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ABSTRACT

Liver accumulation of nanoparticles is a major challenge in nanoparticle-mediated delivery, as it

can reduce the delivery of the nanoparticles to their intended site and lead to liver damage and



toxicity. Recent studies have shown that particle engineering, e.g., nanoparticle composition, can
influence liver uptake and allow homing of nanoparticles to specific organs or tissues. Herein, we
investigated the role of nanoparticle cross-linking on liver uptake. We developed a series of
antibody nanoparticles (AbNPs) using various poly (ethylene glycol) (PEG) molecule (e.g.,
different arm numbers and arm lengths) cross-linkers. Specifically, AbNPs based on Herceptin
were engineered with PEG cross-linker architectures ranging from 2-arm (at molecular weights of
600 Da, 2.5 kDa, and 5 kDa) to 4-arm, and 8-arm via a mesoporous silica templating method. The
molecular architecture of PEG modulated not only the targeting ability of the AbNPs in model cell
lines, but also their interaction with phagocytes in human blood. Increasing the PEG arm length
from 600 Da to 5 kDa also reduced the uptake of the nanoparticles in the liver by 85%. Tumor
accumulation of Herceptin AbNPs cross-linked with a 5 kDa 2-arm-PEG was 50% higher
compared with control AbNPs and displayed similar liver uptake as free Herceptin. This study
highlights the role of PEG cross-linking on receptor targeting and liver uptake, which influence
tumor targeting, and combined with the versatility and multifunctionality of the antibody
nanoparticle platform could lead to the development of organ-selective targeted antibody

nanoparticle assemblies.

INTRODUCTION

The intravenous injection of nanoparticles typically results in their accumulation in the liver,
often via sequestration by liver-resident macrophages called Kupffer cells. Premature liver uptake
of nanoparticles results in their reduced capacity to reach their target site, including tumors, and
potential liver damage and hepatic cellular toxicity. Strategies to overcome liver uptake have been
investigated, including at the physiological level by either removing Kupffer cells® or preloading

Kupffer cells with nonactive nanomaterials.?3



Recent studies have shown that varying nanoparticle composition can drive the homing of
nanoparticles to organs or tissues other than the liver.*® A widely applied approach to reduce liver
uptake and prolong circulation time has been to functionalize nanoparticles with poly(ethylene
glycol) (PEG), commonly known as PEGylation.”® PEG provides nanoparticles with stealth
properties by forming a hydration layer that hinders significant protein adsorption and reduces
uptake by the phagocytic cells.!®*® The effects of PEG surface density, molecular weight, and
branching (arm number) on the stealth properties of PEGylated nanoparticles have been widely
studied using a range of nanoparticle systems and biomacromolecules.?16-21

A limitation of PEG is that it can reduce membrane interactions at the cellular level and limit
the biological activity of functional molecules.'® This limitation has been attributed to the low-
fouling nature of PEG and possible steric crowding at the active or binding site.?>? Specifically,
when conjugated on either antibodies or antibody-functionalized nanoparticles, PEG can hinder
the specific binding of the antibody to its antigen, which could be on the cell surface.?* Despite the
extensive studies on PEGylation, there is no general criterion as to what is essential to balance the
stealth and biological activities of PEGylated nanoparticles due to the physicochemical differences
among the particles systems used in these studies.!”18:222326-30 For PEGylated antibody-targeted
nanoparticles, specifically, it is important to understand how PEGylation affects the specific
antibody-receptor binding to achieve optimal targeting and stealth abilities. For instance, a study
on targeted liposomes showed that the antibody ligand has to be sufficiently longer (at least twice)
than the neighboring PEG on the particle surface.®* A study involving PEG chains on poly(lactic-
co-glycolic acid) nanoparticles has also shown that the efficiency of nanoparticle binding on
dendritic cells is higher at shorter PEG lengths (molecular weight (Mw) 3000 g mol™) than at

