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ABSTRACT

The clinical success of monoclonal antibody therapy has inspired research in understanding the
fundamental molecular basis of antibody—antigen interactions and the engineering of antibodies
and antibody assemblies with enhanced or novel properties. In particular, colloidally stable
antibody assemblies can enhance dosing strategies and enable combined therapy of a mixture of
antibodies or biologics. Herein, nano-assemblies of therapeutic antibodies were fabricated with
controlled physicochemical properties using a versatile template-mediated assembly method. The
antibody nanoparticles (AbNPs), cross-linked with poly(ethylene glycol)-N-hydroxysuccinimide,
were monodisperse, with particle diameters consistent with the template size (250 nm). When
assembled using Herceptin or Kadcyla as a model antibody and antibody—drug conjugate,
respectively, the nanoparticles retained the selectivity of the monoclonal antibody and recognized
>98% of cells expressing the target receptors on cell membranes. Unlike the free Herceptin
antibody, which was predominantly localized at the surface, the AbNPs were internalized via
receptor-mediated endocytosis, presenting opportunities for delivering monoclonal antibodies
intracellularly at high concentrations and/or against intracellular targets. With the vast array of
antibodies that could be applied and different cross-linking chemistries possible, the reported
antibody assembly strategy provides a versatile platform for the development of antibody

assemblies for therapeutic, diagnostic, and clinical applications.

INTRODUCTION
Monoclonal antibodies are the fastest growing class of therapeutics and have a proven clinical
track record for the treatment and diagnosis of several diseases, including cancer and inflammatory

conditions, owing to their high specificity and efficacy.' For cellular targets, antibodies bind to



their specific antigen, for example receptors present on the cellular membrane that trigger a
cascade of intracellular signaling events or intracellular targets that influence various cellular
activities.*> Many monoclonal antibodies, approved by the Food and Drug Administration (FDA),
and their drug conjugates, bind to specific receptors overexpressed on tumor cells, enabling the
delivery of the antibody, as well as therapeutic or imaging agents to tumors.® Given their
significance in medical research and for clinical use, it is important to understand the fundamental
molecular basis of antibody—antigen interactions, explore new antibody targets, and design
antibodies with improved functions.

Antibodies have been widely applied as targeting ligands in nanotechnology-enabled therapeutic
modalities, including liposomes,’ protein nanoparticles,® and polymeric micelles,® for drug
delivery and imaging applications. The attachment of antibodies to these nanoscale platforms has
been typically achieved through surface assembly of the antibody molecules using covalent or
noncovalent bioconjugation techniques.'®'! The physicochemical properties of the underlying
substrate, including material type, size, and shape,®'?>14 have been shown to influence the
interactions of the immobilized antibodies with their targets. However, little is known about the
effect of assembled antibodies or antibody clusters themselves on antibody—antigen interactions,
mainly because of the challenge in preparing “pure” antibody nanoparticles with controlled size
despite limited attempts made to fabricate antibody nano-assemblies via self-assembly methods
including copolymer conjugation and antibody complexation with catechin derivatives.*>® These
clusters are a separate class to undefined antibody aggregates of heterogeneous size that are formed
during the manufacture of monoclonal antibodies.}”'® The formulation of nonimmunogenic

antibody clusters of homogeneous, submicrometer size and composition could potentially offer



further applications for antibody therapeutics and improved therapeutic outcomes over free
antibodies.

Pure protein particles (diameter of 930 nm) have previously been prepared by a template-
mediated method using sacrificial mesoporous silica (MS) particles.!® In contrast, the template-
mediated synthesis of smaller pure protein particles has remained a challenge partly because of the
need for sacrificial templates with large pore sizes, to accommodate proteins, and with
interconnecting pores to enable cross-linking. Particle size influences the ability of a particle to
cross biological barriers, including cell entry, and is an important criterion to reducing the
immunogenicity of antibody-based therapeutics.”*® Recently, a method for preparing 200 nm MS
particles with large dendritic pores was reported?-2? that could allow the infiltration of larger
proteins, including whole monoclonal antibodies, which have a typical molecular weight (Mw) of
~150 kDa. Herein, we exploit the large pore size of these MS particles and employ a simple
template-mediated approach to fabricate amide-stabilized antibody nanoparticles with controlled
physicochemical properties. The versatility of the approach is demonstrated using the therapeutic
antibody Herceptin and its drug conjugate Kadcyla. We evaluate how these nano-assembled
antibody nanoparticles (AbNPs) interact with targeted receptors and their potential effects on
cellular activities and investigate their biodistribution in vivo, including tumor targeting capacity.

EXPERIMENTAL SECTION

Materials. Cetyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate (TEOS),
triethanolamine (TEA), sodium salicylate (NaSal), hydrogen chloride (HCI), hydrofluoric acid
(HF, 48 wt%), ammonium fluoride (NH4F), sodium carbonate (Na2COs), dimethyl sulfoxide
(DMSO0), phenazine methosulfate (PMS), collagen (type 1 from rat tail), and immunoglobulin G

(1gG) from sheep serum were purchased from Sigma-Aldrich. Methanol was purchased from



ChemSupply Australia. Poly(ethylene glycol)-N-hydroxysuccinimide (PEG-NHS, Mw 600) was
purchased from Creative PEGworks. Pierce BCA protein assay kit, Alexa Fluor 488 carboxylic
acid succinimidyl ester (AF488), Alexa Fluor 647 carboxylic acid succinimidyl ester (AF647),
RPMI 1640 medium (GlutaMAX Supplement), Dulbecco’s modified Eagle’s medium (DMEM,;
with 4.5 g L™ glucose, with L-glutamine), fetal bovine serum (FBS), Dulbecco’s phosphate-
buffered saline (DPBS) buffer, ErbB2 monoclonal antibody, Alexa Fluor 594-conjugated rabbit
anti-mouse 1gG (H+L) Superclonal secondary antibody, Alexa Fluor 594-wheat germ agglutinin
conjugate (AF594-WGA), trihydrochloride (Hoechst 33342), and 2,3-bis[2-methoxy-4-nitro-5-
sulfophenyl]-2H-tetrazolium-5-carboxanilide inner salt (XTT) were purchased from Thermo
Fisher Scientific. Herceptin and Kadcyla antibodies were from Genentech/F. Hoffmann-La Roche
Ltd. Thulium(I11) S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (Tm-p-SCN-Bn-DOTA) and p-SCN-Bn-Deferoxamine (DFQO) were purchased
from Macrocyclics. Nitric acid (HNOs; 60%) was purchased from Merck. Ultrapure water with a
resistance of greater than 18 MQ cm (Milli-Q water) was obtained from a three-stage Millipore
Milli-Q Plus 185 purification system.

