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ABSTRACT

Background: Perfluorocarbon (PFC)-nanoemulsions (NE) are a convenient tool for '°F magnetic resonance imaging in cell and animal experiments. Typical pre-
paration methods, like high-pressure homogenization or microfluidization, produce nanoemulsions in mL-scale. However, experiments usually require only miniscule
amounts of PFC-NE, several 100 uL. For site-specific imaging tissue-specific ligands, e.g. peptides or antibodies, are covalently bound to the NE surface. This requires
the use of expensive functionalized phospholipids containing reactive groups (e.g. maleimide), which often deteriorate quickly in liquid storage, rendering the
manufacturing process highly cost-inefficient. A technique to manufacture storage stable NE that maintain their functionality for coupling of various ligands is
desired.

Methods and results: Different PFC-NE formulations and preparation techniques were compared and the most suitable of these was tested in short-, as well as long-
term stability tests. Droplet size stability was investigated by dynamic light scattering and cryogenic transmission electron microscopy over 1.5 a. Surface mod-
ifiability was assessed by a fluorescence assay. The utility of these NE was proven in an in vitro model.

Conclusion: The established PFC-NE platform offers a cost-efficient way to produce larger amounts of long-term storable imaging agents, which can be surface-

modified on demand for application in targeted '°F MRI.

1. Introduction

Surface modification of perfluorocarbon (PFC)-nanoemulsions (NE)
has become a valuable tool in research involving '°F magnetic re-
sonance imaging (MRI) of cell or animal models [1,2]. While cell ex-
periments and most animal experiments involving the use of smaller
animals such as mice or rats require only miniscule amounts of PFC-NE,
approximately 50 uL for cell assays and up to 200 pL for mouse ex-
periments [3], the standard methods used to prepare PFC-NE produce
several mL of PFC-NE. The main components, PFCs, are fairly expensive
to manufacture and are required in substantial amounts for the pre-
paration of PFC-NE preparation, rendering any excess product a waste
of resources.

PFCs are fully fluorine substituted hydrocarbons, which can contain
one or several heteroatoms. The size and structure of PFCs are varied,
with both linear and cyclic PFCs available. A common feature among
them is the electron dense and hardly polarizable fluorine atom shell
which encloses the molecules. Furthermore C-F-bonds rank among the
strongest known o-bond in organic chemistry [4]. Those traits lead to
the extreme inertness of PFCs, as well as a low intermolecular force,
making them very nonpolar and often described as fluorophilic. They
are also very stable towards enzymes and in biological compartments

[5].
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Their biological inertness paired with their high gasdissolving ca-
pacity has made them interesting substances in the search for oxygen
carriers in case of severe blood loss [6]. For this purpose, PFC have to be
formulated into nanoemulsions for intravenous administration. One
adverse reaction which has been noted upon administration of PFC-NE
are flu-like symptoms, an effect that is primarily due to the uptake of
phospholipid particles by cells of the reticuloendothelial system [7].
This immune reaction has been further exploited to target circulating
monocytes in the blood stream with PFC-NE. Monocytes ingest the
droplets and migrate to inflammation sites, leading to a cumulation of
PFC-NE in inflamed tissues [1]. '°F MRI is able to delineate the raised
levels of PFC and helps correlate their spatial position through the
overlaying with an additional '"H MR image. Possible fields of appli-
cation include disease models related to inflammation processes, such
as pulmonary inflammation [8], intratumoral inflammation [9], graft
rejection [10] myocardial infarction [11], etc. For these applications
two PFC are of special interest for research, perfluorooctylbromide
(PFOB) due to its short half-life in organism of only several days, and in
particular perfluoro-15-crown-5-ether (PFCE) in animal models, be-
cause of its simple '°F NMR spectrum and high detectability by '°F MRI
[12-14].

To expand the fields of application, NE particles can be surface-
modified with peptides, proteins or even small molecules to label
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specific cells that exhibit a unique surface-target [2,15-17]. One disease
model that has been shown to be accessible via surface-modified PFC-
NE are venous thrombi [2]. A newer animal model entails the labeling
of certain modified immune cells with PFC-NE, which have been sur-
face-modified with GFP [16]. Surface modification is often realized by
inserting already conjugated anchor molecules — mostly PEG-phos-
pholipids or PEG-sterols — into plain PFC-NE. This process is known as
the post-insertion technique (PIT) [2,18] or sterol-based post-insertion
technique (SPIT) [19,20]. PIT involves the incubation of PFC-NE and
anchor-ligand conjugate at 60 °C for one hour, whereas SPIT can be
performed at room temperature. Therefore, PIT is a technique that is
limited to ligands exhibiting sufficient stability at 60 °C. Chemical
moieties used for linkage of anchor molecule to ligand include N-hy-
droxysuccinimide and maleimide residues. Maleimide residues offer the
advantage of much greater chemical stability and therefore higher re-
action specificity, limiting linking reactions primarily to thiol residues.
This makes maleimide-thiol linkage a much more reliable tool for
generating the desired binding of a ligand to the anchor molecule [21].
Unfortunately, even maleimide residues deteriorate after about 24 h in
aqueous solution with a pH of around 7 [22]. Because of this, surface
modification of PFC-NE is required just-in-time to realize sufficient la-
beling. However, preparation processes such as high-pressure homo-
genization and microfluidization, which are standard for NE manu-
facture, mostly involve the production of larger batch sizes of NE than
needed.

