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ABSTRACT: Despite the outstanding performance of monoclonal !“‘:“°“"|Td|i°i";)‘? tg,a:d_g"t‘_’ fune
antibodies (mAbs) in the clinic, their full potential has been e nocional artibodies.
hindered due to their inability to cross cell membranes and

therefore reach intracellular targets. The use of nanotechnology to S

deliver mAbs to intracellular domains has been highlighted as a a%))%

strategy with high potential. Working toward this goal, we have Ny

recently developed and validated palmitoyl hyaluronate (HAC16)- \ 7 )gs’&
based nanoassemblies (HANAs), a novel technology for the \g A < X RN
intracellular delivery of mAbs in Kirsten Rat Sarcoma Virus N d
(KRAS)-mutated tumors, one of the most prevalent and a distribution  distribytion - PEGshel )

challenging intracellular oncoprotein. Despite their success, the

pharmacokinetics and biodistribution of these delivery vehicles are still unknown due to their chemical complexity, a challenge
common to a large proportion of drug delivery nanomedicines. To support further development and clinical translation, we present
an efficient radiolabeling approach with the positron emitter zirconium-89 (*Zr) for the in vivo evaluation of HANAs by whole-body
PET imaging. Additionally, we assessed the impact of PEGylation and size modulation on the biodistribution profile of mAbs using
$Zr-radiolabeled PEGylated and non-PEGylated HANAs. Our PET imaging results demonstrated that HANAS significantly modify
the pharmacokinetics and biodistribution of the ¥Zr-mAb. Furthermore, we established that the biodistribution of HANAs can be
conveniently modulated by introducing PEG polymers on the surface, facilitating customization for cancer applications. This
versatile radiolabeling strategy provides a facile approach for the in vivo evaluation of complex nanoformulations loaded with mAbs,
in a quantitative manner with high sensitivity.

B INTRODUCTION The concept of intracellular mAb delivery via rationally
Personalized medicine involves tailoring treatment and designed nanomedicines was first explored through the
diagnosis to improve the therapeutic outcome of individual development of hyaluronic acid (HA)-based nanocapsules for
patients. In this context, monoclonal antibodies (mAbs) stand delivering antigasdermin B mAb."" Since then, few but
out in our current theranostic arsenal due to their high successful alternative mAb-delivery systems, including lip-
specificity and selectivity, enabling complex interactions with osomes,'” micelles,'”"* and poly(lactic-glycolic)-based NPs'*
accessible targets.”” This characteristics make mAbs ideal have been developed. In a further effort, our group recently
candidates for targeting mutated oncoproteins, present in reported the design and characterization of HA-based
approximately 30% of human cancers.” However, due to their nanoassemblies (HANAs) for the intracellular delivery of
inability to cross cell membranes and consequently target the mADbs.'”'7 HANAs benefit from the simplicity and safety of
vast array of intracellular components, their full potential their composition and formulation method and remarkable

remains unexplored. Nanotechnology has been proposed as an
promising technology to aid mAbs overcome this biological
barrier and facilitate their access to intracellular targets.”> For
this purpose, certain design parameters have been stablished. -
For instance, particle sizes near or below 100 nm, and neutral Rec_e“'ed: October 28, 2024
and hydrophilic coating surfaces have been described for Revised:  January 8, 2025
evading recognition by the reticulo-endothelial system.®® Accepted:  January 16, 2025
Specifically, PEGylation is the leading strategy as demonstrated Published: January 28, 2025
by the increasing number of PEGylated nanoparticles (NPs)

available on the market.””

mAb loading capacity.'® This technology was later proposed as
an efficient therapy for KRAS mutant tumors, as the
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Scheme 1. Representation of the Protocol Followed for the Purification and Radiochemical Characterization of the **Zr-
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“In brief, a mixture of ¥Zr-HANAs, ¥Zr-BVZ, and *Zr are loaded into a PD-10 desalting column to remove free ¥Zr. By comparison of the total
activity loaded with the amount of free ¥Zr entrapped into the column, the RLY is determined. Afterward, eluted **Zr-HANAs and *Zr-BVZ are
loaded into a fast protein liquid chromatography system to obtain the UV/Vis profile and determine the RCP after y-counting. RCP was
determined by comparison the total activity eluted with the fractions corresponding to the %Zr-HANAs. Finally, the fractions that corresponds to

the pure *Zr-HANAs are collected and concentrated.

intracellular delivery of an antiKRAS mAb led to a reduction in
tumor growth in a pancreatic cancer model.'”