Preparation of AbNPs. MS templates with large pores were synthesized via the anion-assisted
method using CTAB as a cationic surfactant, NaSal as a structure-directing agent, TEOS as a silica
source, and TEA as a catalyst.?-?2 Briefly, 68 mg TEA, 380 mg CTAB, and 168 mg NaSal were
successively added to 25 mL Milli-Q water, and the mixture was stirred at 80 °C in an oil bath for
1 h. Afterwards, 4 mL TEOS was slowly added to the above solution and stirred at 80 °C for 2 h.
The products were collected by centrifugation at 10000g and washed three times with ethanol. The

products were then purified by extraction with ~1 M HCI in methanol at 60 °C for 6 h; the



extraction process was repeated three times. The MS particles were washed with ethanol and
finally oven-dried at 80 °C overnight.

Subsequently, 500 pL of 1gG solution (2 mg mL™*) was added to 500 pL of MS solution (2 mg
mL™) in sodium acetate buffer (0.1 M, pH 5.0). The particle/protein dispersion was incubated for
2 h at room temperature on an Eppendorf thermomixer to allow the IgG molecules to infiltrate the
pores of the template via electrostatic adsorption. Excess 1gG was removed by centrifugation
(~5000g, 5 min, x3), and the IgG-loaded nanoparticles were dispersed in DPBS (pH 7.4). The
loading capacity was determined by measuring the protein concentration before and after protein
incubation with the MS template using a Pierce BCA protein assay kit according to the
manufacturer’s protocol. Cross-linking of the IgG molecules within the MS template was achieved
by adding PEG-NHS cross-linker (50 pL of 20 mg mL ™t in DMSO) to the IgG-loaded MS in DPBS
buffer, followed by incubation for 4 h at room temperature with constant agitation on a
ThermoMixer. The AbNPs (IgGNPs in this case) were finally obtained by dissolving the MS
template with 1 M HF/3 M NH4F solution (pH ~5), followed by washing with DPBS buffer three
times. Caution! HF is highly toxic. Extreme care should be taken when handling HF solution, and
only small quantities should be prepared. Herceptin nanoparticles (HerNPs) and Kadcyla
nanoparticles (KadNPs) were prepared using the same procedure.

Quantitative Analysis of Antibodies in AbNPs. The protein concentration of the AbNPs was
determined using a Pierce BCA protein assay kit; particle concentration was measured by
nanoparticle tracking analysis using a 405 nm laser. At a protein concentration of 0.02 mg mL ™,
the particle concentration is 2.23 x 10° particles mL™* (Figure S2b). Thus, 1 mg of AbNPs (4.01 x
10'° IgG molecules) contains 1.12 x 10* particles. Therefore, one AbNP contains approximately

3.58 x 10* 1gG molecules (4.01 x 101%/1.12 x 10%).



Antibody Labeling. For the antibody labeling, 5 pL AF488 or AF647 (1 mg mL™t) in DMSO
was added to 200 pL of antibody solution (5 mg mL™) in DPBS buffer containing 0.1 M Na2COs
(pH 8.3) for 2 h at room temperature (20 °C) with constant agitation. Excess free fluorophores
were removed using Zeba spin desalting columns (40 kDa molecular weight cutoff, 2 mL). The
labeled antibodies were then used to prepare AbNPs for imaging.

Particle Characterization. Transmission electron microscopy (TEM) images were taken on an
FEI Tecnai Spirit microscope operating at 120 kV. Samples were prepared by placing a drop of a
sample suspension (suspended in deionized water) on a carbon-coated copper grid and drying
under ambient conditions. Particle concentration was determined by nanoparticle tracking using a
Nanosight NS300 (Malvern Panalytical, UK). The surface area and porosity of the MS templates
were determined from N2 adsorption—desorption isotherms measured on an ASAP 2010 System
(Micromeritics, USA). Hydrodynamic size distributions and zeta potentials were measured by
dynamic light scattering (DLS) and microelectrophoresis, respectively, using a Zetasizer Nano ZS
instrument (Malvern Instruments, UK). DLS measurements were performed in DPBS. Samples
for zeta potential measurements were dispersed in 2 mM phosphate buffer (pH 7.4). Atomic force
microscopy (AFM) images were acquired by a Cypher AFM (Asylum, USA). Circular dichroism
(CD) spectra were recorded on a circular dichroism spectrometer (Model 401, AVIV Biomedical,
USA). Fourier transform infrared (FTIR) spectra in attenuated total reflectance mode were
recorded using an FTIR spectrometer (TENSOR |1, Bruker, Germany).

Cell Culture. Human breast cancer BT-474 cells were maintained in RPMI medium 1640
supplemented with 10% (v/v) FBS. Human breast cancer MDA-MB-231 cells were incubated in
DMEM with 10% (v/v) FBS. All cultures were maintained at 37 °C in a 5% CO2-humidified

atmosphere.