A solution to this problem would be storage-stable and surface-
modifiable PFC-NE, which could be prepared in advance, and then
conjugated to a multitude of structures on demand. Because of the in-
stability of maleimide residues in aqueous solutions [22], a storage
method in which particle motion and therefore hydrolysis is mostly
disabled must be chosen. Lyophilization is hard to accomplish for na-
noemulsions due to coalescence, especially for PFC-NE since PFCs also
exhibit rather high vapor pressures [5,23]. A preferable possibility
would be the storage of maleimide-containing PFC-NE in a frozen state.
However, the stability of such PFC-NE against freezing and thawing has
not been well explored to date. To investigate the storage stability of
(surface-modifiable) PFC-NE in a frozen state, the method used to de-
termine the quality of the PFC-NE must first be clarified. Two main
attributes of surface-modifiable PFC-NE may change over time: The
particle size distribution may change due to coalescence or Ostwald-
ripening [24,25]; and the amount of reactive maleimide residues on the
particle surface may decrease due to hydrolysis [22].

As a result, the quality of surface-modifiable PFC-NE can be assessed
by determining droplet size, as well as the amount of reactive mal-
eimide residues on the NE particle surface. Particle size and mor-
phology can be measured by dynamic light scattering (DLS) and cryo-
genic transmission electron microscopy (cryoTEM) [25,26], while
integrity of maleimide residues on the particle surface can be measured
by conjugation of those residues to a small fluorescent tag containing a
reactive thiol, as in the case of 5((2-(and-3)-S-(acetylmercapto)-succi-
noyl)amino)-fluorescein (SAMSA-fl) [27].

A direct method for the verification of maleimide integrity on the
NE surface and utility for an active targeting is the conduct of an al-
ready established thrombi model. In this cell assay utility of PFC-NE for
active targeting is shown in vitro by '°F MRI for two different peptides.

The aim of this work was therefore to develop a PFC-nanoemulsion
system which is stable to freeze-thawing and which can be surface-
modified on demand even after long-term storage in frozen state. In the
development process we first analyzed non-pegylated and pegylated
PFC-NE for their stability to freeze-thawing in two buffer systems.
Secondly, we compared different methods of PFC-NE functionalization
in a fluorescence assay. Finally, we assessed the short- and long-term
stability of those PFC-NE, including a practical test using in vitro pro-
duced thrombi.
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2. Materials and methods
2.1. Materials

Perfluoro-15-crown-5-ether (PFCE) (purity 99%) and per-
fluorooctylbromide (PFOB) (purity 98 %) were purchased from ABCR
(Karlsruhe, Germany). S75, a phospholipid blend from soy beans, and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000] (ammonium salt) (DSPE-mPEG(2000)) (purity
98 %) were kindly provided by Lipoid (Ludwigshafen, Germany). 1,2-
Distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(poly-
ethylene glycol)-2000] (ammonium salt) (DSPE-PEG-mal) (purity 99 %)
was purchased from Avanti Polar Lipids (Alabaster, USA). 5((2-(and-3)-
S-(acetylmercapto)-succinoyl)amino)-fluorescein (SAMSA-fl) was from
Life Technologies (Darmstadt, Germany). Sepharose CL-4B was from GE
Healthcare (Chalfont St Giles, United Kingdom).

a2-antiplasmin-derived peptide + 5(6)-carboxy-fluorescein (a2%?)
and a2-antiplasmin-derived peptide with Q3 converted to A, low affi-
nity + 5(6)-carboxyfluorescein (Q3A) were purchased from Genaxxon
Bioscience (Ulm, Germany). Thrombin was obtained from Sigma
Aldrich (Steinheim, Germany).

HEPES-glycerol-buffer (HGB) contained 10 mM HEPES, 280 mM
glycerol; pH was adjusted to 7.0 using 2M NaOH-solution. HEPES
buffered saline (HBS) contained 10 mM HEPES, 140 mM NaCl; pH was
adjusted to 7.0 using 2 M NaOH-solution

2.2. Preparation of PFC-NE

The compositions of the different PFC-NE formulations are listed in
Table 1.

2.2.1. Preparation of plain PFOB-NE, PEG PFOB-NE and plain PFCE-NE

Buffer was degassed and all compounds were placed into a beaker
and a crude emulsion was formed by high-shear mixing (Miccra D9
mixer with DS-8/P tool) at 21,000 rpm for 3 min. NE were further
processed on a Microfluidizer M110P (Microfluidics, Westwood, USA)
fitted with a F20Y 75 pm diamond interaction chamber for PFOB-NE for
9 cycles at 16,000 psi (=1,000bar) or on a Microfluidizer LV1
(Microfluidics, Westwood, USA) mounted with a F12Y 75 um ceramic
interaction chamber for PFCE-NE (comparison of the different func-
tionalization methods) for 9 cycles at 24,000 psi (=1,500 bar). During
this process preparations were cooled with ice water.