In general, the limited information on the whole-body
biodistribution of these kind of nanoassemblies for either intra-
or extracellular targets hinders their development and
transition toward clinical products, which highlight the need
to integrate efficient and simple methods to study their in vivo
pharmacokinetics and biodistribution.”'® To date, these
methods have relied on fluorescence imaging that suffers
from limited tissue penetration and quantification proper-
ties.'”'*'? Positron emission tomography (PET) is a non-
invasive nuclear imaging technique that provides quantitative
information with high sensitivity and outstanding tissue
penetration for both animal and human studies. Among the
available positron emitters, the radionuclide zirconium-89
(¥Zr) has been widely used in clinical trials for imaging mAbs
due to its convenient half-life (78.4 h) that aligns with the
biological circulation of most mAbs.”” In this study, we report
a ¥7Zr radiolabeling strategy for both PEGylated and non-
PEGylated mAb-loaded HANAs. In vivo pharmacokinetics and
biodistribution PET/CT studies in healthy animal sand ex vivo
biodistribution were undertaken to assess the fate of the
HANAs in a quantitative manner.

B MATERIALS AND METHODS

Materials. The humanized monoclonal antibody bevacizu-
mab (BVZ) was kindly donated by mAbxience (Spain).
Sodium palmitoyl hyaluronate (HAC16 30—70 kDa, degree of
substitution, DS, 1—10%) was purchased from Contipro a.s.
(Czech Republic). Phosphatidylcholine from soybean (Lipoid
$100) and N-(carbonyl-methoxypolyethyleneglycol-yy00)-1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE.PEG,)
were acquired from Lipoid GmbH (Germany). GMP grade
zirconium-89 as [%°Zr]Zr-oxalate in 1 M oxalic acid was
purchased from PerkinElmer (BV Cyclotron, VU Amsterdam,
NL). Nl1-hydroxy-N1-(5-(4-(hydroxy(5-(3-(4-
isothiocyanatophenyl)thioureido)pentyl)amino)-4-
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oxobutanamido)pentyl)-N4-(5-(N-hydroxyacetamido)pentyl)-
succinimide (p-NCs-Bz-deferoxamine (DFO)) was obtained
from Chematech (Dijon, France). Human serum was acquired
from Sigma-Aldrich (Darmstadt, Germany). Amicon centrifuge
filters (30 and 100 kDa MWCO) were provided by Merck
(Darmstadt, Germany). PD-10 column filled with Sephadex
G2S gel and the Superose 6 10/300 GL column were
purchased from Cytiva (Marlborough, MA). Radioactivity was
measured with a CRC-2SR dose calibrator (Capintec) or a
1282 CompuGamma y-counter (LKB Wallac, Finland). The
96 multiwells plate and the recombinant human VEGF, 4 were
provided by Thermo Fisher Scientific. Resazurin sodium salt
and Triton X-100 were provided by Merck (Darmstadt,
Germany). Goat antihuman IgG HRP conjugated was
purchased from Jackson Immuno Research Laboratories, Inc.
2,2'-azino-di(3-ethylbenzthiazoline sulfonic acid) (ABTS)
solution was obtained from Roche (Switzerland).

Synthesis of the Deferoxamine (DFO)-BVZ Conju-
gate. BVZ (S mg) in 1 mL of PBS was mixed with 110 uL of
0.1 M Na,COj; to achieve a solution with a pH range between
8.9 and 9.1 and thoroughly mixed by vortex. To this solution
were added 20 pL of S mM DFO dissolved in DMSO in steps
of S uL homogenized by vortex at room temperature (RT).
The mixture was incubated at 37 °C for 30 min, and the final
product was purified by centrifugal filters 30 kDa MWCO
(13,000 rpm for 3 min, at least 3 cycles) and washed 3 times
after resuspension to its original volume with ultrapure water
following the above centrifugation settings. Finally, the purified
BVZ-DFO conjugate was made up to 1 mL with ultrapure
water. The success of the conjugation was evaluated by
assessing ¥Zr radiolabeling yield vs unmodified BVZ (vide
infra).”’

Preparation of BVZ-Loaded HANAs. HANAs were
prepared following a self-assembling method previously
reported by our group and adapted accordingly.'®'” To entrap
BVZ-DFO in the HANAs, the following stock solutions were
prepared: HAC16 was dissolved in a 6:4 (v/v) ultrapure water:
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ethanol mixture, Lipoid S100, and DSPE.PEG,y were dissolved
in ethanol.

Briefly, non-PEGylated HANAs were prepared by adding in
a one-step addition 125 uL of an aqueous solution of BVZ
(final concentration of 2 mg/mL) to S00 uL of an HAC16
solution (final concentration of 2 mg/mL) under magnetic
stirring at 1100 rpm and RT. Then, 50 yL of Lipoid S100
solution (final concentration of 1 mg/mL) were added drop-
by-drop over the BVZ-DFO/HAC16 mixture. Thereafter, the
volume was made up to 1 mL with PBS. The resulting BVZ-
DFO encapsulated nanoassemblies will be named HANAs
henceforth.

