infrared (NIR) nanoparticles
in nude mice was carried out using the Maestro™ in vivo
fluorescence imaging system. Asymmetrical field flow field
fractionation (AF4) coupled with multi-angle laser light
scattering (MALLS), photon correlation spectroscopy (PCS)
and transmission electron microscopy (TEM) were employed
for detailed in vitro characterization.

Results PEG-PLA block polymers were synthesized and
used for the production of defined, stable, nontoxic
nanoparticles. Nanoparticle analysis revealed narrow size
distribution; AF4/MALLS permitted further accurate size
evaluation. Multispectral fluorescence imaging made it
possible to follow the in vivo fate non-invasively even in
deep tissues over several days. Detailed fluorescence ex vivo
imaging studies were performed and allowed to establish a
calculation method to compare nanoparticle batches with
varying fluorescence intensities.

Conclusion We combined narrow-size distributed nanopar-
ticle batches with detailed in vitro characterization and the
understanding of their in vivo fate using fluorescence imaging,
confirming the wide possibilities of the non-invasive technique
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and presenting the basis to evaluate future size-dependent
passive tumor accumulation studies.
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ABBREVIATIONS

AF4 asymmetrical field flow field fractionation

CHO  Chinese hamster ovary

DiR [, |'-dioctadecyl-3,3,3",3"-tetramethylindotricarbo-

cyanine iodide

EMEM  Eagle’s minimum essential medium

EPR enhanced permeability and retention

FBS fetal bovine serum

MALLS  multi-angle laser light scattering

MTT 3-(4,5-Dimethytthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

NIR near infrared

NR nile red

PBS phosphate-buffered saline

PCS photon correlation spectroscopy

PDI polydispersity indices
QD quantum dots
RES reticuloendothelial system
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ROI region of interest
TEM transmission electron microscopy

INTRODUCTION

The development of biodegradable nanoparticles as drug
delivery vehicles for therapeutic agents is one of the main
promises for future cancer therapies. The major aim is to
produce nanoparticles which preferentially accumulate at
the tumor site. Loaded with anticancer drugs, they can
improve cancer therapy and simultaneously reduce the
harmful nonspecific side effects of chemotherapeutics (1). In
addition, nanoparticles loaded with contrast agents may
provide very efficient cancer diagnostics by i viwo imaging.
Two main tumor targeting strategies have generally been
explored: First, active targeting by conjugating nanocarriers
with molecules that can bind to tumor-specific antigens or
receptors on the cancer cells (2), and second, the more
commonly used passive targeting strategy. The first mar-
keted products were introduced more than 10 years ago as
liposomes or polymer-protein conjugates (2). The passive
accumulation of nanoparticles is based on the enhanced
permeability and retention (EPR) effect of tumor tissues (3).
Several studies have shown that particle size plays a key role
in accumulation effectiveness. Experiments using liposomes
have demonstrated that the upper size limit for extrava-
sations into tumors is about 400 nm (4). Others showed that
smaller particles with sizes below 200 nm are even more
effective (5-7). However, particles smaller than 20-30 nm
are eliminated faster by renal excretion (8). It was also
noticed that liposomes, which are smaller than 70 nm, were
more rapidly cleared from the circulation than larger
(between 70 and 300 nm) ones (9, 10). Therefore, the
optimal size of nanoparticles for cancer treatment should be
between about 70 and 200 nm (11). Accurate knowledge of
the particle size, size distributions, and particle morphology
1s a key requirement for i wviwo applications of newly
developed nanoparticles, although this is often neglected.
Gaumet e. al, for example, criticized that conclusions of
size-dependent studies of nanoparticle biodistribution are
often done without providing accurate particle size data
(12). High polydispersity indices (PDI) varying between 0.2
and 0.5 may result in particle overlapping and hamper
accurate size-dependent interpretation of the  viwo results
(12). Besides the size, surface properties of nanoparticles
also play an important role for their m vivo fate. It is well
established that hydrophilic surfaces, which can be
achieved, for example, by polymer modification with
polyethylene glycol (PEG), reduce opsonisation and thus
uptake by the mononuclear phagocytic system (MPS)
(11,13). Furthermore, such PEG shells provide sterical
stabilization of the particles in aqueous systems (14).
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In this study, detailed non-invasive i vwo fluorescence
imaging experiments were combined with fundamental
vitro tests to allow meaningful data interpretation and to
gain information about the wm viwo fate of PEG-PLA
nanoparticles. Multispectral  viwo fluorescence imaging
has already been used for fluorescence tissue imaging with
nanocarriers like quantum dots (QD) (15-17). Using NIR
QD, it could be shown that fluorescence imaging is possible
even in deep tissues (18). Nevertheless, QD are criticized
due to the high production costs and the potential i vivo
toxicity depending on their surface properties (19). The
incorporation of the very lipophilic NIR carbocyanine dye
DiR into PEG-PLA nanoparticles combined the advantages
of NIR light with low toxicity risks for the animals.
Fluorescence imaging thus allowed the study of distribution,
accumulation and elimination processes of the nanopar-
ticles over several days non-invasively. The distribution of
the nanoparticles within the body was comprehensively
researched further by additional ex vio experiments.
However, fluorescence imaging with different nanoparticle
batches (differing in sizes and in polymer composition) may
pose constraints, such as varying fluorescence intensities.
Due to diversity in dye loading and dye allocation in the
particles, direct comparison of the results and particularly
quantification in tissues obtained with different nanopar-
ticle batches proved challenging. In this work a new
calculation approach is discussed as a basis for future
evaluations of size-dependent tumor accumulation studies
with different nanoparticle batches. Beyond that, exact size
characterization is an important issue, as mentioned above.
Particle sizing at the nanoscale is, however, by no means a
trivial task. The several methods are based on different
measurement principles and the potential existence of
various particle species as well as heterogeneous size
distribution. These are only some of the challenges in size
determination of colloidal formulations. In the present
study, the combination of PCS, AF4 coupled with MALLS
and TEM provided comprehensive information about the
size and morphology of the nanoparticles as a basis for
drawing meaningful conclusions about the @ vio fate of
nanoparticles.