2.2.2. Preparation of Mal PEG PFCE-NE and PEG PFCE-NE by direct
mixing of compounds

Mal PEG PFCE-NE were prepared by previously aliquoting PEG-
phospholipid components into a HPLC-vial by vacuum centrifugation of
organic stock solutions, then dispersing those components with HGB by
sonication for several minutes and adding the dispersion to the other
components (degassed buffer) in a round-bottom centrifuge tube. NE
formation was realized by high-shear mixing (Miccra D9 mixer with DS-

Table 1
Compositions of the different PFC-NE formulations used in experiments.
Displayed are mass fractions in % (m/m).

formulation PFOB PFCE S75 DPSE-mPEG DSPE-PEG- HGB HBS
(2000) mal
plain PFOB 50.0 - 4.00 - - 46.0 -
HGB
plain PFOB HBS 50.0 - 4.00 - - - 46.0
PEG PFOB HGB 50.0 - 3.80 0.74 - 455 -
PEG PFOB HBS 50.0 - 3.80 0.74 - - 45.5
plain PFCE - 20.0 266 - - 77.3 -
Mal PEG PFCE - 20.0 253 0.44 0.052 77.0 -
PEG PFCE - 20.0 253 0.49 - 77.0 -
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8/P tool) for 3min at 21,000 rpm and subsequent processing on a
Microfluidizer LV1 (Microfluidics, Westwood, USA) fitted with a F12Y
75 um ceramic interaction chamber for 9 cycles at 24,000 psi for the
comparison of the different functionalization methods, for 5 cycles at
16,000 psi for the short-term stability testing of Mal PEG PFCE-NE or
for 7 cycles at 20,000 psi (=1,250 bar) and a further 2 cycles at 24,000
psi for the long-term testing of Mal PEG PFCE-NE and in vitro thrombi
targeting. While processing in LV1 the preparation was cooled with ice
water.

2.2.3. Preparation of Mal PEG PFCE-NE and PEG PFCE-NE with lipid film

Mal PEG PFCE-NE were prepared by dissolving all phospholipid
components (S75 + PEG-phospholipids) into chloroform and creating a
homogenous lipid film through rotary evaporation. The film was dis-
persed with degassed HGB and added to the PFCE in a round-bottom
centrifuge tube. This preparation was high-shear-mixed (Miccra D9
mixer with DS-8/P tool) for 3 min at 21,000 rpm and then processed on
a Microfluidizer LV1 (Microfluidics, Westwood, USA) F12Y 75pum
ceramic interaction chamber for 9 cycles at 24,000 psi for the com-
parison of the different functionalization methods. While processing on
the LV1 the preparation was cooled with ice water.

2.3. Freeze-thaw stability of plain PFOB-NE and PEG PFOB-NE for
different buffers

To assess the resistance of PFC-NE against a cycle of freezing and
thawing, four PFOB-NE were manufactured, two which contained
DSPE-mPEG(2000), and two which did not; while one of each for-
mulation contained HGB, the other HBS. All NE were aliquoted into
500 pL reaction cups at volumes of 250 pL, frozen and stored at —80 °C
for 1 d in a freezer, while one sample of each was stored at 4 °C for one
day as a control in a fridge. NE were thawed at 4°C for 1h in a fridge
and particle size distributions were assessed by DLS.

2.4. Comparison of different NE functionalization methods

In order to determine the best functionalization for our PFC-NE, we
compared three different methods for PEG PFC-NE: PIT, in which a
plain NE is functionalized a posteriori by insertion of DSPE-PEG-mal
and DSPE-mPEG(2000); the direct mixing of all compounds; and the
addition of DSPE-PEG-mal and DSPE-mPEG(2000) by making of a lipid
film including all lipid components.

Three 200 pL samples of plain PFCE-NE were modified by PIT and
their surface modification was assessed; while the amount of reactive
maleimide residues for Mal PEG PFCE-NE was assessed. Surface mod-
ification was compared by juxtaposition of f,,-values, which were
calculated as described for the maleimide quantification assay.

2.5. Short-term stability of frozen Mal PEG PFCE-NE

One NE (direct mixing method) was aliquoted into 500 pL reaction
cups at volumes of 250 pL, and all but one sample were frozen and
stored at —80°C in a freezer. Samples were assessed with regard to
particle size and content of reactive maleimide residues on the particle
surface at discrete day intervals, while the first measurements were
done directly post processing with freshly produced Mal PEG PFCE-NE.
Thawing for subsequent days was performed by incubation at 4 °C in a
fridge for 1 h.