Cellular Association by Flow Cytometry. Cells were seeded at a density of 10° per well in 24-
well plates and incubated at 37 °C overnight. Then, the culture medium was removed and replaced
with fresh medium containing AF488-labeled free antibody and AbNPs (20 pg mL™?). Cells were
further incubated at 37 °C for 24 h. To assess receptor binding specificity, BT-474 were blocked
by preincubating cells with nonfluorescent free Herceptin (20 pg mL™) at 37 °C for 3 h. After
incubation, the media was replaced with fresh media containing the AF488-labeled AbNPs.
Sample incubation was conducted under dynamic flow conditions using a self-contained device to
maintain a well-mixed environment.? Subsequently, cells were gently washed with DPBS to
remove unassociated nanoparticles, followed by  treatment  with 0.25%
trypsin/ethylenediaminetetraacetic acid solution at 37 °C for 5 min. The cells were collected via
centrifugation at 300g for 5 min and the resulting pellet was then resuspended in DPBS and
analyzed by an Apogee A50-Micro flow cytometer. At least 10* cells were analyzed for each
sample using the Apogee Histogram software v242. Graphs were created using FlowJo v10.5.

Cellular Internalization by Confocal Laser Scanning Microscopy (CLSM). Cells were
seeded in an eight-well Lab-Tek Il chambered slide at a density of 5 x 10* cells per well for 24 h.
After incubation, cells were treated with AF488-labeled free antibody and AbNPs (20 pug mL™)
for 24 h under dynamic flow conditions. Then, the cells were washed with DPBS, fixed with 4%
paraformaldehyde for 10 min at room temperature (20 °C), stained with AF594-WGA for 5 min
(optional), and counterstained with Hoechst 33342 for another 5 min. The cells were washed with
DPBS after each staining step and finally immersed in DPBS before imaging, which was
performed on a Nikon A1R+ confocal microscope.

For BT-474 cells, ErbB2 receptors were visualized by immunofluorescence staining. After

treatment with free antibody and ADNPs, cells were fixed with 4% paraformaldehyde,



permeabilized with ice-cold ethanol for 10 min, and blocked with 2% bovine serum albumin (BSA)
for 30 min. Then, cells were incubated with mouse anti-ErbB2 monoclonal antibody at a dilution
of 1:100 (1 pug mL™?) for 1 h at room temperature (20 °C) and further incubated with Alexa Fluor
594-conjugated rabbit anti-mouse 1gG (H+L) Superclonal at a concentration of 1 pg mL™ for 1 h.
Washing with DPBS was performed between steps.

Internalization in Three-Dimensional (3D) Spheroids. To construct 3D spheroid models, BT-
474 cells were seeded in a Perfecta3D hanging drop plate at a concentration of 1 x 10* cells per
well in 40 pL of medium containing 0.075 mg mL™* collagen. Cells were incubated for 24 h to
allow the formation of spheroids in each droplet. Free antibody and AbNPs were gently added into
the droplets at a concentration of 200 pg mL™t. After incubation for 48 h, the spheroids were
harvested from the plates, washed with DPBS, and then fixed with 4% paraformaldehyde for 20
min at room temperature (20 °C). After washing once with DPBS, the spheroids were stained with
AF594-WGA and Hoechst 33342 for 1 h. Washing with DPBS was performed three times before
final resuspension in DPBS for imaging on a Nikon A1R+ confocal microscope.

Cell Viability. Cells were seeded at a density of 1 x 10 cells per well in triplicate in 96-well
microplates and allowed to adhere overnight. Free antibody and AbNPs were added and incubated
with cells for 48 h under dynamic flow conditions. For all samples, the concentration of the
antibody was kept constant at 20 pug mL 1. After incubation, the culture medium was replaced with
fresh medium containing 0.2 mg mL* of activated XTT (10 mL of 0.2 mg mL™ XTT in complete
medium was activated by adding 20 pL of 1 mM PMS in DPBS), and cells were allowed to
incubate further at 37 °C for 3 h. Cell viability was measured on an Infinite M200 microplate
reader (Tecan, Switzerland) at 475 nm, with 647 nm as the reference wavelength. Cell viability

was expressed as a percentage by normalizing absorbance to untreated cells.



Biodistribution in Mice. Thulium (Tm)-labeled HerNPs were prepared by conjugating Tm-p-
SCN-Bn-DOTA with the Herceptin antibodies. Briefly, 27.7 uL Tm-p-SCN-Bn-DOTA (10 mg
mL™) in DMSO was added to 2 mL of antibody solution (5 mg mL™) in 0.1 M NaHCOs buffer
(pH 9) for 2 h at 37 °C with constant agitation. Excess Tm-p-SCN-Bn-DOTA was removed using
Zeba spin desalting columns (40 kDa molecular weight cutoff, 2 mL). The labeled antibodies were
then used to prepare Tm-labeled HerNPs.

All biodistribution procedures were conducted in accordance with the Australian code for the
care and use for scientific purpose, and experiments were approved by the University of Melbourne
Animal Ethics Committee (10404). Mice were sourced from the Animal Resources Centre (Perth,
Australia) and housed on a 12 h light/dark cycle with ad libitum access to food and water.
Biodistribution of Tm-labeled HerNPs was studied in 6—7-week-old healthy female BALB/c mice.
The mice were randomly divided into groups of 3 mice. A group of mice were injected
intravenously with Tm-labeled HerNPs (1 mg mL™) or Tm-labeled free Herceptin antibody (1 mg
mL™) at a dosage at 10 mg kg via the lateral tail vein. A blood sample was drawn at 4 h after
administration, and the mice were subsequently euthanized and perfused with DPBS. The organs
of interest were harvested, weighed, and digested with 2 mL of 60% nitric acid at 70 °C for 2 h.
Caution! Extreme care should be taken when handling 60% nitric acid, which can only be used in
a fume hood. Tm signal in the blood and organ samples was measured by inductively coupled
plasma mass spectrometry (ICP-MS). The signals measured from Tm-labeled HerNPs and free
Herceptin at the administered dosage were used to calculate the percentage injected dose per gram
(%ID g ) in each blood/organ sample.