For PEGylated HANAs, a similar formulation method was
followed. In brief, 125 pL of an aqueous solution of BVZ (final
concentration of 0.5 mg/mL) was added over 500 uL of an
HAC16 solution (final concentration of 0.25 mg/mL) under
magnetic stirring at 1100 rpm and RT. Then, 50 pL of Lipoid
S100:DSPE.PEG,x solution (final concentration of 0.5 and
0.25 mg/mL, respectively) were added drop-by-drop over the
BVZ-DFO/HAC16 mixture, and so-called PEG-HANAs.
Finally, both types, HANAs and PEG-HANAs were con-
centrated via water evaporation under a N, stream.

Radiolabeling of BVZ-Loaded HANAs with #Zr and
Radiochemical Characterization. *Zr radiolabeling of
BVZ-loaded HANAs was performed as follows (Scheme 1):
200 uL of 1 M oxalic acid containing **Zr were neutralized
with 90 uL of 2 M sodium carbonate pH 7—8 and incubated
for 3 min at RT. Then, 300 xL of 0.5 M HEPES buffer pH 7.2,
700 uL of BVZ-DFO-HANAs at 4 or 16 mg/mL, and 710 uL
of 0.5 M HEPES buffer pH 7.2 were consecutively added over
the previous solution and mixed at RT under horizontal
agitation. After 1 h of incubation, the resulting mixture was
loaded onto a PD-10 desalting column and prewashed with 20
mL of PBS, and the eluate was discarded. The %Zr-labeled
BVZ-loaded HANAs (¥Zr-HANAs) and *Zr-BVZ were
collected from the column by the addition of 2 mL of PBS.
The amount of radioactivity in the **Zr-HANAs were
measured in an ionization chamber and the radiolabeling
yield (RLY) was calculated as

%RLY = [HANAs fraction MBq/initial activity MBq]
X 100

where MBq = megabecquerel.

The %RLY for free 3Zr-BVZ, used as a control, was
determined following the same procedure. Once free *Zr was
removed, the eluted mixture of %7Zr-BVZ and %7Zr-HANAs
were concentrated at least 4 times by using centrifugal filters of
either 30 kDa or 100 kDa at 13,000 rpm for 3 min. To ensure
removal of free ¥Zr-BVZ from the ¥Zr-HANAs, the previous
concentrated mixture of %Zr-BVZ and %Zr-HANAs were
added into a high-resolution size-exclusion chromatography
column (Superose 6 10/300 GL column) in an AKTA size-
exclusion fast protein liquid chromatography (GE Healthcare,
Amersham, UK and Unicorn software) using PBS as eluent at
0.5 mL/min. Eluted fractions containing the pure *Zr-
HANAs, which are fractions between 7—12 mL, were collected
and concentrated by centrifugal filters to achieve the desired
concentration of Zr-HANAs. The eluted fractions were y-
counted and the *Zr-HANAs radiochemical purity (RCP)
calculated as
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%RCP = [*Zr-HANAs fraction (MBq)
/(¥Zr-HANAS fraction (MBq)
+ free ¥Zr (MBq) + free ¥Zr-BVZ (MBq))]
X 100

where MBq = megabecquerel.

As a control, ¥Zr-BVZ was submitted to the same method
but AKTA purification. All of the y-counted fractions were
compared with the UV/vis chromatogram to confirm the
fractions of interest.

To study the radiochemical stability (RCS) in human serum,
87r-HANAs were incubated in human serum at 37 °C for 24,
48, and 72 h and the retained activity in the ®¥Zr-HANAs was
determined following the same procedure as in the RCP. The
radioactivity was measured in the y-counter. MBq and counts
per minute were correlated with an ¥Zr calibration curve
(Figure S1).

All of the radiolabeling processes and characterization
described for ¥Zr-HANAs were applied to °Zr-PEG-HANAs.

Physicochemical Characterization. Particle size, poly-
dispersity index (PDI), and {-potential were measured by
photon correlation spectroscopy using a Malvern Zeta-Sizer
(NanoZS, ZEN 3600, Malvern Instruments, U.K.). Prior to the
measurements, the samples were diluted in PBS. A cumulant
analysis was used to obtain the hydrodynamic diameter
calculated as the Z-average value based on the intensity
distribution.

Radiochemical parameters were determined by an y-counter
or ionization chamber. MBq and counts per minute were
correlated with an *Zr calibration curve (Figure S1).