2.6. Long-term stability of frozen Mal PEG PFCE-NE

NE (direct mixing method) were aliquoted into 500 pL reaction cups
at volumes of 250 pL. One sample of each was stored at 4 °C in a fridge,
whereas the others were frozen and stored at —80°C in a freezer.
Reactive maleimide residues on the NE surface were assessed for all
four NE directly after preparation and for frozen samples of all four NE
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after 24 h and 1.5 a. Particle size was analyzed for all four NE samples
stored at 4 °C after 24 h and for frozen samples of all four NE after 24 h
and 1.5 a by DLS. For two of the four NE, cryoTEM analysis was used for
particle size determination for storage of 24h at 4°C, 24h at —80°C,
and 1.5 a at 80 °C. Reactive maleimide residues on the particle surface
were compared by juxtaposing f.,.;-values, calculated in the maleimide
assay, as were particle sizes for DLS and cryoTEM analysis. Thawing
was performed by incubation at 4 °C in a fridge for 1 h.

2.7. Quantification of reactive maleimide residues on NE surface

SAMSA-fl was dissolved in DMF at a concentration of 25 mg/mL. To
activate the thiol an appropriate amount of SAMSA-fl solution was
mixed with 100 mM NaOH at a concentration of 7 mg/mL and in-
cubated for 15min (pH = 11). The solution was neutralized by addi-
tion of a 160 mM NaH,PO, solution. 200 pL of NE were mixed with an
amount of activated SAMSA solution equivalent to a 10-fold excess of
SAMSA-fl to the maleimide anchor. The mixture was incubated for 2 h
at 25°C in the dark. To separate free SAMSA-fl from conjugated
SAMSA-fl, size exclusion chromatography (SEC) with Sepharose CL-4B
was performed. The concentration of surface-bound SAMSA-fl was
measured by fluorescence spectrometry (LS55, PerkinElmer, Waltham,
USA; Aex = 495nm; Ay = 512nm; gap widthe, = 3nm; gap wid-
them, = 5nm; T = 25°C) with a standard addition. Phospholipid con-
centration was determined by Bartlett assay. The amount of reactive
maleimide functionalities on NE particles was estimated by contrasting
used amount-of-substance fraction of DSPE-PEG-mal to total phospho-
lipid and measured amount-of-substance fraction of fluorescein-tagged
DSPE-PEG-mal to total phospholipid after SEC. Linearity of fluorescence
intensity for different fluorophore concentrations was assured by cali-
bration curves at different PFC-NE concentrations.

To convert the concentration of reactive maleimide from the sample
to the whole NE, the concentration obtained from the assay was in-
serted into Eq. (1):

Csamsa—a-100%

fmal = -100%
CpL*XDSPE—PEG—mal (€]
CsAMSA-f measured concentration of SAMSA-fl after SEC in mol/L
cpr measured phospholipid concentration after SEC in mol/L
fmal ratio of reactive maleimide residues on NE surface and used maleimide
anchor in %
Xpspe-peg.  mole fraction of DSPE-PEG-mal to total phospholipid in %

mal

2.8. Size exclusion chromatography (SEC)

Size exclusion chromatography was performed to separate surface-
bound SAMSA-fl from free SAMSA-fl. Columns of 25cm length and
about 25cm® volume were filled with a degassed dispersion of
Sepharose CL-4B in HGB. The column was equilibrated once by appli-
cation of 300 uL. PEG PFCE-NE and washed with about 50 mL of HGB.
For separation, 100 pL. of sample were applied onto the column and
eluted with HGB. The first fraction showing distinct turbidity and
fluorescence was collected for further analysis of surface-bound
SAMSA-fl.

2.9. Bartlett assay

Since direct PFC quantification is difficult, phospholipid con-
centration was used as a marker for dilution of NE. To assess the
phospholipid concentration after SEC, a Bartlett assay was performed.
The assay is based on a complexation of molybdenum and phosphate
stemming from incinerated phospholipids of the sample [28].
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NE samples equivalent to about 100-200 nmol total lipid were pi-
petted into phosphate-free round-bottom centrifuge tubes. Samples
were incinerated after addition of 500 uL of 10 N sulfuric acid at 160 °C
for 3h. Next, 1 mL of 30% (V/V) H,0, solution was added and in-
cubated for an additional 4 h at 160 °C. After addition of 0.2 mL of an
aqueous solution of Fiske-Subbarow reducer (14.6% m/V) and 4.5 mL
of an aqueous ammonium molybdate solution (0.22 % m/V), samples
were incubated for a further 10 min at 95 °C in glass tubes. Absorption
of the resulting complex was measured at 830 nm wavelength and
evaluated by a calibration curve of K;HPOy,.

2.10. Post-insertion technique (PIT)

A solution of DSPE-PEG-mal and DSPE-mPEG(2000) (molar ratio
5:95) in HEPES-glycerol-buffer was conjugated with a 10-fold amount
of activated SAMSA-f] for later quantification. 200 pL of plain PFCE-NE
were incubated with an amount of this solution approximately
equivalent to an amount of PEG-phospholipid present in Mal PEG PFCE-
NE for 1 h at 60 °C. NE particle separation from free SAMSA-fl and non-
embedded PEG-phospholipids, as well as quantification of surface-
bound SAMSA-fl, was performed as previously mentioned.