Targeting in Tumor-Bearing Mice. Preparation of DFO-AbNPs: DFO-conjugated free

antibody and AbNPs were prepared to allow for 8Zr labeling. Briefly, 5 uL p-SCN-Bn-DFO (1

10



mg mL™) in DMSO solution was added to 1 mL of antibody solution (5 mg mL™) in 0.1 M
NaHCOs buffer (pH 9), and the mixture was incubated for 1 h at 37 °C with constant agitation
(400 rpm on a ThermoMixer). Excess p-SCN-Bn-DFO was removed using Zeba spin desalting
columns (40 kDa molecular weight cutoff, 2 mL). The conjugated antibodies were then used to
prepare DFO-conjugated AbNPs.

897r Radiolabeling of DFO-AbNPs: The DFO-conjugated free antibodies (Herceptin, 1gG) and
AbNPs (HerNPs, IgGNPs) were incubated with 8Zr (for imaging purposes) at molar ratios of
500:1 (DFO-conjugated free antibody:2°Zr) for Herceptin and 1gG and 1000:1 (DFO-conjugated
AbNP:8Zr) for HerNPs and IgGNPs in 0.1 M pH 7.4 HEPES buffer for 45 min at 37 °C. Samples
of each solution were taken and mixed 1:1 with 50 mM diethylenetriamine pentaacetate. Then, 5
ML of each solution was spotted on thin liquid chromatography (TLC) paper (Agilent iTLC-SG
Glass microfiber chromatography paper impregnated with silica gel) and run with 50:50
H20:ethanol. Plates were then imaged on an Eckert & Ziegler Mini-Scan and Flow-Count iTLC
Reader. Where necessary, unbound 8°Zr was removed by purification using 7 kDa molecular
weight cutoff Zeba spin columns (Thermo Scientific) as per manufacturers protocols. All samples
showed >90% 8°Zr radiolabeling.

Preparation of Subcutaneous Xenograft Tumor in Mice: All tumor targeting procedures were
conducted in accordance with the Australian National Health and Medical Research Council’s
published Code of Practice for the Use of Animals in Research, and experiments were approved
by the University of Queensland Animal Ethics Committee (AEC/AIBN/CAI/105/19). Mice were
housed on a 12 h light/dark cycle with ad libitum access to food and water. Eight-week-old female
BALB/c nu/nu mice were purchased from Animal Resources Centre (Perth, Australia). To

establish BT-474 tumors for in vivo targeting experiments, immunocompromised mice were first
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implanted subcutaneously with an estrogen hormone pellet at 9 weeks of age. The following day,
2.5 x 108 BT-474 cells in 50 pL of 50:50 PBS:Matrigel were injected subcutaneously in the right
flank of each mouse. There was no evidence of ulceration at the time of dosing; the animals were
closely monitored and remained in good condition apart from the growth of tumors. After 11 weeks
of tumor growth (tumor weight up to ~0.4 g), 8Zr-labeled free Herceptin, free 1gG, HerNPs, and
IgGNPs were injected via the tail vein (29G needle). Dosage was based on a radioactivity of 2.0
MBq for each sample.

Position Emission Tomography-Computed Tomography (PET-CT) Imaging of [3°Zr]Zr-AbNPs:
Mice were anesthetized with isoflurane (IsoFlo, Abbott Laboratories) at a dose of 2% in a closed
anesthetic induction chamber. Mice were monitored using ocular and pedal reflexes to ensure deep
anesthesia. Once the mouse was deeply anesthetized, it was placed on an appropriate animal bed,
where the anesthetic air mixture (1%) was delivered to its nose and mouth through a nose cone.
Physiological monitoring (respiratory using a sensor probe) was achieved throughout all
experiments using an animal monitoring system (BioVet™ system, m2m Imaging, Australia).
Images were acquired using a Siemens Inveon PET-CT scanner following tail vein intravenous
injection of the antibodies and particles.

The injection syringe was filled with the radioisotope solution (approximately 150 pL) and the
activity in the syringe was measured using a dose calibrator (Capintec CRC-25) with a calibration
factor of 35. The residual activity in the syringe after the tail vein injection was measured using
the same dose calibrator, and the total volume injected in each mouse was calculated.

Calibration of the PET/CT scanner was performed with an in-house-manufactured phantom

containing a known activity of 8Ge solution as a radiation source.
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The mice were positioned on the scanner bed (n = 3 per scan using a bed developed in-house)
and micro-CT scans were acquired for anatomical co-registration. The CT images of the mice were
acquired through an X-ray source with the voltage set to 80 kV and the current set to 500 YA. The
scans were performed using 360° rotation with 120 rotation steps with a low magnification and a
binning factor of four. The exposure time was 230 ms with an effective pixel size of 106 um. The
total CT scanning process took approximately 15 min. The CT images were reconstructed using
Feldkamp reconstruction software (Siemens). Following CT imaging, PET scans were acquired at
4 h, 24 h, 48 h, and 5 days (120 h) after injection of the radiotracer, using 15-75 min static
acquisitions. The PET images were reconstructed using an ordered-subset expectation
maximization (OSEM2D) algorithm and analyzed using the Inveon Research Workplace software
(IRW 4.1) (Siemens), which allows fusion of CT and PET images and definition of regions of
interest (ROIs). CT and PET datasets of each individual animal were aligned using IRW software
(Siemens) to ensure good overlap of the organs of interest. Three-dimensional ROIs were placed
within the whole body, as well as all the organs of interest, such as the heart, kidney, lungs, bladder,
liver, spleen, and tumors using morphologic CT information to delineate organs. Activity per voxel
was converted to nci/cc using a conversion factor obtained by scanning a cylindrical phantom filled
with a known activity of 8%Zr to account for PET scanner efficiency. Activity concentrations were
then expressed as percentage of the decay-corrected injected activity per cm?® of tissue that can be
approximate as percentage injected dose per g (%ID g?).