Association Efficiency (AE) and Loading Capacity (LC)
of the HANAs. BVZ AE % of the nonradiolabeled HANAs
was quantified using an enzyme-linked immunosorbent assay
(ELISA) following a previously described method.'® A
Beckman Coulter (optime L90K) ultracentrifuge equipped
with a Beckman type 70.1 Ti rotor was used to isolate the
HANASs (35,000 rpm, 1.5 h, 15 °C). The amount of free BVZ
in the supernatant was recovered and quantified. A control
solution of BVZ at 3.2 mg/mL was treated under the same
conditions and subsequently quantified.

A 96-multiwell plate was coated with 0.005 pg of antigen/
well (i.e., recombinant human VEGF4) at a concentration of
0.05 pg/mL (100 uL/well). After incubation overnight at 4 °C,
the plate was washed with Tween 20 at 0.05% (v/v) in PBS,
pH 7.4. Then, a blocking step was performed to avoid
unspecific bindings with 300 xL/well of blocking buffer (2% v/
w of dry milk powder prepared in washing buffer) for 2 h at 37
°C under orbital shaking at 300 rpm, followed by another
washing step. A BVZ calibration curve (from 1000 ng/mL to
1.50 ng/mL) and the BVZ retrieved from the supernatant were
diluted in PBS accordingly and loaded onto the described
antigen-coated plate. After incubation at 37 °C for 1 h, the
plate was subjected to a washing step. Afterward the secondary
goat antihuman HRP antibody was added at a concentration of
0.08 ptg/mL and incubated for 1 h at 37 °C. After washing, 50
uL/well of ABTS (detection substrate) was added. The plate
was incubated at RT for 25 min and samples absorbances were
measured at 405 nm using the Biotek Synergy H1 microplate
reader (Gen$ software). The AE and LC were calculated as
follows:

https://doi.org/10.1021/acsomega.4c09823
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AE (%) = [(theoretical amount of BVZ — free BVZ)
/theoretical amount of BVZ] X 100

LC (%) = [associated BVZ /total theoretical concentration

of the system] X 100

where in the total theoretical concentration includes the
amount of HAC16, Lipoid S10 and/or DSPE.PEG,y, and BVZ
used in the HANAs formation.

Colloidal Stability upon Storage of 3°Zr-PEG-HANAs.
The colloidal stability of the ¥Zr-PEG-HANAs was evaluated
under storage conditions at 4 °C at selected time points (0, 2,
and 9 days). Their colloidal properties were studied based on
the physicochemical characteristics (particle size and PDI) and
the amount of radioactivity in the particles, the released mAb
and the detached free ¥Zr (i.e. ¥Zr-PEG-HANAs, ¥Zr-BVZ
or free ¥Zr). At each time point, 0.5 mg/mL of ¥Zr-PEG-
HANAs were injected into the AKTA equipment using the
conditions described above. The eluted fractions were
collected, and the radioactivity was measured in a y-counter.
The radioactivity in the ¥Zr-PEG-HANAs, ¥Zr-BVZ, and free
87r was correlated with the total activity and expressed as
percentage of ¥Zr in each fraction. These studies were not
conducted in serum as free *Zr coelutes with serum proteins
showing similar retention time than 897r-BVZ, which makes
the peaks corresponding to *Zr-BVZ and free *'Zr
undistinguishable.

Cell Viability Assays. To evaluate the cytotoxicity profile
of the ¥Zr-PEG-HANAs, an Alamar Blue assay was performed
on the A549 human lung cancer cell line. For this purpose,
7500 cells/well were seeded in a 96-well plate and incubated
overnight at 37 °C with 5% CO,. Dulbecco’s Modified Eagle
Medium (DMEM) (high glucose) containing 10% fetal bovine
serum, penicillin, and streptomycin was used as cell culture
media. When the confluence was 70—80%, the cell culture
media was discarded and replaced with 100 uL/well of
increasing concentrations of blank and PEG-HANAs. After 24
h of exposure, the media was removed and 100 yL/well of the
1X resazurin reagent diluted in cell culture media was added
and incubated for 40 min. Fluorescence intensity as an
indicator of the number of live cells is proportional to the
reduction of resazurin to resorufin. Fluorescence values were
recorded in a microplate reader (Promega, Madison, WI), with
the excitation/emission intensity at 525/580—640 nm. Cells
treated with cell culture media were used as positive controls.
Triton X-100 0.5% (v/v) in cell culture media was added to
cells and used as the negative control. The percentage of cell
viability was calculated, after subtracting the values from the
negative control, as the fluorescence of the samples divided by
the positive control.