2.11. Dynamic light scattering (DLS)

For assessment of NE particle size distribution, DLS was used. NE
samples were diluted (1:200 V/V) and measured on a Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK). Measurements were performed at
25 °C, after 3min of equilibration at a scattering angle of 173 ° and
wavelength of 633 nm. The autocorrelation signal was evaluated by
cumulant analysis and z-average (intensity-weighted hydrodynamic
particle size) as well as polydispersity index (pdi; representing size
distribution width) were calculated. All measurements were performed
in triplicate and averaged for a single value.

2.12. Cryogenic transmission electron microscopy (cryoTEM) analysis

NE were diluted 1:5 or 1:10 with HGB. Five pL of diluted NE were
applied onto a 400 mesh Quantifoil® S7/2 perforated carbon film on
copper grids (Quantifoil Micro Tools GmbH, Jena, Germany). Excess
liquid on the grid was removed with filter paper and the sample im-
mediately shock-frozen by injection into liquid ethane. Sample pre-
paration was performed using a CryoBox 340719 (Carl Zeiss,
Oberkochen, Germany) in a climate-controlled room. Successive grid
fixation on the sample rod (626-DH, Gatan, Warrendale, USA) and rod
transfer into the transmission electron microscope (TEM; Leo 912 O-
mega, Carl Zeiss, Oberkochen, Germany) were conducted in a N, at-
mosphere at a temperature of 90 K [29]. TEM was operated at 120 kV
for the acquisition of images (Camera: Proscan HSC 2, Oxford Instru-
ments, Abingdon, USA) with a 6,300- to 12,500-fold magnification.

For particle size assessment an overview image of one grid hole was
divided into several detailed images, including a significant amount of
NE particles for analysis [30]. NE droplets can be distinguished as dark
circles, while liposomes appear as light rings. [25,31]. NE droplet
diameter was determined using iTEM 5.0 (Build 1054) software (soft
imaging System GmbH, Miinster, Germany). Diameters of all NE par-
ticles on one grid hole were measured and results compiled in the form
of box plots presenting median-, dpss-, dpys-, dpos-, dpos-, dpo1-, and
dpeo-values [25].

2.13. Invitro targeting of thrombi

Mal PEG PFCE-NE and PEG PFCE-NE were aliquoted into 500 pL
reaction cups at volumes of 250 pL, stored at —80 °C in a freezer for
30 days and then thawed by incubation for 1 h at 4 °C in a fridge. Next,
samples of both preparations were each conjugated once to either Q3A
or a2? by incubation at 25 °C for 120 min. a2 is stably incorporated
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into thrombi during their formation by cross-linkage at its Q3 gluta-
mine. Particles displaying this peptide should therefore be incorporated
into acute thrombi. Q3A lacks the Q3 glutamine and exhibits an alanine
in its place, therefore there should be no incorporation in acute
thrombi. Surface modification with peptides is displayed by affinity to
acute thrombi. Human blood was obtained from two healthy volunteers
by venipuncture with a 21 gauge needle and anticoagulated with 10 %
(m/m) citric acid. Samples were mixed before further treatment. Next,
blood was centrifuged at 150 g for 10 min to generate platelet rich
plasma. One mL of platelet rich plasma was incubated with 100 uL of a
solution of thrombin (5 U*mL™!), 5L of a solution of ADP (1 mM)
and 100 pL of a solution of CaCl, (0.4 M) in PBS. Volumes of 130 pL of
this mixture were promptly transferred into a 96-well plate, 10 puL of
conjugated NE preparation was then added to each well and incubated
for 15 min at 37 °C on a shaker. The resulting thrombi were extracted
and washed eight times with PBS containing Ca/Mg.

a2”? affinity to thrombi was verified by fluorescence measurement
employing an IVIS Lumina II imaging system (PerkinElmer, Waltham,
USA) after placement of washed thrombi on a glass plate with some
buffer (excitation time: 0.5s, A.x = 488nm, emission-filter: Cy5.5,
binning: medium, F-stop = 8, FOV = A). NE particle incorporation into
thrombi was assessed by '°F MRI using a 9.4 T Bruker AVANCE™ Wide
Bore nuclear magnetic resonance spectrometer (Bruker, Rheinstetten,
Germany). In addition to '°F signals, 'H signals were measured sepa-
rately and overlaid with '°F signals for visualization. 'H signals were
measured at 400.21 MHz (TR =3500ms, RARE factor: 16,
FOV = 2.00 x 2.00 cm?, matrix: 128 x 128, slice thickness: 1 mm,
scan-time: 1min). '°F signals were determined at 376.54 MHz
(TR = 2500ms, RARE factor: 32, FOV = 2.00 x 2.00 cm? matrix:
32 X 32, slice thickness: 1 mm, acquisition time: 5 min) [3].