MATERIALS AND METHODS
Materials

3,6-Dimethyl-1,4-dioxan (D,L-lactide), poly(ethylene glycol)
monomethyl ether (mPEG2000; MW =2000 Da), stannous 2-
ethylhexanoate (>95%), phosphotungstic acid (reagent grade),
nile red (NR), Eagle’s minimum essential medium (EMEM),
nutrient mixture HAM’s F-12, sodium dodecyl sulphate and
sorbitol were obtained from Sigma Aldrich, Germany. PLGA
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75:25 (Resomer® 756) was kindly provided by Boehringer
Ingelheim AG, Biberach, Germany. Trypsin-EDTA 0.25%,
Dulbecco’s phosphate-buffered saline (PBS) and 1,1'-diocta-
decyl-3,3,3',3'-tetramethylindotricarbocyanine iodide (DiR)
were purchased from Invitrogen, Germany. Sucrose and
Triton-X (p.a.) were obtained from Merck KGaA, Germany,
and Pluronic® F68 as well as sodium azide from Riedel-de
Haén, Seelze, Germany. Polystyrene standard nanoparticles
were obtained from Duke Scientific, Paolo Alto, United States
(50, 100, 200 nm) and from Beckman Coulter, Germany
(300 nm). Fetal bovine serum (FBS) was purchased from
Biochrom KG, Berlin, Germany and 3-(4,5-Dimethylthiazol-
2-yD-2,5-diphenyltetrazolium bromide (MTT) from Appli-
Chem GmbH, Darmstadt, Germany. All other substances
and solvents were used as received.

Synthesis and Characterization of PEG-PLA Polymers

Biodegradable diblock copolymers PEGoPLAy; and PEG.
PLA4o were synthesized following a previously established
method (20). The numbers refer to the molecular weight
(kDa) of the respective polymer block. The PLA part was
attached to the mPEG part by a ring-opening polymeriza-
tion of 3,6-dimethyl-1,4-dioxan (D,L-dilactide) using stan-
nous 2-cthyl hexanoate as catalyst. First of all, any trace
amounts of water were removed from the educts. There-
fore, about 2 g of the mPEGyggo were dissolved in 100 mL
toluene in a three-neck round-bottom flask and heated; the
reflux of 50 mL toluene was distilled off using a water
separator. D,L-dilactide and 100 mL toluene (20 g and
40 g, respectively) were added, and again 50 mL of the
solvent was distilled off. The final volume of toluene thus
did not exceed 100 mL. After addition of 500 pL glacial
acid and about 400 mg of the catalyst, the mixture was
refluxed for at least 8 h under nitrogen atmosphere.
Afterwards, the toluene was removed by distillation with

200 mL methylene chloride and acetone using a rotary
evaporator. The obtained viscous polymer was dissolved in
acetone and precipitated by dropping into water at 4°C to
remove residual catalyst and water-soluble by-products.
The precipitate was separated, frozen at —80°C and freeze-
dried. Afterwards, the dried polymer was stored under
vacuum. The molecular weight of the synthesized polymers
was determined by "H-NMR and GPC (data not shown).

Preparation of Polymer Nanoparticles

Unloaded (batch A, B and C) and loaded (DiR, batch D
and NR, batch E) polymeric nanoparticles were prepared
by nanoprecipitation (21). Preparation conditions, like
polymer concentration, temperature, impact of volumes
(polymer phase and external phase) and the influence of
stabilizer, were studied preliminarily (22). For nanoparticle
preparation, the respective polymer (2.5, 5 or 10 mg) and—
if applicable—the fluorescence dye were dissolved in 5 mL
acetone (cp. Table I). This organic solution was drop by
drop (2 mL per minute) added to 40 mL of an aqueous
poloxamer solution (0.25% w/v Pluronic® F68) to facilitate
immediate nanoparticle formation. After evaporation of the
organic solvent overnight at room temperature, the
particles were collected by centrifugation (12,500 g;
30 min; 10°C) using an Avanti JE high-speed centrifuge
(Beckman Coulter, Germany) and washed with filtrated
(<1 pum) water. The particles were resuspended in a
solution of either 5 or 10% (w/v) sucrose. Subsequently,
particles were frozen at —80°C for 24 h and freeze-dried at
15°C and 0.120 mbar over at least 2 days using a lab-scale
freeze-dryer (Martin Christ Gefriertrocknungsanlagen,
Osterode am Harz, Germany). Dried samples were sealed
and stored in a desiccator at room temperature under light
protection. For stability evaluation, samples of batch A, B
and C were redispersed in bi-distilled water preserved with

Table 1 Nanoparticle Compositions and Particle Sizes of Different Nanoparticle Batches Measured Directly After Redispersion