The cytotoxicity profile of *Zr-PEG-HANAs was deter-
mined following the above-described method. In this case, cells
were exposed to increasing concentrations of the *Zr-PEG-
HANAs (i.e., 0.005, 0.0S, and 0.5 mg/mL) for 4 h. This time
was selected as it has been demonstrated to be sufficient for
uptake evaluation.'® To discard cytotoxicity associated to the
mAb,”>** 7 BVZ was used as control. The percentage of cell
viability was calculated as described above. The radiolabeling
process of the HANAs requires several concentration and
purification procedures, in order to calculate the mass of the
formulations be used in the study, the synthesis yield of the
HANAs was determined gravimetrically. 40 uL of purified
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$7r-PEG-HANAs and ¥Zr-BVZ were added to a glass vial and
dried by evaporation at 100 °C. After that, the vial was
weighted, and the final concentration was calculated after
subtracting the weight of the empty vial.

cell viability (%) = sample fluorescence — negative control
fluorescence/positive control fluorescence.

In Vivo PET/CT Imaging of 3°Zr-HANAs in Healthy
Mice. Animal imaging studies were ethically reviewed and
carried out in accordance with the Animals (Scientific
Procedures) Act 1986 (ASPA) UK Home Office regulations
governing animal experimentation. In vivo imaging was
conducted in healthy 8 week old C57BL/6 mice. Blood
samples were withdrawn at 25 min and 1, 2, 5.5, 20, 25, and 72
h. PET/CT images were recorded at 90 min, 24 and 72 h after
intravenous injection of the NP. Animals were anesthetized
with isoflurane (2—3% in oxygen) and the radiolabeled NPs
(1.5—3 MBq) intravenously administrated 1 h before the PET
acquisition (1:S coincidence mode; S ns coincidence time
window). PET was recorded for 30 min and then a
semicircular CT scan was performed. Animal body temper-
ature was maintained at 37 °C, and the respiratory rate was
monitored during the imaging protocol. PET/CT images were
reconstructed using Tera-Tomo 3D reconstruction (400—600
keV energy window, 1:3 coincidence mode, 4 iterations, and 6
subsets) at a voxel size of (0.4 X 0.4 X 0.4) mm® and corrected
for attenuation, scatter, and decay. Blood half-life was
calculated as follows:

1 t/ty

where N(t) = remaining quantity after time, t; N, = initial
quantity; t;,, = half-life.

Statistical Analysis. Statistical analyses were calculated
using GraphPad Prism software. Data were analyzed by
unpaired t-test and 2-way ANOVA followed by Fisher’s LSD
test. *p < 0.05, **p < 0.01, ***p < 0.001, and ***¥p <
0.0001 were considered statistically significant. The statistical
analysis details are provided in the corresponding figure
legends.

B RESULTS AND DISCUSSION

Composition and Properties of BVZ-Loaded HANAs.
We engineered a singular delivery system, the HANAs
technology, which combines two key components, HAC16
and phosphatidylcholine (Lipoid S100), with a high capacity of
interaction with the mAb cargo. While the mAb interacts with
the HAC16 by hydrophobic and anionic interactions, Lipoid
S100 plays a key role in the induction of assembling the three
components. This selection led to the entrapment of high
amounts of mAb through a one-step assembling process,
leading to a nanoassembly of tunable physicochemical
properties.'®'” With this technology, we have demonstrated
the capacity of the HANAs technology for the intracellular
delivery of mAbs.'*'” Indeed, this technology have been
proposed as an efficient therapy for KRAS mutant tumors, as
the intracellular delivery of an antiKRAS mAb led to a
reduction in tumor growth in a pancreatic cancer model."”

In this work, we have selected two types of HANAs loaded
with the model mAb, BVZ, with different surface compositions
and particle sizes in order to evaluate their in vivo performance.
Our previous data showed that the physicochemical and
chemical properties of HANAs could be tunned based on the
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Figure 1. Schematic representation of the formulation and radiolabeling method used for the *Zr-labeling of the HANAs. As indicated, the BVZ-
DFO conjugate is entrapped into the NPs and, afterward, the entrapped mAb is radiolabeled with Zr.
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Figure 2. Radiochemical characterization of %Zr-BVZ-loaded HANAs and *Zr-BVZ-loaded PEG-HANAs. (A) Table with the physicochemical
properties, association efficiency (AE, %) and loading capacity (LC, %) of the nonradiolabeled and radiolabeled HANAs (ND = not determined).
The system with a PEG component was noted. Data are expressed as mean + SD, n > 3. (B) Radiolabeling yield (RLY) of ¥Zr-BVZ, ¥Zr-HANAs,
and ¥Zr-PEG-HANAs (n > 3). (C) Radiochemical purity (RCP) of 89Zr-HANAs and 89Zr-PEG-HANAs (1 = 3), and (D) radiochemical stability
(RCS) in human plasma at 37 °C for 24, 48, and 72 h (n = 2). (E) Hydrodynamic size of the HANAs measured by DLS before and after the *Zr
radiolabeling process (n > 3). Data are expressed as mean =+ SD. Statistical analysis in RLY and RCP was done using unpaired t-test, **p < 0.01.
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Figure 3. Stability in suspension of 89Zr-PEG-HANAs at 4 °C for 9 days. (A) Evolution of the particle size (bars) and PDI (dots) of the
prototypes during storage for up to 9 days. Statistical analysis of the particle size was done using unpaired t-test. (B) Cumulative percentage of 89Zr
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and ****p < 0.0001. Data are expressed as mean + SD, n = 3.