3. Results and discussion

3.1. Freeze-thaw stability of plain PFOB-NE and PEG PFOB-NE for
different buffers

To evaluate the impact of two different buffers and pegylation on
the freeze—thaw stability of PFC-NE an initial study of different PFOB-
NE formulations was performed. PFOB was chosen as model PFC, since
it exhibits higher vapor pressures than for example the experimentally
important PFCE. The higher Ostwald-ripening tendency of the PFOB
droplets attributable to this higher vapor pressure makes PFOB a more
challenging compound for NE formulation. One batch of each for-
mulation were prepared and four samples of each batch were frozen at
—80°C in the freezer separately to gain insight into the effect on par-
ticle size distribution and reproducibility thereof.

Formulations showed initial particle sizes (z-average) and pdi values
of 151 nm/0.09 (plain PFOB HGB-NE), 145nm/0.11 (PEG PFOB HGB-
NE), 170 nm/0.20 (plain PFOB HBS-NE) and 133 nm/0.14 (PEG PFOB
HBS-NE) after processing. Particle sizes (z-average) after storage for 1 d
at 4 °C ranged from 172 nm to 180 nm with polydispersity indices from
0.10 to 0.20 for all formulations (Fig. 1). The plain PFOB HBS-NE
showed a higher polydispersity index (pdi) than the other NE. After
storage at —80 °C for 1 d, particle size (z-average) rose noticeably for
plain PFOB HGB- and even more for plain PFOB HBS-NE. Pdi increased
for both formulations to approximately the same mean value with
greater variance for the plain PFOB HBS-NE formulation. PEG PFOB
HGB-NE and PEG PFOB HBS-NE showed only slight changes in z-
average and polydispersity. Both pegylated formulations showed
smaller variance of particle sizes as well as polydispersity indices than
the respective non-pegylated formulations.

Based on these measurements addition of DSPE-mPEG(2000)
seemed to stabilize NE particles and lead to higher resilience of parti-
cles against the stress of the freezing and thawing process. Plain PFOB-
NE without addition of DSPE-mPEG(2000) showed instability regarding
particle size upon freezing and thawing. This instability effect was even
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Fig. 1. Droplet size of PFOB-NE before and after freezing/thawing at —80 °C/
4 °C measured by DLS. Bars represent z-average values on the left y-axis in nm,
while dots indicate polydispersity indices on the right y-axis. Different for-
mulations are indicated by differing colors, with hollow bars depicting values of
NE stored at 4 °C for 1 d and filled bars depicting values of NE samples stored at
—80°C for 1 d. Error bars represent calculated standard deviations Each for-
mulation was prepared once and four samples of each were subjected to the
storage process at —80 °C with consecutive thawing at 4 °C to compare solely
the effect of the freeze-thawing and exclude the influence of batch differences.
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greater for the higher ionic strength HBS than for the HGB, which might
be attributable to a change in {-potential of NE particles. The greater
particle size for plain PFOB HBS-NE particles which were not freeze-
thawed could be attributed to a leveled {-potential as well. The stabi-
lizing effect of DSPE-mPEG(2000) was likely a steric effect [32,33]. For
coalescence of NE particles, a compact film must first be formed, which
requires droplets to get in close contact with each other. The PEG chains
enveloping the PEG PFOB-NE particles keep them in check, inhibiting
coalescence. The small sample variance of the freeze-thawed samples
indicated a well reproducible freezing and thawing process for PEG
PFC-NE, which was realized by simple incubation at —80 °C and 4 °C.
For these reasons, PEG-coated PFC-NE with HGB as a buffer system
were selected as the platform to use for further development. Since
PFCE is the most commonly used PFC in cell and animal experiments, it
was used for all subsequent investigations.

3.2. Comparison of different NE functionalization methods

Different functionalization methods were compared using a fluor-
escence assay involving SEC and phospholipid quantification (Fig. 2A).
Measurements of two calibration curves of SAMSA-fl in two diluted NE
both showed proportionality between fluorescence intensity and con-
centration of SAMSA-f] (Fig. 2B). However, the higher NE concentration
led to decreased sensitivity of the measurement, as indicated by the
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Fig. 2. A. Sketch of the DSPE-PEG-mal quantification assay. B. Concentration curves of SAMSA-fluorescein in PFOB-NE diluted with buffer 1:20 (left plot) and 1:5

(right plot).
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Fig. 3. Surface modifiability of the different preparation methods for PFC-NE
juxtaposed as fy-values in %. Higher values indicate higher surface modifia-
bility of NE-particles with 100 % indicating a surface modification corre-
sponding to 100 % used maleimide-phospholipid. Error bars represent calcu-
lated standard deviations (n = 3).

flatter slope of the curve. For the subsequent f,,,;-measurements, PFC-
NE were diluted about 1:100, minimizing this effect.