Batch A B C D E
Polymer PLGA PEG,PLAY PEG,PLA4 PEG,PLA4-DIR PEG,PLAL-NR
Dye loading - - - 0.5% 0.6%
Polymer concentration © 1.0% 1.0% 1.0% 2.0% 1.0%
PCS - z-average in nm (PDI) 339 (0.52) 113 (0.09) 104 (0.08) 166 (0.13) 103 (0.08)

209 (0.15)°
TEM (hm) 128+ 13 82x15 - - -
MALLS D10 (nm) 127104 6609 62+0.1 48+9.8 59+04
MALLS D50 (nm) 222+9.0 95+0.2 86=1.0 99+4.0 81+0.3
MALLS D90 (nm) 403+29.8 14106 13204 230+3.3 12102

3 The numbers 2 and 20 refer to the molar mass of the polymer block (kDa)
® Dye loading in percent related to the polymer amount
9 Polymer concentration in percent related to the organic solvent

9 Sample was filtered (pore size 0.8 um) prior measurements
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0.02% (w/v) sodium azide and stored in the fridge (5°C) for
3 months.

Particle Size Characterization of Nanoparticles
Photon Correlation Spectroscopy (PCS)

Dynamic light scattering was measured at 25°C in the
backscattering mode (173°) with a High Performance
Particle Sizer (HPPS) from Malvern Instruments (Malvern,
Herrenberg, Germany). Samples were diluted with purified,
filtered (0.2 pm) water (nanoparticle concentration was about
0.1 mg/mL) and measured 4 times with 12—16 runs over 10 s
each at fixed measurement position in the middle of the
cuvette. Due to macroscopic inhomogeneities, PLGA suspen-
sions were filtrated (pore size 0.8 pm, PALL medical,
Dreieich, Germany) and measured once again. Z-average
diameters and PDI were determined by the instruments
cumulant analysis software (version 4.20). Results are given as
average with standard deviation of the 4 measurements (n=4).

Asymmetrical Flow Field-Flow Fractionation (AF4)

Samples were analyzed as described earlier (23). In brief,
the fractionation system (Eclipse AF4, Wyatt, Dernbach,
Germany) was coupled with a multi-angle laser light
scattering (MALLS) detector (DAWN EOS, Wyatt). The
trapezoidal channel (length 265 mm, largest width 21 mm,
height 350 pum) was equipped with a membrane of
regenerated cellulose or polyethersulfone (MWCO 5 kDa,
Microdyn-Nadir, Wiesbaden, Germany). Bi-distilled water
preserved with 0.02% sodium azide and filtered through
0.1 pm was used as carrier liquid. One hundred pL
dispersion (nanoparticle concentration about 1 mg/mL)
was injected during focusing (focus flow 2 mL/min), and
samples were eluted with a constant detector flow of 1 mL/
min and decreasing cross flow. Initially, a high cross flow
gradient (cross flow decreasing from 2 to 0.5 mL/min
within 5 min) was applied to assure baseline separation of
the nanoparticles from the void peak followed by a decreasing
cross flow (0.5-0 mL/min within 35 min) to separate the
nanoparticles. Size evaluations were done by the Astra
software 4.90 (Wyatt) using the particle mode and assuming
compact spheres (23). Mass weighted size distributions and
the characteristic diameters (D10, D50, and D90) were
calculated using the binning method (23). Similarly as in
PCS measurements, the dispersion of PLGA nanoparticles
was filtered (pore size 0.8 pm) prior to the measurements.
The separation accuracy of the A4F/MALLS system was
checked by using a mixture of 50, 100, 200 and 300 nm
polystyrene standard nanoparticles as described earlier (23).
All samples were measured in triplicate, and results are
given as average with standard deviation (n=3).
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Transmission Electron Microscopy (TEM)

About 10 pL of diluted aqueous nanoparticle dispersions
were placed on 3.05 mm formvar/carbon-coated copper
grids (300 mesh) and negatively stained with phosphotungs-
tic acid (2% in water) for 30 s. Samples were subsequently
dried under vacuum and viewed in a Zeiss EM CG/CR (Carl
Zeiss AG, Germany) at 60 kV operating voltage. Particle
size was estimated by manually measuring the diameter of
100 randomly chosen particles for each sample. The mean
size was determined for each sample in triplicate (n=3).

In Vitro Cytotoxicity Assay

Biocompatibility was tested with hamster endothelia (chi-
nese hamster ovary (CHO)) cells and mouse fibroblasts
(L929). They were cultured in HAMs F12 and EMEM,
respectively, each supplemented with 10% FBS at standard
cell culture conditions (37°C; 95% relative humidity and
5% COy). Evaluation was done using the well-established
MTT assay (24). Twenty four h after seeding the cells in 96
well-plates, media were removed and 0.01, 0.1 and 1 mg/
mL of PLGA or PEGoPLAy, nanoparticles, redispersed in
cell culture medium, were added. After 4 h of incubation at
standard conditions, the cell culture medium was removed,
and cells were washed once with PBS (pH=7.2). After-
wards, 200 pL. of a MTT in PBS solution was added to
cach well (final concentration of 0.4 mg/mL), and cultures
were again incubated for 4 h under the same conditions.
Thereafter, the supernatant was carefully aspirated, and a
solution of sodium dodecyl sulphate (10% in PBS) was
added for cell lysis. For the dissolution of the precipitated
formazan crystals, the well-plates were stored over 24 h at
room temperature under exclusion of light. Subsequently,
quantitative formazan concentration was determined by
measuring the optical density at 550 nm with a background
correction at 630 nm using an automatic microplate reader
(TiterTek Plus, Germany). The water-soluble MT'T is only
converted into an insoluble formazan dye by the mitochon-
drial dehydrogenase by living cells (25). Cytotoxicity is
expressed as cell viability of the treated cells relative to the
untreated ones (negative control). A solution of Triton X
0.5% in PBS was used as a positive control; untreated cells
with medium served as a negative control, and blank values
were obtained from cell-free medium.