proportion of the components of HANAs, as evidenced by
computational modeling.'® Specifically, we have chosen BVZ-
loaded non-PEGylated HANAs (HANAs) and PEGylated
HANAs (PEG-HANAs), with particle sizes of 160 and 80 nm,
respectively and PDI < 0.3 (Figure 2A). AE and LC were
superior to 67 and 22%, w/w, respectively (Figure 2A). These
are 0utstandin§ results compared to other mAb-loaded
nanocarriers.”” " The tunable particle size and high AE
have been attributed to the formulation method, the low
concentrations of starting materials for PEG-HANAs, and the
high affinity of mAb with amphiphilic HA and Lipoid S100,
among others. This hypothesis was demonstrated by computa-
tional modeling and further supported by the analysis of the
structural configuration by the orthogonal sizing techniques
cryogenic transmission electron microscopy, asymmetrical flow
field-flow fractionation, and small-angle X-ray scattering."®

Radiolabeling of BVZ-Loaded HANAs with 39Zr. The
radiolabeling reaction was performed by first conjugating the
DFO chelator to the mAb. BVZ was selected as a model mAb,
anticipating the implementation of a similar approach for other
mAbs. This was followed by a reaction with [¥Zr]Zr-oxalate
after the entrapment of the BVZ-DFO within the NPs (Figure
1). It is important to consider that the suitability of the
radiolabeling method for in vivo studies will be determined by
the capacity to radiolabel the HANAs while preserving the
physicochemical properties of the particles and achieving a
high RCP and stability (vide infra).

Briefly, BVZ was conjugated with DFO via reaction with an
amine-reactive DFO-thioisocyanate (DFO-NCS) to form a
stable thiourea bond. This is a well-stablished strategy for the
radiolabeling of mAb with Zr.*' In order to radiolabel the
BVZ-loaded HANAs, DFO-BVZ was entrapped in the
HANAs. Afterward, the DFO-BVZ-HANAs were incubated
with neutralized [**Zr]Zr-oxalate at RT for 1 h and purified by
size-exclusion chromatography to provide the *Zr-labeled
BVZ-HANAs (¥Zr-HANAs and %Zr-PEG-HANAs). As
control of the radiolabeling reaction, nonencapsulated DFO-
BVZ was submitted to the same radiolabeling process (*'Zr-
BVZ). Moderate-to-high radiolabeling yields (RLYs) of 66 +
22, 86 + 3, and 68 + 11% were obtained for ¥°Zr-BVZ, ¥Zr-
HANAs, and Zr-PEG-HANAEs;, respectively (Figure 2B). The
superior RLY for ¥Zr-HANAs over **Zr-PEG-HANAs suggest
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that the structural organization and composition of the PEG-
HANAs (ie., PEG outer shell) may limit the diffusion of the
¥7r toward the entrapped DFO-BVZ at RT. The incorpo-
ration of radiometals across a lipid bilayer without the need of
a transport chelator (i.e., an ionophore) have been previously
described for PEGylated liposomes, showing that the optimal
radiometal loading rates were achieved at 55 °C.”>*° In our
case, reactions were conducted at RT which may lead to
decreased RLYs, but preserving the biological activity of the
mAb.”’

The RCP was determined for both prototypes (Figure 2C).
The isolation of mAb-loaded NPs from nonentrapped mAbs
represents a significant challenge, primarily due to the absence
of methods enabling simultaneous separation and quantifica-
tion. While an array of methods are available for mAb isolation
and purification, challenges arise when implementing them for
the isolation and quantification of mAb-loaded NPs. These
challenges include difficulties isolating the NPs from the mAb
efficiently, quantifying low mAb concentrations, the matrix
complexity, and the difficulty in preserving the physicochem-
ical properties of the NPs during separation. In this study, a
size-exclusion fast protein liquid chromatography system was
employed to isolate the nonentrapped mAb from the mAb-
loaded NPs. RCP values >90% were found, which demonstrate
the successful removal of unlabeled ¥Zr and nonentrapped
87r-BVZ from the mAb-loaded NPs. In parallel, the
physicochemical properties of both ¥Zr-HANAs and *Zr-
PEG-HANAs were evaluated revealing nonsignificant changes
(Figure 2A). Additionally, the RCS of ®Zr-HANAs in human
serum was evaluated (Figure 2D). The RCS determines
whether the radionuclide is detached from the particle under
physiological conditions. A high RCS is essential to avoid the
misinterpretation of PET imaging, where the signal of the
detached radionuclide could be interpreted as the biodis-
tribution of the NPs. In our case, the RCS varied from 86 + 4
and 72 + 2% at 24 h to 75 + 6 and 69 + 4% for *Zr-HANAs
and ¥Zr-PEG-HANAs after 72 h without significant differ-
ences between prototypes. Although these values are lower
than other ®Zr-mAbs and derivatives,”*’ they were
considered adequate for further PET imaging interpretation,
based on the significantly different biodistribution of the
various individual components. To the best of our knowledge,
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this is the first reported radiolabeling strategy for tracking
polymeric NPs through encapsulated *Zr-mAb that provides
suitable radiochemical properties and reproducible procedures,
without altering the physicochemical properties of the NPs.
Two previous reports have described a similar radiolabeling
strategy for BVZ-loaded albumin-based NPs and antiCTLA-4
mAb-loaded PEGylated liposomes with *™Tc.””*" However,
the radiolabeling procedure altered the physicochemical
properties of the particles in one case and was not reported
it in the other.