longer PEG lengths (Mw > 6000 g mol1).3



We recently reported the mesoporous silica template-assisted assembly of ~200 nm antibody
nanoparticles (AbNPs) that were cross-linked with poly(ethylene glycol)-N-hydroxysuccinimide
(PEG-NHS, My 600 Da).>* The AbNPs could be synthesized with controlled size and composition
and exhibited promising features for biomedical applications, including the selectivity of the
monoclonal antibody to recognize its target on the cell membrane, which triggered downstream
cellular events (arrest in cell proliferation). When injected intravenously, the AbNPs accumulated
mostly in the liver. To achieve the desired targeting action of the AbNPs, it is essential to improve
their stealth properties and reduce liver uptake. In the present study, various PEG cross-linkers
with different arm lengths and arm numbers were used to prepare PEGylated antibody
nanoparticles (designated as PEGx-AbNPs, where x denotes the total PEG My and Ab is the
antibody e.g., Herceptin (Her)) via the mesoporous silica template-assisted assembly platform.
Using Herceptin (or trastuzumab) as the model antibody, assembly, selective targeting, phagocytic
association in human blood, and biodistribution in mice of the PEGx-AbNPs were investigated to
gain a fundamental understanding of the influence of PEG cross-linker molecular architecture (i.e.,
arm length and arm number) on the in vitro, ex vivo, and in vivo bio—nano interactions of antibody
nanoparticles. While the study uses Herceptin as a model in the material assembly, the wide
applicability of monoclonal antibodies for applications beyond tumor targeting and against
intracellular targets could lead to multifunctional antibody assemblies for a range of applications.

EXPERIMENTAL SECTION

Materials. Cetyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate (TEOS),
triethanolamine (TEA), sodium salicylate (NaSal), hydrofluoric acid (HF; 48 wt%), ammonium
fluoride (NH4F), sodium carbonate (Na.COs), dimethyl sulfoxide (DMSO), phenazine

methosulfate (PMS), glutathione (GSH), 3-(N-morpholino)propanesulfonic acid (MOPS),



immunoglobulin G (IgG) from sheep serum, and proteinase K from Tritirachium album were
purchased from Sigma-Aldrich. PEG-NHS (2-arm-PEG-NHS: My, 600 Da, 2.5 kDa, and 5 kDa)
were purchased from Creative PEGworks. Multi-arm PEG-NHS (4-arm-PEG-NHS: My 5 kDa; 8-
arm-PEG-NHS: My 10 kDa) were purchased from Jenkem. Alexa Fluor 488 carboxylic acid
succinimidyl ester (AF488), Alexa Fluor 647 carboxylic acid succinimidyl ester (AF647), RPMI
1640 medium, Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
Dulbecco’s phosphate-buffered saline (DPBS) buffer, 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-carboxyanilide inner salt (XTT) were purchased from Thermo
Fisher Scientific. Tris/glycine/sodium dodecyl sulfate running buffer and 4-20% Mini-PROTEAN
TGX stain-free protein Bis-Tris gels were purchased from Bio-Rad. NUPAGE LDS sample buffer
and SeeBlue Plus2 prestained protein standard were purchased from Thermo Fisher Scientific.
Thulium(lll)  S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (Tm-p-SCN-Bn-DOTA) was purchased from Macrocyclics. 2,5-Dioxopyrrolidin-1-yl 5-(8-
methyl-3,6,10,13,16,19-hexaaza-bicyclo[6.6.6]icosan-1-ylamino)-5-oxopentanoate  (MeCOSar-
NHS) was synthesized as previously described.3* Herceptin antibodies were from F. Hoffmann-La
Roche Ltd. 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 Antibody Nanoparticles. Mesoporous silica nanoparticle (MSN) 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, as
described in previous studies.®® 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 10000 g 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 MSNs were washed with ethanol and finally
oven-dried at 80 °C overnight.

Subsequently, 500 pL Herceptin solution (2 mg mL ™) was added to 500 puL. MSN solution (2
mg mL™) in sodium acetate buffer (0.1 M, pH 5.0). The particle/protein dispersion was allowed
to incubate for 2 h at room temperature on an Eppendorf thermomixer to allow the antibody
molecules to infiltrate the pores of the templates via electrostatic adsorption. Excess antibodies
were removed by centrifugation (~5000 g, 5 min, x3), and the Herceptin-loaded nanoparticles were
dispersed in DPBS (pH 7.4). The PEG-NHS cross-linker with different arm lengths or arm
numbers in DMSO (e.g., 50 pL of 20 mg mL™ of PEG-NHS cross-linker) was added to the
Herceptin-loaded MSNs in PBS buffer and allowed to incubate for 4 h at room temperature with
constant agitation. The molar ratio of NHS functional groups to antibody molecules was kept
consistent at 500:1 for all samples. PEGx-HerNPs were finally obtained by dissolving the MSN
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. Nonspecific control particles IgGNPs were prepared
following the same methods but IgG from sheep serum was used instead of Herceptin.