Minimum Information Reporting in Bio—Nano Experimental Literature (MIRIBEL). The
studies conducted herein, including material characterization, biological characterization, and
experimental details, conform to the MIRIBEL reporting standard for bio—nano research,?* and we

include a companion checklist of these components in the Supporting Information.
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RESULTS AND DISCUSSION

Synthesis and Characterization of AbNPs. The preparation of AbNPs is illustrated in Figure
1A. Antibodies (e.g., 19G) were loaded in MS templates, followed by cross-linking with PEG-
NHS, which results in the formation of amide bonds with the amine groups on IgG. Removal of
the MS templates results in AbNPs composed entirely of IgG and PEG. Here, AbNPs formed from
a generic 1gG (sheep IgG) are referred to as IgGNPs. Therapeutic monoclonal antibodies are of
the 1gG type, which are the most abundant type of antibody and have typical dimensions of
approximately 14.5 nm x 8.5 nm x 4.0 nm.? To ensure a high loading of IgG in the templates, MS
particles with large pore sizes that can accommodate 1gGs were prepared.?%-?2 High-resolution
TEM revealed the porous and spherical morphology of the MS particles, with an average diameter
of 250 nm (Figure 1B), as supported by DLS and nanoparticle tracking analyses (Figures 1D and
S2a). The Brunauer—Emmett-Teller method and Barrett—Joyner—Halenda model were used to
calculate the specific surface area and pore diameter distributions of the prepared MS, which were
624 m? gt and ~20 nm, respectively (Figure S1). The high porosity and large pore size of the MS
particles are expected to afford a high 1gG loading capacity, which is essential for ensuring that
sufficient antigen or receptor binding sites are exposed and for efficient intracellular delivery. In
physiological buffer (pH 7.4), the loading amount of sheep serum IgG (Mw ~150 kDa; Stokes
radius (rs) 6.4 nm; isoelectric point (pl) 6.1-8.5) into negatively charged (~ —28 mV) MS was as
high as ~700 ug protein per 1 mg MS (loading efficiency of ~70%), which was significantly higher
than the loading achieved with positively charged lysozyme (~380 ug protein per 1 mg MS; Mw
14.3 kDa; rs 1.8 nm; pl 11) or negatively charged BSA (~320 ug protein per 1 mg MS; Mw 66.5
kDa; rs 3.48 nm; pl 4.8) (Figure S3a) at the same feed protein concentration (1 mg mL™). The

loading of 1gG could be increased to ~900 g protein per 1 mg of MS by incubating the templates
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with IgG solution at a lower pH (sodium acetate buffer, pH 5) (data not shown). The results showed
that the MS particles led to the highest loading of IgG molecules, which is mainly due to both the
strong electrostatic interactions between the MS and 1gG (Figure S3b) and the size-matching effect
that allows the 1gG molecules to be effectively entrapped within the pores of the templates (Figure
S3c).

Freestanding AbNPs were obtained after the removal of the MS templates by HF treatment (pH
~5). 1gG proteins are robust, and exposure of these antibodies to acidic pH induces minimal
conformational changes, as reported elsewhere?® and confirmed by the CD results—this is
beneficial for retaining their bioactivity. TEM revealed that the resulting AbNPs had an average
diameter of 250 nm (Figure 1C), which corresponds to the size of the MS templates, and was
consistent with the hydrodynamic size measured by DLS and nanoparticle tracking analysis
(Figures 1D and S2b). The thickness of air-dried AbNPs, as measured by AFM, was approximately
80 nm (Figure S4), which indicates that the assembled antibody nanoparticles were highly
hydrated in aqueous solution.?’” CD spectroscopy (Figure 1E) showed that the formation of AbNPs
did not affect the molecular conformation of the antibody, as the AbNPs maintained the same
secondary structures as the free antibody. In addition, the AbNPs retained the main characteristic
bands of the free antibody, including the amide | band at 1640 cm™2, the amide 11 band at 1540

cm 2, and amines at 3400 cm,28 as evaluated by FTIR spectroscopy (Figure S5).
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Figure 1. Preparation and characterization of AbNPs (Herceptin as model 1gG molecules).
(A) Schematic illustration of the template-assisted assembly of antibody molecules into AbNPs
using MS as sacrificial templates. Created with BioRender.com. TEM images of (B) MS templates
with large pores and (C) AbNPs after template removal; scale bars are 200 nm. (D) Size
distributions of free Ab, MS templates, and AbNPs, as measured by DLS. (E) CD spectra of free

Ab and AbNPs.

Binding Specificity of AbNPs. To investigate the antigen recognition ability of AbNPs,
Herceptin was used as a model therapeutic 1gG molecule. Herceptin, or “Trastuzumab”, is an FDA-
approved monoclonal antibody that targets the ErbB2 receptor, which is overexpressed in ~25%
of invasive breast carcinomas.?® The resulting AbNPs formed from Herceptin (Figures 1C, 1D,
and S6) were denoted as HerNPs. HerNPs were evaluated for their ability to specifically bind to
the overexpressed ErbB2 receptors in ErbB2 positive (ErbB2+) BT-474 breast cancer cells. ErbB2-

negative (ErbB2—) MDA-MB-231 breast cancer cells were used as control cells (Figure 2A).
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IgGNPs were used as control nanoparticles. The cell targeting ability of HerNPs mediated by
ErbB2 recognition was investigated by flow cytometry and CLSM (Figures 2 and 3). Conjugation
of AF488 dye to the Herceptin molecules facilitated the detection of antibodies after exposure to
cells for 24 h in culture medium at 37 °C. Flow cytometry analysis revealed that the control
IgGNPs had negligible binding to BT-474 cells, whereas both free Herceptin and HerNPs bound
to most BT-474 cells (98% cell association) (Figure 2B). In contrast, neither the free Herceptin
nor the HerNPs associated with the ErbB2— MDA-MB-231 cells (<5% nonspecific binding). To
further confirm the specificity of the HerNP binding, the HER2 receptors on ErbB2+ cells were
blocked by preincubating cells with free nonfluorescent Herceptin at 37 °C for 3 h. HER2 receptors
are known to be rapidly recycled back to the cell surface,**3! and it is likely that the recycled HER2
receptors have bound Herceptin, either recycled with the receptor or from the excess Herceptin in
the blocking mixture, that would sufficiently block further receptor-mediated binding of the
HerNPs. Indeed, receptor blocking significantly reduced the association of HerNPs with ErbB2+
cells by over 90% (Figure 2B). These results suggest that HerNPs maintained the antigen
recognition ability of Herceptin (within the nanoparticle assembly) to specifically recognize
ErbB2+ cells (BT-474) by interacting with ErbB2 receptors and that binding is receptor-mediated.
In addition, the results demonstrate that cross-linking Herceptin with PEG-NHS (Mw 600 g mol™)
and HF treatment to remove the MS templates do not affect the recognition ability of Herceptin.
Furthermore, the AF488 fluorescence intensity of the treated BT-474 cells was quantified as an
indicator of the number of fluorescent antibodies associated with each cell. The fluorescence
intensity of cells treated with HerNPs was higher by 45% than that of the cells treated with free