In Vivo Imaging and Analysis

Distribution, accumulation and elimination processes were
studied by measuring the fluorescence signal of the
respective dye which was incorporated into the nano-
particles. All procedures of the in vivo experiments complied
with the standards for use of animal subjects as stated in the
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guideline from the animal care and use committee of Saxony
Anbhalt. All i vivo studies were performed in nude, female
and male mice (Crl:SKH1-H7"", 25-30 g) from Charles River
Lab, which have humoral and cellular immunity comparable
to G57B1/6 mice (26). All mice were housed under
controlled conditions (12 h light/dark schedule, 24°C).

An aliquot (2.0, 4.0, 6.0 and 6.5 mg polymer, 5%
sucrose) of the freeze-dried fluorescent nanoparticles was
redispersed in 1 ml of purified water and isotonised with
sorbitol. Sixty pL of each sample were then slowly injected
into the tail vein of non-narcotized mice. During the
imaging procedure, a mixture of isofluorane/oxygen was
used as anaesthesia gas with an initial flow of 4%
isofluorane (3.0 L/min oxygen) and a steady-state flow of
1.8% isofluorane (1.5 L/min oxygen). All mice were placed
under same conditions (stage height, mouse position,
objective adjustment) on a 35°C temperature-controlled
heating plate to protect them for cooling out.

All i vwo fluorescence imaging measurements were
carried out using the Maestro™ i vwo fluorescence imaging
system (Cambridge Research & Instrumentation, Woburn,
United States) and the Maestro™ software (version 2.10)
(27). A Cermax®-type 300 Watt Xenon lamp with 5600 K,
a NIR excitation filter (710-760 nm) and an 800 nm long-
pass emission filter were used to detect DiR. The software
acquired multispectral image cubes in 10 nm steps in the
spectral range between 780 and 950 nm. The exposure
time was automatically set to optimum values by the
software (autoexpose function). An  vilro reference spec-
trum was obtained from the aqueous dispersion of DiR-
loaded nanoparticles prior to injection, and the @ vivo
reference DiR spectrum was generated 45 min after the
injection by the signal from the nanoparticles accumulated
in the liver. This signal was corrected by the manual
compute function using the auto-fluorescence signal of an
untreated mouse, which was measured under the same
conditions. This auto-fluorescence signal was also set as
background for all further data evaluations. This way, the
received emission information could be divided (unmixed)
into parts allocated to auto-fluorescence of the body and
those caused by the nanoparticles (28,29). Using both
spectra, grayscale images were generated from each of the
respective emission spectra. These pictures were then used
for the calculation of intensity weighted images using an
incremental jet color profile. The software’s ‘compare
images’ function allows comparison of images taken under
different conditions (eg. exposure times). Therefore, all
grayscale DiR images were correlated to the respective
exposure times. Pixels with maximum intensities are set to
dark red, and pixels with zero fluorescence to black with a
gradation from red to orange, yellow, light and dark blue in
between. Detection of NR was carried out with the green
filter set (excitation filter: 503-555 nm, emission filter:

580 nm long-pass, acquisition setting: 550—800 nm) in 2 nm
steps. Fluorescent imaging files were acquired during the
first hour after injection. All other parameters accorded to
the DiR measurements.

Ex Vivo Imaging and Analysis

For ex vivo analysis, the mice were sacrificed using carbon
dioxide 24 h after injecting the nanoparticles. Excised
organs were imaged with the Maestro™ i vivo imaging
system. To ensure reproducible conditions like the arrange-
ment of the organs, positioning in the Maestro™, incident
angle of the light, ef., the organs or respective organ parts
(intestine and liver in the size of the hole) were placed into a
24-holes well-plate. The imaging procedure accorded with
the @ wviwo measurements. To detect potential minor
accumulation in different organs, exposure times above
the autoexposed values were used. Therefore, the liver was
masked with a black plastic plate to inhibit an overexpo-
sure. For further calculation and evaluation, a region of
interest (ROI) in the size of the holes of the well-plate was
generated, and the corresponding exposure-time weighted
total and maximum fluorescence signals were calculated.
To exclude the influence of different dye amounts due to
varying nanoparticle concentration, the ex vivo total intensity
value was divided through the maximum intensity of the in
vitro emission spectra of the nanoparticles. These i vitro
spectra were measured prior to injection, all in equal
volumes and under the same measurement conditions.
Afterwards, all values were normalized to 100% related to
the highest fluorescence intensity.