The amounts of reactive maleimide residues on the NE surface
ranged from about 40 to 67 % of used DSPE-PEG-mal (Fig. 3). The
preparation method involving the incorporation of the DSPE-PEG-mal
and DSPE-mPEG(2000) into a homogenous lipid film containing all
phospholipid components showed the highest f.,, with about 67 %;
while the preparation method, in which a dispersion of DSPE-PEG-mal
and DSPE-mPEG(2000) were only added to the weighed in PFCE and
S75, showed an f,,; of about 61 %. The lowest f,,-value of 40 % was
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exhibited by the PIT preparation, in which already conjugated DSPE-
PEG-mal and DSPE-mPEG(2000) were inserted into plain PFCE-NE by
incubation at 60 °C. Sample variance was highest for PIT and lowest for
direct addition without homogenous lipid film.

These findings suggested that DSPE-PEG-mal could be incorporated
into NE without a homogenous lipid film before NE processing, while
maintaining reactivity of maleimide residues. The lipid film and direct
mixing methods even seemed superior to the PIT method, not only in
the amount of surface modification per DSPE-PEG-mal used, but also in
the reproducibility of the results. The difference of about 6 % between
the film method and the direct mixing method was relatively small,
whereas there was a great difference in preparation effort between the
two methods, with the direct mixing method easier to carry out. A
possible explanation for this could be the short sonication step, which
was performed in the direct mixing method. This sonication could have
enhanced the hydrolysis of maleimide residues slightly. If the making of
a homogenous lipid film facilitated incorporation of DSPE-PEG-mal into
PFC NE particles, the effect would very likely have been small, while
the solvent usage requirement and effort were clearly higher. For eco-
nomic and safety reasons, the direct mixing method seemed the most
promising and was therefore used for further investigations.

3.3. Short-term stability of frozen Mal PEG PFCE-NE

The short-term stability of Mal PEG PFCE-NE was investigated for a
single NE batch over the course of 27 d by DLS and SAMSA-fl assay. NE
droplet size quickly rose from a post processing size of approximately
130 nm to about 150 nm, but over the course of 27 d the frozen NE
showed stable droplet size and low polydispersity index of around 0.1
(Fig. 4A). No prominent NE droplet deterioration could be observed.
The droplet size change after two days was very likely due to estab-
lishment of system equilibrium after NE preparation, likely caused by
Ostwald-ripening.

Reactive maleimide residues on the NE surface showed only minute
fluctuations (Fig. 4B). These fluctuations could have been attributed to
small differences between the different aliquots of the NE batch as well
as random deviations due to the assay. Maleimide residues appeared
stable over time for the frozen NE, owing to a reduction of diffusion and
therefore hydrolysis of maleimide, which is based on particle collision
[22].

A 10 ; [ z-average e pdi - 0,16 B o
M M (] 90
140 A 0,14
M 80 1
120 0,12
(] o 70 A
IS
c 100 A ® ® ® I 0,10 ©
c ° ™ [ o~ 60
‘o _ £
o 80 ® 008 O s 50
o Q 2
2 40
© 60 0,06
N
30
40 0,04
20
20 0,02 10
0 + t—t—ttt +—+—4 —t—t—tt 0,00 0
0123456 7 8 910111213 141516 17 18 1920 21 22 23 24 25 26 27
storage time in days

Fig. 4. A. Droplet size of a single Mal PEG PFCE-NE batch over the course of a 27 d storage period as measured by DLS. Bars represent z-average values on the left y-
axis in nm, while dots depict polydispersity indices on the right y-axis. B. Surface modifiability of a single Mal PEG PFCE-NE batch over a 27 d storage period at
—80°C as fyqr-value in %. Because the surface modifiability remained stable and showed no trending, it is shown as a single bar. Higher values indicate higher
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calculated standard deviation (n = 9).
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3.4. Long-term stability of frozen Mal PEG PFCE-NE

For the long-term stability investigation of Mal PEG PFCE-NE the
particle size and surface modifiability of four different batches of the
same formulation were assessed for a total time span of 1.5 a. DLS data
showed that z-average values of NE were around 110 nm with a poly-
dispersity index of approximately 0.15 post processing (Fig. 5B). After
storage for 1 d at 4 °C the NE droplet size remained stable, whereas the
variation in polydispersity index between samples increased. NE dro-
plet size after storage for one day at —80 °C was elevated slightly, with
an increase in sample variance (n = 4). The mean polydispersity index
decreased slightly to approximately 0.12, while sample variance di-
minished. After 1.5 a of storage NE droplet size and average poly-
dispersity remained stable, while the sample variance of polydispersity
increased.

Qualitative observation of cryoTEM images of both NE showed no
major change in particle morphology from one day of storage at 4 °C to
storage at —80 °C for 1 d or 1.5 a (Fig. 5C). Quantitative analysis of NE
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particle size revealed average median particle sizes of around 25nm
which remained constant over the course of 1.5 a. Particle size dis-
tribution did not increase considerably with d,go-values of about
105nm (NE1) and 95nm (NE2), respectively (Fig. 5D). DLS and
cryoTEM data suggested that NE remained stable over the course of 1.5
a upon storage at —80°C and subsequent thawing with no major
change in particle morphology or size distribution. The difference be-
tween particle size measurements between DLS and cryoTEM lies in the
nature of these methods, with DLS overrepresenting large particles
according to their scattering intensity, which is proportional to the sixth
power of particle size, and measures hydrodynamic particle sizes, while
cryoTEM gives an overview of actual particle shape.