Herceptin, which shows that more Herceptin is delivered to target cells when complexed into
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particles (Figure 2C). This finding presents a potential strategy to achieve high antibody

accumulation in target cells.
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Figure 2. Selective association of HerNPs with BT-474 (ErbB2+) cells. (A) Schematic
illustration of the selective cell association of HerNPs with ErbB2+ cells. Created with
BioRender.com. (B) Cell association (%) profiles of HerNPs, free Herceptin, and control particles
(IgGNPs) quantified by flow cytometry analysis. The free antibodies (free Herceptin) and AbNPs
were labeled with AF488 and then incubated for 24 h at 37 °C with BT-474, MDA-MB-231, or

ErbB2-blocked BT-474 cells. BT-474 were blocked by preincubating cells with nonfluorescent
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free Herceptin (20 ug mL™) at 37 °C for 3 h to assess receptor binding specificity. The protein
concentration was 20 pug mL™* in all samples. (C) AF488 fluorescence intensity of BT-474 cells
treated with HerNPs, free Herceptin, or control particles IgGNPs at the same protein concentration
(20 pug mL™) and the corresponding flow cytometry histograms. Blank samples refer to untreated

cells.

Cellular Internalization of AbNPs in Two-Dimensional (2D) and 3D Cell Models. The
internalization and intracellular distribution of Herceptin and HerNPs in BT-474 cells were
examined by CLSM. Following 24 h of incubation with AF488-labeled free Herceptin or HerNPs
at 37 °C, BT-474 cells were washed to remove excess unbound antibody and particles, fixed and
stained (nuclei) with Hoechst 33342. The ErbB2 receptors were then stained with fluorescently
labeled anti-ErbB2 to visualize the antibody—receptor interactions. As observed in Figure 3A and
3B, free Herceptin colocalized with the ErbB2 receptors and was mostly distributed on the cell
membrane, with limited localization in the cytoplasm at 24 h. This is consistent with previous
studies that demonstrated the fast internalization and recycling of Herceptin upon binding with
ErbB2 receptors on the cell membrane.3>®! In contrast, under the same imaging conditions, the
nanostructured HerNPs distributed on the cell membrane but largely accumulated in the cytoplasm
with the ErbB2 receptors (Figure 3B). Cell staining with Lysotracker revealed that HerNPs were
localized in the endolysosomal compartments of the BT-474 cells after internalization via receptor-
mediated endocytosis (Figure S7), whereas significantly lower levels of endolysosomal
colocalization was found for free Herceptin. A stronger AF488 fluorescence signal was also
observed in the microscopy images of cells treated with HerNPs compared with cells treated with
free Herceptin (Figure 3B), which is consistent with the mean cell fluorescence intensities

determined by flow cytometry (Figure 2C). The above results suggest that HerNPs could
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specifically recognize the ErbB2+ cells by interacting with the ErbB2 receptors, which is a
prerequisite for the internalization of high concentrations of HerNPs via receptor-mediated
endocytosis. To apply this platform to Ab with internal targets, the colocalization of the AbNPs in
the endolysosomal compartments needs to be overcome, although as demonstrated in a previous
study on the effect of acidic pH (pH 2.7-3.9) on antibody structure, the low pH in the endosomes
(pH 4.5-5.0) is not expected to adversely affect the activity of the antibody.

The internalization behavior of HerNPs was also demonstrated with a 3D tumor model
comprising BT-474 cells. The spheroid tumor model was established by incubating cells in a
Perfecta3D hanging drop plate in the presence of collagen. The mature spheroids (~300 um in
diameter) were treated with free Herceptin or HerNPs for 48 h at 37 °C, then visualized by
membrane staining and imaged by CLSM. Cross-sectional confocal microscopy images at a depth
of ~100 um showed that both free Herceptin and HerNPs penetrated the 3D spheroids, but free
Herceptin was largely localized on the cell membrane, whereas HerNPs were mostly internalized
inside the cells (Figure 3C). The internalization behavior of HerNPs with the 3D model is
consistent with the findings from the 2D internalization study (Figure 3B), indicating the feasibility
of AbNPs to permeate solid tumor tissue.

Cytotoxicity of HerNPs. The effect of HerNPs on ErbB2+ and ErbB2— cancer cell growth was
explored in vitro. As reported previously, ErbB2 signaling promotes cell proliferation and
Herceptin interferes with ErbB2-triggered signaling by preventing ErbB2 receptor
dimerization.®334 To investigate whether the cell growth inhibition function of Herceptin is
preserved in HerNPs, the proliferation of ErbB2+ BT-474 and ErbB2— MDA-MB-231 cells were
examined by the XTT cell viability assay after treatment with HerNPs, free Herceptin, or controls