PEG-NHS with different arm lengths (2-arm-PEG-NHS with My 600, 2.5k and 5k) and PEG-
NHS with different arm numbers (2-, 4- and 8-arm-PEG-NHS, with My 2.5k, 5k and 10k) are
respectively denoted as 2-arm-PEG(600)-NHS, 2-arm-PEG(2.5k)-NHS, 2-arm-PEG(5k)-NHS, 4-

arm-PEG(5k)-NHS, and 8-arm-PEG(10k)-NHS. The term PEGx-AbNPs is used to describe the



PEGylated antibody nano-assemblies collectively and include 2-arm-PEG(600)-AbNPs, 2-arm-
PEG(2.5k)-AbNPs, 2-arm-PEG(5k)-AbNPs, 4-arm-PEG(5K)-AbNPs, and 8-arm-PEG(10Kk)-
ADNPs.

Antibody Labeling. For antibody labeling, 5 L AF488 or AF647 (1 mg mL™?) in DMSO was
added to 200 pL antibody solution (5 mg mL™) in DPBS containing 0.1 M Na2COs (pH 8.3) for
2 h at room temperature 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 fluorescently labeled PEGx-AbNPs (see above) to facilitate
fluorescence-based analysis. As the incubation of labeled antibodies with templates and the molar
ratio of NHS group:Ab were consistent between all particles, it is assumed that all particles have
the same antibody loading efficiency and hence similar particle fluorescence.

Particle Characterization. The concentration of Herceptin in 2-arm-PEG(600)-HerNPs was
determined using a Pierce BCA protein assay Kkit; particle concentration was measured by
nanoparticle tracking analysis using a 405 nm laser (Nanosight NS300, Malvern Panalytical, UK).
Transmission electron microscopy (TEM) images were taken on an FEI Tecnai Spirit microscope
operated 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.
Hydrodynamic size distribution and (-potentials were measured using a Zetasizer Nano ZS
(Malvern Instruments, UK). Atomic force microscopy (AFM) images were acquired using a
Cypher ES atomic force microscope (Asylum Research, 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 I, Bruker, Germany).



Stability in GSH and Proteinase. Free Herceptin and PEGx-HerNPs were incubated in 5 mM
GSH or 1 mg mL™ proteinase in DPBS for 24 h under constant agitation. After incubation, the
degradation profiles of PEGx-HerNPs were determined by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). Briefly, each sample was added to NUPAGE LDS sample buffer
and heated to 70 °C for 10 min. SeeBlue Plus2 prestained protein standard and an aliquot of 15 pL
per sample were loaded on a Bio-Rad 4—20% Mini-PROTEAN TGX stain-free gel to run at 120
V for 30 min. Gels were imaged under UV irradiation using a Bio-Rad Gel documentation XR
system.

Quantitative Degradation Profiles in Proteinase. AF488-labeled free Herceptin antibody or
PEGx-HerNPs were dispersed in 1 mL proteinase solution (1 mg mL™t in DPBS) and contained in
a dialysis tubing with a molecular weight cutoff of 100 kDa. The dialysis tubing was further
incubated in an external chamber filled with 9 mL proteinase solution (1 mg mL ™) under constant
agitation. The same protocol was repeated in DPBS as control. After incubation for 2, 4, 6, 8, 10,
24, or 48 h, the AF488 fluorescence intensity in the external chamber solution (ldegraded) Was
determined using an Infinite M200 microplate reader (Tecan, Switzerland). The same amount of
AF488-labeled Herceptin or PEGx-HerNPs was dispersed in 10 mL protease solution (1 mg mL™1)
and their corresponding AF488 fluorescence intensity (lwota) Was measured using the microplate
reader. The degradation percentage of each sample at different time points was calculated as
follows: Degradation (%) = ldegraded /ltotal X 100%.

Cell Culture. ErBb2+ human breast cancer BT-474 cells were maintained in RPMI medium
1640 supplemented with 10% (v/v) FBS. ErbB2— human breast cancer MDA-MB-231 cells and

Raw 267.4 macrophage cells were grown in DMEM with 10% (v/v) FBS. All cultures were



maintained at 37 °C in a 5% CO»-humidified atmosphere. Cells at passages 3—10 were used in this
experiment.