Colloidal Stability upon the Storage of 89Zr-HANAs.
The particle size, polydispersity index (PDI), and the amount
of released *Zr and *Zr-BVZ were studied to evaluate the
colloidal stability at 4 °C for 9 days in PBS. We selected PEG-
HANAs for this study as the most promising candidate given
their optimal particle size for tumor accumulation. The data
shown in Figure 3A revealed minor variations in terms of
particle size and PDI for at least 9 days. Regarding 8971 release,
a significant decrease of *¥Zr complexed to the HANAs was
observed over time (when compared to HANAS prior storage,
Figure 3B). In turn, a significant increase in the released of free
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87r was observed, while the amount of ¥Zr-BVZ remained
stable from day 2 to 9. This behavior is comparable to the RCS
observed in human plasma, suggesting that the formation of a
protein corona did not alter the ®Zr release kinetics.*> Our
findings are in line with other reported storage stabilities in
terms of *Zr leakage for other mAbs.”’

Cell Viability. The toxicity of HANAs could be affected
after the radiolabeling due to the presence of ionizing
radiation. In fact, radiotoxicities caused by ionizing radiation
can be directly caused by radiochemical impurities or side
products, or indirectly due to water radiolysis.”* Aiming to
evaluate the potential radiotoxicity of the leading candidate
(¥Zr-PEG-HANAS), a metabolic activity assay was carried out
in the nonsmall cell lung cancer A549 line. We chose nonsmall
cell lung cancer as it has been linked to mutated intracellular
oncoproteins,”>*° suggesting it would benefit from an
improved intracellular delivery of mAbs. Indeed, in a previous
report, we have demonstrated the capacity of the HANAs to
aid the intracellular delivery of a relevant antiKRAS mAb and
further engagement of the target KRAS, one of the most
prevalent mutations in cancer.” We first evaluated the cell
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viability at different concentrations of nonencapsulated PEG-
HANAs (blank) and the BVZ encapsulated PEG-HANAs
without radioactivity to study the toxicity induced by the
components of the HANAs (Figure 4A). A low-toxicity profile
for up to 1 mg/mL of the nonradiolabeled HANAs was
observed, similar to the results previously obtained after
incubation of HANAs in the CMT167 lung cancer cell line,
confirming the biocompatible profile of the NPs.'® Then, the
radioactive counterpart ¥Zr-PEG-HANAs was evaluated using
$7r-BVZ as a control. After 4 h of treatment, increasing
concentrations of **Zr-PEG-HANAs or *Zr-BVZ did not
modify the cell viability within the range of tested activity per
cell (Figure 4B). Hence, the incorporation of ¥Zr into HANAs
did not affect their cytotoxicity profile. Cell viability greater
than 100% after incubation with the particles can be attributed
to experimental variability, as values are calculated relative to
the negative control. Additionally, since cell viability was
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assessed using a metabolic assay, higher values could indicate
increased metabolic activity triggered by PEG-HANAs uptake.

The Biodistribution of the mAb is Modified through
Its Entrapment into the HANAs. Aiming to evaluate the in
vivo performance of the HANAs, PET/CT imaging and
biodistribution studies were conducted in healthy C57BL/6
mice. To compare the capacity of the NPs to modify the
biodistribution profile of the mAb, nonentrapped radiolabeled
mAb (¥Zr-BVZ) and the BVZ-loaded HANAs, ¥Zr-HANAs
and ¥Zr-PEG-HANAs, were evaluated up to 72 h.