RESULT AND DISCUSSION
Physicochemical Properties
Photon Correlation Spectroscopy (PCS)

PCS allows fast, robust and reproducible measurements of
intensity weighed, hydrodynamic mean diameters of par-
ticles in the size range between about 5 nm and 2 pm. For
the PEG-PLA nanoparticles, hydrodynamic diameters
between 104 and 166 nm were measured (Table I and
Fig. la). PDI values below 0.13 indicate that the nano-
particles are, compared to literature data, rather homoge-
neous in size (12). A higher polymer amount and the
incorporation of DiR increased the particle size to about
60 nm and also slightly the PDI. PLGA nanoparticles were
distinctly larger, and the high PDI (0.52) indicates inhomo-
geneity, which was already macroscopically visible. For the
filtered (0.8 um) dispersion, a z-average of 209 nm and a
PDI of 0.15 were measured.
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Fig. I (@) D10, D50 and D90 diameters determined by AF4/MALLS and PCS z-averages measured immediately after redispersion and after 3 months
storage (batch a, b and ¢) at 5°C (marked with *); (b) AF4/MALLS cumulative size distributions of freshly redispersed PLGA (a), PEG,PLAq (b),
PEG,PLA4 (€) and PEG,PLA, — DIR (d) nanoparticle suspensions. (€) TEM image of batch B nanoparticles.

Transmission Electron Microscopy (TEM)

Visualization of two nanoparticle batches was carried out
by TEM of negatively stained samples (Fig. 1c). The
dimensions of the nanoparticles are shown in Table L
The sizes were generally smaller than those determined by
PCS (30,31) and AF4/MALLS. However, PCS determines
the hydrodynamic diameter of particles, which is sensitive
to the hydrated PEG chains on the surface of the
nanoparticles. In contrast, dried nanoparticles were viewed
in TEM, and size calculations are weighted by the number
of the particles. Bigger particles are less frequent in the
prepared batch than smaller ones. Furthermore, in the light
scattering methods larger sample volumes are measured
compared to TEM. If there are bigger particles present in
the batch, they have a distinct effect to the calculation in
PCS, but they will probably not be detected with TEM.

Asymmetrical Flow Field-Flow Fractionation (AF4)

AF4 combined with MALLS allows accurate size evaluation
due to sample separation prior size determination (23,32).
The characteristic D10, D50 and D90 diameters of the
mass-weighted size distributions are shown in Table I and
Fig. la. PCS z-averages were larger than the median (D50)
determined by AF4/MALLS. This is the result of the water
binding between the PEG chains on the nanoparticle
surfaces as discussed above. This influences the movement
of the nanoparticles during the PCS measurements and
thereby the detected nanoparticle size. Due to principle of
MALLS measurements, which was applied to retrieve
geometrical mass weighted particle sizes (RMS radius or
radius of gyration) (33), the influence of the water shell is
reduced. However, overall the D50 diameters confirm the
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size trend between the different nanoparticle batches
measured in PGS and TEM. The larger difference between
the PCS and MALLS results of batch D compared to batch
B and C can probably be attributed to the higher sensitivity
at both ends of the particle size distribution in the AF4/
MALLS, which allows better quantification of smaller and
larger particles in the sample. Size distribution was clearly
broader in batch D compared to those of batch B and C
(Fig. 1b). This is in good agreement with the higher PDI
measured with PCS for batch D nanoparticles. The
possibility of analyzing the amount of smaller and bigger
particles in the dispersion is of great importance for
meaningful interpretation of the m vivo results. The broad
distribution of batch A (PLGA nanoparticles) with D90
values up to 400 nm is also visible in the cumulative size
distribution (Fig. 1b), although the sample was filtered
before the measurements. Due to this inhomogeneity in size
as well as the absence of PEG, which would yield in higher
accumulations in the RES (11,13), the PLGA nanoparticles
were not studied m vivo.

Stability Evaluation

Potential physical instability and polymer degradation
during storage in aqueous dispersion were investigated by
PCS and AF4/MALLS. The results are shown in Table II.
D10, D50 and D90 diameters (AF4/MALLS) are also given
in Fig. la (marked with *). The size of both PEG-PLA
nanoparticle batches stayed constant during storage. This is
in accordance with literature data which has shown that
such nanoparticles are comparatively stable for several
months when stored at 5°C (34,35). They also reported
vitro studies at 37°C where they showed polymer and
particle degradation within several months. This can be
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Table Il PCS and AF4/MALLS Particle Sizes of Freshly Dispersed Nanoparticle Batches and After Storage the Diluted Samples for 3 Month at 5°C

Batch AD B C
Polymera) PLGA PEG,PLAY PEG,PLA4

fresh 3 Months fresh 3 Months fresh 3 Months
PCS - Z-average in nm (PDI) 209 (0.15) 207 (0.13) 113 (0.09) 113 (0.09) 104 (0.08) 103 (0.05)
MALLS D10 (nm) 127+10.4 121 +1.7 66+0.9 65+ 1.2 62=+0.1 62+ 1.1
MALLS D50 (nm) 222+9.0 208+ 1.6 95+0.2 95+0.4 86+ 1.0 86+0.5
MALLS D90 (nm) 403+29.8 377+1.7 143+0.6 140+0.7 132+0.4 132+0.3

3 The numbers 2 and 20 refer to the molar mass of the polymer block (kDa)

® Sample was filtered (pore size 0.8 m) prior measurements

assigned to possible i viwo behaviour and attest compara-
tively slow particle degradation. The high reproducibility of
both PCS and AF4/MALLS results underlines the narrow
distribution of the produced nanoparticle batches. The
AF4/MALLS size results of (filtered) PLGA nanoparticles
showed a slight decrease of the particle size, mainly in the
upper size range, which may be an indication of starting
polymer degradation (marked with black arrow in Fig. 1a).
It has been reported that the rate of PLGA degradation is
slightly increased in bigger particles, although this was more
pronounced at higher temperatures (35). Overall, results
indicate accurate stability of the nanoparticles in the dry
state and even in aqueous dispersion, which makes them
ideal for further applications.