Cellular Association Assessed by Flow Cytometry. Cells were seeded at a density of 10° per
well in a 24-well plate and incubated at 37 °C overnight. Then, the culture medium was removed
and replaced with fresh medium containing AF488-labeled free Herceptin antibody or PEGx-
HerNPs. The dosage was kept consistent at 20 pug mL™* protein for all antibody and particle
samples, as measured using UV-vis spectrophotometry (NanoDrop™, Thermo Fisher Scientific)
and a microBCA protein quantification assay according to the manufacturer’s instructions (Pierce
Micro BCA Protein Assay Kit, Thermo Fisher Scientific). A dosage of 20 ug mL™* per 10° cells is
at saturating levels,® and keeping the protein concentration consistent for the free antibody and
PEGx-AbNPs samples ensures the same amount of fluorescent antibody in each sample. After
incubation for various time periods (1, 3, 6, 12, or 24 h), cells were gently washed with DPBS to
remove unassociated nanoparticles, followed by treatment with 0.25% trypsin at 37 °C for 5 min.
The cells were collected via centrifugation at 300 g for 5 min and the resulting pellet was then
resuspended in DPBS. Finally, the cells were analyzed on an Apogee A50-Micro flow cytometer.
At least 10* cells were analyzed for each sample.

Cellular Internalization Assessed by Imaging Flow Cytometry. Cells were seeded in a 6-well
plate at a density of 5 x 10° cells per well and incubated overnight. Then, the culture medium was
removed and replaced with fresh medium containing AF488-labeled free Herceptin or PEGx-
HerNPs (20 pg mL™). After 24 h of incubation, cells were washed gently with DPBS, harvested
with 0.25% trypsin, and collected via centrifugation at 300 g for 5 min. The resulting pellet was
then resuspended and fixed in 200 pL 4% paraformaldehyde for 15 min at room temperature.

Following this, cells were incubated with AF594-WGA (5 ng mL™?) for 5 min at room temperature



to stain the membrane, then further washed twice with DPBS and resuspended in 100 pL DPBS.
Finally, cells were analyzed using an AMNIS ImageStream®> Mark 1l imaging flow cytometer
(Amnis Corporation, USA). At least 5000 cells were analyzed for each sample. The built-in
internalization wizard of Amnis ImageStream IDEAS software was used to calculate the
internalization percentage on focused single cells statistically.

Cellular Internalization Assessed by Confocal Microscopy. Cells were seeded in an 8-well
Lab-Tek 11 chambered slide at a density of 5 x 10* cells per well for 24 h. After incubation, cells
were treated with AF488-labeled free Herceptin or PEGx-HerNPs (20 pug mL™) for 24 h. Then,
the cells were washed with DPBS, fixed with 4% paraformaldehyde for 15 min at room
temperature, stained with AF594-WGA for 5 min, 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 on a Nikon A1R+ confocal microscope.

Cell Proliferation. 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 Herceptin or PEGx-HerNPs were added
and incubated with cells for 48 h. For all samples, the concentration of the antibody was kept
constant at 20 pug mL™. After incubation, the culture medium was replaced by fresh medium
containing 0.2 mg mL* of activated XTT (10 mL of 0.2 mg mL ™t XTT in complete medium was
activated by adding 20 uL of 1 mM PMS in DPBS), and cells were allowed to incubate further at
37 °C for 3 h. Cell viability was measured using the microplate reader at 475 nm, with 675 nm as
the reference wavelength. Cell viability is expressed as a percentage by normalizing against the
absorbance of untreated cells.

Association with Phagocytes from Human Whole Blood. Fresh blood was collected from

healthy human volunteers into VACUETTE sodium heparin tubes (Greiner Bio-One) after
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obtaining informed consent in accordance with The University of Melbourne Human Ethics
Approval #1443420 and the Australian National Health and Medical Research Council (NHMRC)
National Statement on Ethical Conduct in Human Research. AF647-labeled free Herceptin or
PEGx-HerNPs (2 pg) were incubated in 100 uL. whole blood at 37 °C for 1 h. Subsequentially, the
samples were treated with lysing buffer (BD Pharm Lyse) following the manufacturer’s protocol
to lyse red blood cells. The remaining blood cells were further washed with flow cytometry
staining (FCS) buffer at 500 g for 7 min and resuspended in 100 puLL FCS buffer. Fluorophore-
conjugated antibodies (titrated concentration) against CD56 (natural killer (NK) cells), CD19 (B
cells), CD66b (neutrophils), HLA-DR (dendritic cells; HLA-DR+ (CD3, CD19, CD14, CD56)-),
CD3 (T cells), or CD14 (monocytes) were added and incubated for 1 h on ice. Unbound antibodies
were removed by washing twice with cold (4 °C) FBS buffer (500 g, 7 min). Cells were fixed with
2% wi/v formaldehyde in PBS and directly analyzed by flow cytometry (CytoFLEX, Beckman
Coulter Life Sciences), and data were processed using FlowJoV10.