The pharmacokinetics demonstrated a rapid clearance of
#Zr-HANAs and “Zr-PEG-HANAs from the bloodstream
(Figure S). After 2 h in circulation, the % ID/g declined by
70% for %°Zr-HANAs and 53% for %°Zr-PEG-HANA:s,
indicating an extended circulation due to the presence of
PEG. Additionally, the mAb demonstrated prolonged circu-
lation, with only a marginal decrease of 13% after 2 h,
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corresponding to a half-life of 39 + 1 h, consistent with
previously reported circulation times with the same BVZ.*
%7r-PEG-HANAs demonstrated a significantly higher circu-
lation time from § to 25 h than ¥Zr-HANAs, attributed to the
stealth effect of the PEG shell. Although statistically significant,
the half-life of *¥*Zr-PEG-HANAs (17 + 12 h) was superior to
¥7r-HANAs (13 + 0.4 h), further supporting the stealth
hypothesis. Indeed, the PEG effect was observed at a
theoretical molar density of 12 lipid mol %, which is higher
than the PEG densities (0.5—5%) that have demonstrated
efficient passive accumulation.””*® The fact that high PEG
densities did not led to a superior circulation time could be
explained by the PEG desorption kinetics,”” which determines
the nature of the protein corona adsorbed and therefore, the
tissue distribution. This effect needs to be studied in detail,
taking into account the unique characteristics of each
formulation and the influence of the mAb presence within
the NP.

PET/CT images were consistent with the pharmacokinetics
in blood, revealing a very different biodistribution profile of the
HANAs compared to the mAb alone. As expected, ¥Zr-BVZ
remained in blood for long periods, while ¥Zr-HANAs and
$7r-PEG-HANAs prototypes accumulated in the liver and
spleen (Figure 6A). Intravenous administration of neutralized
[¥Zr]ZrCl, as secondary control showed a very distinct
biodistribution compared to that of **Zr-BVZ and the
radiolabeled compounds confirming their high RCP and
RCS (Figure S3). PET quantification in main organs at the
imaging time points revealed high accumulation in liver and
spleen, which is in consonance with the in vivo pattern of most
polymer-based NPs.*”*' Moreover, %Zr-PEG-HANAs ex-
hibited lower liver and spleen uptake after 24 h compared to
$7r-HANAs, but similar uptake after 72 h, reflecting the
higher circulation of the PEGylated nanoparticles (Figure 6B).
In contrast, ¥Zr-BVZ showed a higher PET signal in the heart,
related to the higher blood circulation, and significantly lower
uptake in the liver and spleen (Figure 6B). Ex vivo y-counter
biodistribution after 72 h revealed a high uptake of ¥Zr-PEG-
HANAs in primary and secondary lymph nodes. Unfortu-
nately, the lymph nodes of the mice injected with **Zr-BVZ
and ¥Zr-HANAs were not collected. This was due to the lack
of lymph node uptake observed by PET imaging. Further
repeat experiments are needed to establish the lymph node
uptake values in these groups. We hypothesize that the lymph
node uptake with ¥Zr-PEG-HANAs was a result of the smaller
particle size. Indeed, the lymph node accumulation for
nanoplatforms ranging from 10 to 100 nm have been widely
described.*** Moreover, ¥Zr-BVZ showed a higher bone
uptake, presumably due to a higher presence of free *Zr.
Long-term detachment of *®Zr from radiolabeled mAbs is
common when using DFO complexation.”'4 However, in the
radiolabeled HANAEs, this detachment is reduced because BVZ
is encapsulated within the NPs, minimizing its exposure to
blood proteins.

B CONCLUSIONS

Understanding the pharmacokinetics and biodistribution of
delivery nanoplatforms designed to modify the biodistribution
profile of naked mAbs is complicated but key for their efficient
clinical translation. Here, we introduce a straightforward and
efficient method for the radiolabeling of mAb-loaded HANAs
with a relatively long half-life positron emitter, 87r. The
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radiolabeled formulations exhibited good radiochemical
properties for in vivo applications in terms of radiochemical
stabilities and purity regardless of the HANAs composition and
mAb concentration, all while preserving the physicochemical
properties of the NPs. Notably, no other examples have been
reported for the quantitative evaluation of mAb-loaded NPs
using PET/CT imaging. Understanding the factors that affect
the circulation time, such as surface PEGylation of NPs,
enables the customization of NPs to meet the specific
oncological applications. Our radiolabeling strategy allows
one to accurately track the fate of NPs loaded with mAbs and
presumably, other clinically relevant mAbs. The versatility of
this approach opens new avenues for the quantitative
assessment of complex nanoformulations loaded with mAbs,
providing a powerful tool for evaluating drug delivery systems
with high sensitivity and accuracy. Future experiments could
involve their evaluation in tumor-bearing animal models to
further elucidate the genuine potential of this formulation in
cancer nanotheranostics.
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