In Vitro Cytotoxicity Assay

More than 90% of the cells were still viable after treatment
with the nanoparticles in a concentration range between
0.01 and 0.1 mg/mL. This is in good accordance with
literature data (36). Batch A and B (PLGA and PLA,.
PEGy) nanoparticles might thus be recognized as biocom-
patible, which was the requirement for further i vio
experiments. Good biocompatibility can also be assumed
for the PLAYPEG,4, nanoparticles due to the similar
chemical composition.

In Vivo Imaging

Dialkylcarbocyanine dyes like Dil and DiR are widely used
as tracers in living and fixed tissues, cells and i vivo imaging
experiments (37-39). The emission spectrum of the dyes is
very broad, which facilitates exact detection also i vio.
Furthermore, they are very stable, have low bleaching
properties (38) and remain fluorescent also & viwo for up to
one year (40). Dyes with fluorescence emission in the NIR
region (700-900 nm) are required for detailed i vivo
characterizations, particularly in deeper tissues (18). Biological

tissues have a high photon absorbance of fluorescence
emission light in the visible wavelength range (350-
700 nm), mainly caused by hemoglobin but also in the
upper infrared range (above 900 nm) due to the presence of
water (41). In contrast, many tissues are optically transparent
in the narrow spectral NIR area. DiR is a favorable dye with
a fluorescent emission in the near infrared. Furthermore, as
DiR is very lipophilic (42), it is tightly incorporated between
the lipophilic PLA chains into the nanoparticles. Represen-
tative, measured  vitro and extracted m vivo emission spectra
of DiR and of NR are shown in Fig. 2a. Compared with
literature data, the @ vitro emission maxima of DiR is slightly
shifted bathochrom to higher wavelengths. This is caused by
the cut-on of the emission filter set of the Maestro™ imaging
system. Thus, for DiR the emission maximum was measured
in vitro at about 818 nm instead of the manufacturer’s and
published information of about 775 nm (38). However, this
effect has no influence on the results and data interpretation,
since all spectral analyses were only done with the Maestro™
system and the respective i vitro and i vivo reference spectra.
It is furthermore visible that the DiR emission spectra were
similar # vitro and i vwo, indicating that the penetration of
emitted fluorescence light through living tissue has no
influence on the spectra profile, thus allowing exact detection
of nanoparticles i viwo. In contrast, a spectral shift is visible
between the i vitro and m viwo spectra when NR was
incorporated into the nanoparticles (batch E, Fig. 2a). This
finding can be attributed to the influence of the local polarity
on the NR emission maxima. Increasing polarities result in a
shift of the emission maxima to higher wavelengths and a
decrease of the quantum yield. NR is nearly non-fluorescent
in pure aqueous media (43).

Figures 2b and c show the images of a mouse 15 and
40 min after injection of nanoparticles loaded with NR
(batch E), indicating that i vivo imaging of the nanoparticle
distribution is in principal possible also with non-NIR dyes.
However, nanoparticle accumulation in liver and spleen
could not be detected due to the above-mentioned high
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Fig. 2 (a) Normalized fluorescence in vitro and extracted in vivo emission spectra of NR and DiR. The DiR spectra are virtually overlapped. (b—e)
Fluorescence intensity images of two mice 15 (b, d) and 40 min (c, e) after injecting NR (b, ¢) or rather DiR nanoparticles (d, e).

photon absorbance of biological tissues. Furthermore, the
images agree with m vitro NR release studies (44) that
showed a fast release of NR from the particles and
elimination of the dye through the urine pathway. Due to
the low log P value of NR (reported to be 3.8 (45)-5.1 (46))
compared to lipophilic carbocyanine dyes like DiR (log P
values between 17.4 (42,47) and 20 (48)), NR is fast released
from the particles. Although NR does not fluoresce in water
(43), the dye may bind to proteins which are circulating
through the blood stream, thus remaining fluorescent (49).
The high fluorescence signal in the urine could be caused
by binding of NR to smaller proteins, which are normally
eliminated by the kidneys via the urine (50).

The very lipophilic properties of the DiR dye prevents a
release from the nanoparticles. This is confirmed by other
groups who showed that dialkylcarbocynanine is not or is
only very slowly released from lipophilic nanocarriers (44,
51). Overall, these results confirm the expectation that for
accumulation studies highly lipophilic dyes have to be
incorporated to image the fate of nanoparticles in detail.
The results after injecting DiR nanoparticles are shown in
Fig. 2d and e. An accumulation in the bladder was not
detected, as expected.

Distribution Studies

Tests about the m viwo fate of nanoparticles as well as the
constraints of detection the distribution and accumulation
were started by intravenous (i.v.) injection of batch D
nanoparticle dispersions. The animals were imaged at
various time points (z.e., > min after injection, 2 days). The
visualized information from the abdomen of a mouse is
shown as an inverted grayscale image in Fig. 3. Black is
allocated to high DiR emission intensities and white to the
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background signal. Five min after injection, the blood
vessels are clearly visible (Fig. 3b). During the first 6 h these
vessels were still detectable, but sharpness and fluorescence
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Fig. 3 (a) Normalized intensity profile of total signals from the whole body
of 5 mice in dependence on time. (b and €) In vivo images of the DR
emission signal from the abdomen of a nude mouse. Arrows mark areas
with high fluorescence intensities (spleen and tail due to injection procedure).
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intensity decreased slowly. This is in agreement with
literature data where the plasma half-life time of about
6 h is given (52). Furthermore, there are two black parts in
the image (marked by white arrows). They point to a part
of the tail as well as the spleen at the right side of the
mouse. A nanoparticle accumulation in the tail can be
assigned to the injection procedure, where the tail is slightly
fixed by hand to immobilize it. This may result in micro
lesions where nanoparticles can pass the vascular wall
resulting in a nanoparticle accumulation near the injection
site. After 48 h (Fig. 3c), no defined fluorescent areas are
identifiable anymore. All nanoparticles are eliminated or at
least accumulated in RES body structures.