Biodistribution in Mice. Tm-labeled PEGx-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 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 PEGx-HerNPs.

All biodistribution procedures were conducted in accordance with the Australian code for the
care and use of animals for scientific purposes, 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
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water. The biodistribution of Tm-labeled PEGx-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 PEGx-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 the blood
removed from organs by intracardial perfusion 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 ICP-MS.

Targeting in Tumor-Bearing Mice. Preparation of Chelator—AbNPs: MeCOsar-conjugated
free antibody and AbNPs (2-arm-PEG(5k)-HerNPs and 2-arm-PEG(5k)-1gGNPs) were prepared
to allow for ®*Cu labeling. Briefly, 5 uL MeCOsar-NHS*#*¢ (1 mg mL™*) in DMSO solution was
added to 1 mL antibody solution (5 mg mL™) in MOPS buffer (20 mM, pH 7), and the mixture
was incubated for 1 h at 37 °C with constant agitation (400 rpm on a ThermoMixer). Excess
MeCOsar-NHS was removed using Zeba spin desalting columns (40 kDa molecular weight cutoff,
2 mL). The conjugated antibodies were then used to prepare MeCOsar-conjugated AbNPs.

%4Cu Radiolabeling of Chelator—AbNPs: The MeCOsar-conjugated free antibodies (Herceptin,
IgG) and AbNPs (2-arm-PEG(5k)-HerNPs and 2-arm-PEG(5k)-IgGNPs) were incubated with 10
MBq of ®*Cu (Austin Hospital) per 10 pg protein in 0.1 M pH 7.4 MOPS buffer for 20-30 min at
room temperature.3*3” Samples of each solution were taken and mixed with 10 pL of 50 mM
diethylenetriamine pentaacetate for 5 min. Unbound ®*Cu was removed by purification using 30
kDa molecular weight cutoff spin columns (Thermo Fisher Scientific) as per manufacturer’s

protocols. All samples showed >95% labeling.
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Preparation of Subcutaneous Xenograft Tumor in Mice: All tumor targeting procedures were
conducted in accordance with the Australian NHMRC’s published Code of Practice for the Use of
Animals in Research, and experiments were approved by the Alfred Medical Research and
Education Precinct Animal Ethics Committee (E/1697/2016/M). Six-week-old female BALB/c
nu/nu mice were purchased from the Animal Resources Centre (Perth, Australia) and housed on a
12 h light/dark cycle with ad libitum access to food and water.

SK-OV-3 cells (2.5 x 10® in 100 uL Matrigel and 100 uL PBS) were used to inoculate a
subcutaneous tumor on the right shoulder of each female nude mouse. The body weight and tumor
volume were monitored twice a week. The tumor diameter (D) was measured, and the
corresponding tumor volume was calculated using the following formula: volume = (4/3)n(D/2)3.
The xenograft tumor-bearing mice were randomized into two groups after 2 weeks of tumor growth
(tumor size up to 400 mm?) for positron emission tomography (PET) imaging.

PET Imaging: ®‘Cu-labeled free antibodies, 2-arm-PEG(5k)-HerNPs, or 2-arm-PEG(5k)-
IgGNPs were injected via the tail vein (29G needle, 10 ug protein / 5-7 MBq). At 24 h
postinjection, positron emission tomography/computed tomography (PET/CT) was performed
using a NanoPET/CT in vivo preclinical imager (Mediso Ltd., Budapest, Hungary) with a 30 min
PET acquisition time and a coincidence relation of 1-3. Image reconstruction was performed with
the following parameters: OSEM with SSRB 2D LOR, energy window, 400-600 keV; filter
Ramlak cutoff 1, number of iterations/subsets, 8/6. The radioactivity accumulation in various
organs was calculated based on the PET images via a volume of interest and displayed as kBg cc ™.

Minimum Information Reporting in Bio—Nano Experimental Literature (MIRIBEL). The

studies conducted herein, including material characterization, biological characterization, and

13



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.