(IgGNPs) for 48 h at 37 °C. As shown in Figure 4, ~50% reduction in cell viability was observed
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in BT-474 cells after treatment with HerNPs relative to the cell viability of the untreated cells
(Blank), whereas no reduction in cell viability was found in MDA-MB-231 cells after treatment.
Importantly, HerNPs reduced cell viability to the same extent as free Herceptin did, which suggests
that HerNPs preserve the ability of free Herceptin to selectively inhibit cancer cell growth or

proliferation via interaction with ErbB2 receptors.
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Figure 3. Cellular internalization of HerNPs in BT474 cells via ErbB2 receptor-mediated

endocytosis, demonstrated on 2D and 3D models. (A) Schematic illustration of the cellular
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internalization of HerNPs versus free Herceptin. Created with BioRender.com. (B) Internalization
of HerNPs in BT-474 cells via ErbB2 receptor-mediated endocytosis, observed by CLSM. BT-474
cells were treated with free Herceptin or HerNPs at a dosage of 20 pug mL™* for 24 h at 37 °C.
Nuclei were stained with Hoechst 33342 (blue); ErbB2 receptors were immunostained with anti-
ErbB2 monoclonal antibody followed by an AF594-conjugated secondary antibody (red);
Herceptin antibodies were labeled with AF488 (green). Scale bars: 10 um. (C) Internalization of
HerNPs in BT-474 spheroids, observed by CLSM at a depth of ~100 um. Mature spheroids were
treated with free Herceptin or HerNPs at a dosage of 20 pg mL ™ for 48 h at 37 °C. Cell membranes
were stained with AF594-WGA (red); Herceptin antibodies were labeled with AF488 (green).
Scale bars: 100 um. Enlarged images of regions indicated by dashed lines are shown on the right

side of each image; scale bars: 50 pm.
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Figure 4. Cell growth inhibition effect of HerNPs on BT-474 (ErbB2+) and MDA-MB-231
(ErbB2-) cells. Cells were treated with free Herceptin, HerNPs, or IgGNPs for 48 h at 37 °C and

at a protein concentration of 20 ug mL!. The cell viability was then examined by the XTT assay.
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**** Indicates significant difference (p < 0.0001, n = 3); ns Indicates there is no significant

difference (p > 0.05, n = 3).

Effect of the MS Core. In addition to being used as sacrificial templates in particle synthesis,
MS particles are widely investigated as therapeutic delivery platforms for a range of
applications.®>% Therefore, herein, we examined the influence of the MS core on the cell
association, internalization, and cytotoxicity of the precursor particles with the MS core intact (i.e.,
MS@HerNPs). MS@HerNPs were less selective with regards to cell association, internalization,
and cytotoxicity than the HerNPs (without MS core) (Figures S8-S10). MS@HerNPs bound to
BT-474 cells (~60% cell association) but binding was to the same extent as binding to ErbB2-
MDA-MB-231 cells, which indicates the non-selectivity of the binding (Figure S8). As discussed
above, HerNPs showed negligible binding to MDA-MB-231 cells. No significant cytotoxicity was
induced by MS@HerNPs on either cell line (Figure S10). The reduction in the targeting specificity
and negligible cytotoxicity of MS@HerNPs suggest that the presence of the MS core influences
receptor binding. The MS core within MS@HerNPs influences the surface properties and the
mechanical property (stiffness) of the nanoparticles, possibly inducing nonspecific cellular
interactions as previously observed with other MS core—polymer shell nanoparticles.>”* In vivo,
the mechanical properties of particles have been demonstrated to affect biodistribution,?”-3%40 with
softer (deformable) particles showing greater tumor accumulation and tumor penetration than
stiffer particles.®®4° This provides additional motivation for MS core removal for in vivo tumor
targeting applications. In addition, in MS@HerNPs, the antibodies could also be buried within the
pores of the core, hindering their ability to bind to their target receptors on cell membranes. In
addition, differences in the biomolecular corona formed on MS@HerNPs and HerNPs may

influence targeting specificity (biomolecular corona formation is affected by several factors,
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including the physichochemical properties of the particles, types of targeting ligands, as well as
the biological environment).*:-43

Assembly of an Antibody—Drug Conjugate. After demonstrating the selectivity and uptake of
HerNPs via receptor-mediated endocytosis, a Herceptin—drug conjugate, Kadcyla, was applied to
demonstrate the versatility of the AbNP platform. Kadcyla (also known as ado-trastuzumab
emtansine) was approved by the FDA in 2019 as an antibody—drug conjugate for clinical ErbB2+
breast cancer treatment.** It is composed of the ErbB2 receptor targeting monoclonal antibody,
Herceptin (trastuzumab), and a cytotoxic agent emtansine (DM1) that inhibits microtubule
polymerization to cause cell-cycle arrest and cell death.*>*® Upon binding to subdomain 1V of the
ErbB2 receptor, Kadcyla undergoes receptor-mediated internalization and lysosomal degradation,
resulting in the intracellular release of DM1.#” KadNPs were prepared via the template-assisted
antibody assembly method as described for HerNPs (Figures S11 and S12). The selective cell
association of KadNPs was evaluated on ErbB2+ BT-474 cells and ErbB2— MDA-MB-231 by
flow cytometry. As observed in Figure 5B, KadNPs maintained the targeting ability of free
Kadcyla to selectively associate with ErbB2+ BT-474 cells. To assess whether the intracellular
effect of Kadcyla is enhanced, cellular internalization was investigated using CLSM, and the cell
growth inhibition was examined. The results showed that KadNPs were largely internalized inside
the target cells, whereas free Kadcyla appeared mostly distributed on the membrane (Figure 5C),
potentially after receptor recycling. Moreover, KadNPs exhibited higher cytotoxicity in BT-474
cells than free Kadcyla (Figure 5D), likely owing to the enhanced internalization and accumulation
of DM1 inside the cells (Figure 5A). Under the same incubation conditions, KadNPs appeared
more cytotoxic than HerNPs (Figures 4, 5D, and S13). Overall, the ability to assemble antibody—

drug conjugates, such as Kadcyla, into homogeneous particles and enhance the concentration of
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the conjugated drug intracellularly holds promise for the codelivery of cargo with internal targets
combined with the cell surface specificity that can be afforded with a receptor-targeted antibody.
Indeed, we investigated whether AbNPs could be assembled using a reducible disulfide-containing
PEG cross-linker (Figure S14). Using gel electrophoresis, the particles disassembled into their
antibody building blocks in the presence of physiological levels of glutathione (5 mM), which