Due to the resolution of the CCD camera chip,
analysis of the blood vessels on their own to calculate
blood half-life times was not possible. Instead, the total
signal of the whole body from five mice was measured at
different time points (Fig. 3a). The calculated values are
the sum of all subcutaneous dye signals (from blood
vessels, upper parts of liver and spleen). They indicate that
50% of the initially detectable nanoparticles were elimi-
nated after about 45 min and 75% after 95 min. However,
as the blood vessels were detectable during the first 6 h,
sufficient nanoparticles were still circulating. It is widely
known that PLA nanoparticles without surface modifica-
tion or ones which are only stabilized with poloxamer 188
have a half-life of just a few minutes (52,53). Due to the
fact that PEG chains can adopt brush-like structures, they
have the ability to reduce phagocytosis i viwo (54). The
prolonged circulation due to reduced phagocytosis and
opsonisation yields a subsequently reduced clearance by the
reticuloendothelial system (RES). Consequently, nanopar-
ticles are not eliminated as fast and may accumulate in, eg.,
tumor tissues (1,7).

Accumulation Studies

Nanoparticle distribution and accumulation was followed in
more detail by imaging the abdominal site of female mice
at different time points (Fig. 4a—h). Five min after injection
the whole body of the abdomen is homogeneous colored
blue with some brighter blue parts in the chest (Fig. 4a),
confirming that nanoparticles circulate homogeneously
through the body and accumulate in the RES as a part of
the immune system where the phagocytic cells are located
in reticular connective tissues. After 4 h, the maximal
fluorescence is visible in the area of the liver (Fig. 4b).
Accumulation of the DiR nanoparticles in the spleen is also
visible in the right part of the image (marked by arrow).
Accumulation in the spleen could clearly be shown in the
jet color images where the color is scaled to the respective
image (Fig. 4e and f). Figure 4e shows the homogeneous
fluorescent liver and the minor fluorescent spleen (marked

by an arrow). During the next few days, nanoparticle
accumulation in the RES decreased continuously, but
fluorescence was still detectable after five days (Fig. 4d). In
vitro tests have shown that the polymer degradation strongly
depends on temperature and accelerates when temperature
is increased, eg. from 5 to >25°C rapidly (34, 35).
However, even at 37°C, complete polymer degradation
takes still more than one month depending on the
dissolution media. Therefore, it can be assumed that the
nanoparticles will be also slowly disintegrated i vivo and
can be detected in the jet color images even five days after
injection (Fig. 4h).

Ex Vivo Imaging

Ex vwo studies could provide more detailed information
about the nanoparticle accumulation in the different tissues.
Mice were sacrificed 24 h after nanoparticle injection, and
the respective organs were placed in a 24-holes well-plate
(Fig. 4i). Measuring the viscera of an untreated mouse
resulted in a black image without any detectable fluores-
cence signal as shown in Fig. 4j. This control confirms the
selectivity in detecting the DiR dye using fluorescence
imaging. Figure 4k shows the isolated organs. As expected,
high fluorescence intensity was visible in the liver but could
also be detected in small parts of the ovaries. No signals
were visible in the other organs. However, after masking
the liver tissue with a black plastic plate, which allowed
higher exposure times, nanoparticle accumulation could
also be visualized in the intestine, uterus and spleen
(Fig. 41). The absence of fluorescence in the kidneys
indicates that the nanoparticles as well as the dye are not
eliminated by urine. This was expected due to the highly
lipophilic character of the dye and the size of the
nanoparticles. Very lipophilic molecules are often eliminated
by bio-conjugation in the liver and excretion via the gall into
the intestine (53). Afterwards, they are excreted with the
feces. This elimination route was confirmed by the detected
fluorescence in the intestine in Fig. 41.

By implementing a round region of interest (ROI) in the
size of the well-plate hole (cp. IFig. 4k) measuring different
parameters of each organ became possible, determining
total, maximum and average signal intensities, which are
related or not related to the respective exposure times. By
detailed analysis of this data, quantitative information can
be obtained. Maximum and total signal intensities corre-
lated well to the exposure times and were most suitable for
further calculations. The maximum intensity values allow
the comparison of nanoparticle accumulation in organs
differing in size. For example, a high enrichment in a part
of a tissue leads to high maximum intensity values within
the ROI The total signal of the same sample, as the sum of
all pixels in the ROI, would be, however, only slightly
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Fig. 4 (a—d) Comparative fluorescence intensity images of a nude, female mouse as chronological sequence; (e—h) jet color fluorescence intensity images
of the left (e) and ventral side (f-h) of the same nude, female mouse (exposure time =200 ms); (i-I) ex vivo intensity images of several organs in the
following order from left to right, initiating from the top: intestine, fat, uterus with ovary, liver, gall bladder, lung, spleen, kidneys and heart; (i) original
image; (j) untreated mouse and jet color intensity images 24 h after application: (k) (exposure time =400 ms) and (I) (2000 ms exposure time and with
masked liver).

increased. Nevertheless, the total signal is a value with
lower variability between different measurements. The
normalized maximum and total intensities from selected
organs are shown in Iig. 5. Neither exposure time nor
usage of the black plastic plate had an influence on the
results (except the liver). Thus, potential errors caused by
different exposure times which are not in the optimum
range of the respective organ can be excluded, and results
obtained by automatically set exposure times can be
compared. It is also worth noting that the standard
deviation is much larger for the maximum signal (Fig. 5b)
compared to total intensity (Fig. 5a).