Amount of reactive maleimide residues on the NE surface did show
average fq Of 67 % for post processing, 70 % after storage for one day
at —80°C and 75 % after storage for 1.5 a at —80°C with a slight
change in sample variance for NE after 1.5 a of storage (Fig. 5A). The
differences may have been caused by differences between the NE
sample aliquots and random deviations in the assay. The maleimide
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Fig. 6. A. Images, fluorescence images, fluorescence image overlays as well as 'H MR, '°F MR images and 'H/*°F MRI overlays of thrombi that were treated with two

different PFC-NE formulations and incubated with either a2*?

or Q3A. Signals in the fluorescence images indicate attachment of fluorescence-labeled a2*” or Q3A,

while signals in the °F MR images register presence of PFCE-NE particles in thrombi. Fluorescence images were acquired by IVIS measurements. B. Relative
fluorescence values of thrombi that were treated with two different PFC-NE formulations incubated with either a2”? or Q3A. Error bars indicate calculated standard
deviations (n = 3). Data were acquired by IVIS measurements. C. 19F MRI signals of thrombi that were treated with two different PFC-NE formulations incubated
with either a2*? or Q3A. Error bars represent calculated standard deviations (n = 3).

residues on the NE surface seemed to remain stable over the course of
1.5 a and could be conjugated as well as post processing.

3.5. In vitro targeting of thrombi

Thrombi showed strong peptide fluorescence signal for treatment
with both Mal PEG PFCE-NE and PEG PFCE-NE incubated with a2”?
(Fig. 6A, B). Thrombi treated with Mal PEG PFCE- and PEG PFCE-NE
which were incubated with Q3A showed nearly no peptide fluores-
cence. Because a2”” and Q3A were not separated from NE, the presence
of a fluorescence signal showed in any case an incorporation of at least
the respective peptide into thrombi, without evidence of PFC-droplet
incorporation. In conclusion, Q3A exhibited no incorporation into
thrombi, while a2*” did. '°F MRI showed strong signals for thrombi
treated with Mal PEG PFCE-NE and incubated with a2”?, whereas all
thrombi treated with other formulations yielded nearly no signal
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whatsoever. This provided evidence that only Mal PEG PFCE-NE dro-
plets incubated with a2”” bound in major fashion to the thrombi. PFC-
NE lacking the maleimide residues showed almost no signal, even
though they were incubated with a2 — thereby demonstrating the
integrity of maleimide residues of Mal PEG PFCE-NE over a storage
period of one month (Fig. 6A, C).

In summary, thrombi data suggested that Mal PEG PFCE-NE dro-
plets maintain their conjugable attributes for an active targeting over
the course of one month and provided strong signals in an established
test model [2], while particles lacking any maleimide residues showed
none of these traits.

4. Conclusion

Our PFC-NE containing PEG-phospholipids showed droplet size
stability while frozen over a long period of time. Plain PFC-NE lacking
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any PEG-phospholipid content showed changes in droplet size during
the freezing/thawing process, which was proven within the scope of a
small study of different PFOB-NE formulations. The direct incorpora-
tion of maleimide-containing PEG-phospholipids seems to be a reliable
method for preparation of surface-modifiable PFC-NE. Only slight dif-
ferences between the film method and the direct mixing method could
be observed. The often-used PIT showed inferior reliability in com-
parison to the direct incorporation of DSPE-PEG-mal when using the
same amount of DSPE-PEG-mal. Particle size distribution, as well as
integrity of maleimide residues, remained stable for storage at —80 °C
for PEG-phospholipid containing PFCE-NE. This stability was shown for
a long time span of 1.5 a and may remain constant over an even longer
period of time. In addition to the results of the SAMSA-f] assay, integrity
of maleimide over a time span of one month as well as utility in a
physiological active targeting assay to visualize acute human thrombi
by 'H/*°F MRI were demonstrated.

These findings render this PFC-NE system a useful tool for further
scientific research in the '°F MRI field, as NE can be prepared in a
greater quantity ahead of time and then stored at —80°C in small
batches for cell or animal experiments. The production of larger batches
without danger of wasting resources even renders batch characteriza-
tion easier, making frequent testing of individual smaller batches un-
necessary and streamlining the execution of in-vitro and in-vivo ex-
periments. For larger experiment sets spanning several days or weeks,
the storage-stability of these PFC-NE enables the use of a single batch of
PFC-NE for the whole experiment without any loss in maleimide-
functionality or droplet degradation, making the experiment results
more comparable among each other and execution of experiments ea-
sier than with just-in-time manufacture of several PFC-NE. The NE
modification system was even more reliable than the typically used PIT
method, which displayed a more distinct variation in modification re-
sults, while this system is simultaneously more straightforward in use.
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