paves way for investigating the assembly of antibodies with intracellular targets.
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Figure 5. Bioactivity of KadNPs: Cell association, internalization, and growth inhibition. (A)
Schematic illustration of the interactions between KadNPs and cells. KadNPs selectively bind to
the ErbB2 receptor on the cell membrane and are internalized via ErbB2-mediated endocytosis.
Lysosomal degradation results in the release of DML1 into the cytoplasm causing cell-cycle arrest
and cell death. Created with BioRender.com. (B) Flow cytometry analysis showing the association
of KadNPs and free Kadcyla with BT-474 (ErbB2+) and MDA-MB-231 (ErbB2-) cells after 24 h
incubation at 37 °C. (C) Internalization of KadNPs in BT-474 cells after 24 h treatment at 37 °C,
as observed by CLSM. Nuclei were stained with Hoechst 33342 dye (blue); Cell membranes were
stained with AF594-WGA (red); Kadcyla antibodies were labeled with AF488 (green). Scale bars:
10 um. (D) Viability of cells, assessed by XTT assay, after treatment with free Kadcyla, KadNPs,
or IgGNPs for 48 h at 37 °C at a protein concentration of 20 pg mL™!. **** |ndicates significant

difference (p < 0.0001, n = 3); * Indicates significant difference (p < 0.05, n = 3).

Biodistribution and Tumor Accumulation. The behavior of the AbNPs in comparison with
free antibody was assessed in vivo (Figure 6). Using Herceptin as the model antibody, Tm-labeled
free Herceptin and HerNPs were prepared using a macrocyclic bifunctional chelator (p-SCN-Bn-
DOTA). The organ-level biodistribution of free Herceptin and HerNPs at 4 h post-administration
in BALB/c mice was qualitatively determined using ICP-MS on digested tissue preparations. As
shown in Figure 6, the HerNPs had pronounced uptake in the spleen and liver, where small
amounts of free antibody were detected. The low level of HerNPs in the blood also indicates that
at 4 h, most of the particles are cleared, whereas free antibody remained in the circulation.
Nevertheless, this shows that in future studies, antibodies with potential targets in the liver and
spleen may be used in the assembly. While it is likely that most particles are being sequestered by

macrophages in the liver and spleen, the particles may also access the space of Disse via the
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sinusoidal fenestrations to reach hepatic stellate cells, which are principal players in liver fibrosis
that can lead to liver cirrhosis and liver cancer. Several monoclonal antibodies, for example, are
being investigated against liver fibrosis, including anti-connective tissue growth factor (CTGF)*
and anti-lysyl oxidase-like 2 (LOXL2).%° There are also monoclonal antibodies that target hepatic
tumor cells including atezolizumab®® (FDA-approved to treat liver cancer) that may be assembled

into particles.
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Figure 6. In vivo biodistribution of Tm-labeled free Herceptin and HerNPs at 4 h post-injection
in healthy BALB/c mice. The data are reported as a percentage of injected dose per gram of tissue

(%ID gt) and presented as means * standard deviations based on triplicate samples.

Free Herceptin and HerNPs were also assessed for their capacity to target tumors (Figure S15).
89Zr-labeled free Herceptin and HerNPs were prepared using a DFO chelator and injected in
BALB/c mice bearing subcutaneous BT-474 tumors at a dosage of 2.0 MBq for each sample. 8Zr-
labeled free 1gG and IgGNPs were also prepared and injected at the same dosage as controls. The
biodistribution of the free antibodies and particles at 5 days post-administration was determined

by PET-CT imaging of tumor-bearing mice (whole animal imaging and harvested organs/tissues
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at day 5). Low bone uptake suggests that the PET-CT imaging isotope 8Zr remained chelated to
the particle during the study. As shown in Figure S15, there was no accumulation of HerNPs in
the BT-474 tumors in vivo, whereas the binding of free Herceptin to tumors remained high after 5
days. At 4 h post-administration, bladder accumulation was minimal (Figure S16), which indicates
that the particles remained intact in vivo and did not instantaneously dissemble into smaller
fragments that can be filtered out by the kidneys. Liver accumulation was also observed for the
HerNPs and IgGNPs in tumor-bearing mice after 4 h (Figure S16), which is consistent with the
ICP-MS data obtained from healthy mice (Figure 6), although liver accumulation decreased from
~25% ID g~ to ~20% ID g* from 4 h to 5 days, suggesting the potential for particle clearance
over time. These results suggest that further engineering of the AbNPs is needed for their
application in tumor-targeting outside the liver and spleen. Engineering the size and the PEG
density of the AbNPs may be means to reduce immune recognition and improve their tumor
targeting capacity in vivo. Nonetheless, with the wide applicability of monoclonal antibodies as
shown in a schematic in Figure S17, the assembly of Abs into controlled NPs could lead to targeted
multifunctional particle-based Ab depots for a range of applications.

CONCLUSIONS

This study demonstrates a versatile template-assisted antibody assembly platform that offers
wide applicability to a range of therapeutic antibodies and antibody—drug conjugates. The AbNPs
prepared by the assembly method exhibited well-defined size and morphology and retained the
antigen or receptor binding specificity of the free antibody. Importantly, the particulate nature of
the AbNPs afforded increased antibody internalization and accumulation and enhanced subsequent
intracellular responses such as cell growth inhibition. These findings provide evidence that AbNPs

can mediate cell processes that are different to those of free antibodies. The template-assisted
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assembly of antibodies provides a platform for exploring and understanding the biological
behavior of well-defined antibody nanostructures and can facilitate the engineering of
combinatorial and multifunctional antibody assemblies for use as therapeutic agents and in
diagnostics. Our future work is focused on examining the effect of antibody nanoparticle
engineering on their in vivo behavior, including immunogenicity, targeting ability, and therapeutic
efficacy.
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