@ Springer

As shown in Fig. 5a, ex-vwo results confirm the nano-
particle accumulation in the RES organs liver and spleen as
already detected in vivo. No total intensity was noticed in fat
tissues and the lungs, and only slight signals were present in
the intestines and in the kidneys. Overall, the same trend
was found when analysing the normalized maximum
intensities (Fig. 5b). Interestingly, a maximum signal of
about 25% was also found in the lung. However, a distinct
accumulation of the nanoparticles in the lungs appears not
to be due to the standard deviation. This was very high and
there was neither a signal found in the evaluation of the
total signal nor in the images as shown in Fig. 4. Other
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Fig. 5 Exposure time related total (@) and maximum (b) intensities from
different organs measured with different exposure times (n =4).

viscera like fat tissue and kidneys showed maximum
intensity levels of 10% or less, which is in the same range
of the masked liver values. This can be attributed to the
detection limits using the maximum intensity values.
Intensities of about 15% were found in the intestine,
confirming the image results (Fig. 41) as well as the
calculated total intensity (Fig. 5a). The different fluores-
cence ratios (liver to spleen) of about 5:1 for the total signal
and 2:1 for the maximum are due to differences in the size
of the organs. The spleen is much smaller than the liver.

The influence of the nanoparticle concentration on their
biodistribution is shown in Fig. 6. These experiments were
carried out to evaluate the influence of varying nanoparticle
amounts on the accumulation behaviour and to determine
the detection limits for imaging. The injection of 60 pL
with a nanoparticle concentration of 2.0 mg/mL (injected
mass 0.12 mg) did not allow meaningful data analysis due
to the too low fluorescence intensity. The range between
4.0 and 6.5 mg/mL (injected mass between 0.24 and
0.39 mg) yielded reproducible results with an average
variation of about 15% or less. The total signals were
independent of the sex of the mice. However, the age of the
mice may be an important factor: Total signals in the
spleen were higher in the mice that were three times older
(Fig. 6), probably due to the increase in organ size with age.
Age dependence was not observed in the liver signal, but
this organ is bigger than the hole of the well plate, and
only a part of the liver (similar in size for all mice) was
studied.

CONCLUSION

This work demonstrates the preparation, characterization
and application of PEG-PLA block polymer nanoparticles
with defined sizes and narrow size distribution. To
prolong the i vivo circulation time, PEG with an average
molecular weight of 2000 was covalently bound to PLA,

¥  data points

V] liver

60 —

normalized total intensity [%)]

2.0 4.0 6.0 6.5
mgImL1 mgImL2 mglmL1 mg/mL 12
Fig. 6 Normalized total ex vivo intensities of different batch D nanoparticle

injection concentrations: 2.0, 4.0, 6.0 and 6.5 mg per | mL with an age of
3,3, 9 and 3 months from the left (' =female, >=male; =3, *n=4).
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and nanoparticles composed of PEG-PLA block co-
polymers could be prepared. Nanoparticles were lyoph-
ilized to assure long-term stability, but even the aqueous
dispersions were stable over at least three months when
stored at 5°C. PEG-PLA nanoparticles were biocompat-
ible and non-toxic to CHO and 1.929 cells, and detailed
particle size characterization by PCS, AF4/MALLS and
TEM provided accurate size information. AF4/MALLS
results showed that even in batches with rather low
polydispersity indices (PCS z-average=166 nm, PDI=
0.13, batch D), 10% of the nanoparticles were smaller
than 48 nm (D10) and the same amount larger than
230 nm (D90). This confirms the need to combine
different size measurement techniques for detailed parti-
cle size characterization as consumption for size-depen-
dent biodistribution studies and underlines the necessity
of preparing and characterizing homogeneous nanopar-
ticles for further n vivo experiments.

First, i viwo experiments with NR-loaded nanoparticles
indicated a fast release of the dye from the particles after
injection, resulting in rapid dye elimination from the
bloodstream. In contrast, incorporation of the highly
hydrophobic DiR allowed direct detection of the nano-
particles in the blood stream for up to 6 h. Consequently,
these nanoparticles will have sufficient time to accumulate
in tumor tissue due to the EPR effect. Detailed information
about nanoparticle accumulation in various organs was
obtained by fluorescence imaging and measuring the total
and maximum fluorescence signals in the organs ex vwo.
Based on our results, the combination of these values and
the comparison with the i vivo imaging data appears to be
a promising approach to study nanoparticle accumulation
in different organs. Furthermore a new calculation ap-
proach was described, which allows the comparison of
nanoparticle batches with varying fluorescence intensities.
This provides the basis for the determination of the
influence of varying particle sizes on the i viwo fate. In the
future, tumor accumulation should be studied using PEG-
PLA nanoparticle batches with different sizes but narrow
and well-established size distribution in two tumor models
with different shapes and growth rates: the colon carcinoma
(Ht29) and the ovarian carcinoma (A2780).
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