RESULTS AND DISCUSSION

Synthesis and Characterization of PEGx-AbNPs. The synthesis of PEGx-AbNPs is shown in
Scheme 1. Using a template-assisted antibody assembly method we reported previously®
antibodies were loaded in MSN templates followed by cross-linking with various PEG-NHS
(PEGxX-NHS) linkers and removal of the MSN template to obtain PEGx-AbNPs. MSN templates
with large pores (~20 nm in diameter)®>3° were synthesized to accommodate the antibodies, which
have dimensions of approximately 14.5 nm x 8.5 nm x 4.0 nm.*° Incubation with PEG-NHS cross-
links the antibodies that are present in the pores and surface of the particles by amide bond
formation with the amine groups on IgG. To study the effect of PEG cross-linking on bio—nano
interactions, in this study, PEG-NHS with different arm lengths (2-arm-PEG-NHS with M,y 600,
2.5k and 5k) and PEG-NHS with different arm numbers (2-, 4- and 8-arm-PEG-NHS, with My
2.5k, 5k and 10k, respectively) were used for cross-linking to prepare the PEGx-AbNPs
(PEGylated antibody nano-assemblies). These nano-assemblies include 2-arm-PEG(600)-AbNPs,
2-arm-PEG(2.5k)-AbNPs,  2-arm-PEG(5k)-AbNPs, 4-arm-PEG(5k)-AbNPs, and 8-arm-

PEG(10K)-AbNPs.
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Scheme 1. Synthesis of PEGx-AbNPs Cross-Linked by Various PEG Linkers.?

Antibody loading Cross-linking
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2As an example, Herceptin antibodies can be loaded in an MSN template followed by cross-linking

with various PEG-NHS (PEGx-NHS) and removal of the MSN template.

Antibody loading in the MSN templates has been estimated to be ~700 pg IgG protein mg ™ of
MSN (~70% loading efficiency) or approximately 3.58 x 10* 1gG molecules per particle after
template removal, as we reported previously.® To enable the functional characterization of the
PEGx-AbNPs, Herceptin was used as a model 1gG antibody, although this assembly method is
applicable to other IgG-type monoclonal antibodies and even antibody—drug conjugates;
assemblies of Herceptin are denoted as PEGx-HerNPs. Herceptin loading in 2-arm-PEG(600)-
HerNP was approximately 9.65 x 10* Herceptin molecules per particle after template removal.
FTIR spectroscopy confirmed the presence of PEG and Herceptin in the PEGx-HerNPs (Figure

S1). TEM images show that PEGx-HerNPs had mean diameters ranging from 300 to 380 nm
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(Figures 1A and S2). In comparison, the MSN templates had diameters of approximately 250 nm
(Figure S3). The hydrodynamic size distributions measured by dynamic light scattering (DLS) in
DPBS solution showed that with varying PEG arm length or arm number, the mean diameter of
PEGx-HerNPs ranged from 250 to 350 nm (Figures 1B and S4). The thickness of the air-dried
PEGx-HerNPs as measured by AFM varied from 80 to 150 nm (Figure S5), which indicates that
the particles collapse upon drying. The {-potential of the PEGx-HerNPs increased from —17 to —4
mV with increasing PEG arm length (Figure 1C). The increase in the {-potential, which is related
to the particle surface charge, indicates that the use of PEG with longer arm lengths or higher My
results in particles with a near-neutral {-potential. The 2-arm-PEG(5k)-HerNPs exhibited the most
neutral zeta potential value (—3.9 = 6.5 mV) because it is cross-linked with a cross-linker with the
longest arm length (Mw 5,000 g mol™?) (Scheme 1). It is therefore expected to have the highest
PEG/antibody ratio despite the multi-arm PEG having equal or higher Mw. No significant
difference in the {-potential was found with the increase in PEG arm number. CD spectroscopy
(Figure 1D) suggested that PEGylation, regardless of arm length or arm number, did not influence
the molecular conformation of the antibody, as the PEGx-HerNPs maintained the same secondary
structures as the free antibodies. This also indicates that treatment of the particles with HF (1 M)
to remove the MSN template does not affect the secondary structure of the antibodies, which is in

agreement with reported studies on HF-treated protein and protein-loaded particles.**-44
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Figure 1. Characterization of PEGx-HerNPs cross-linked by various PEG linkers. (A) TEM
images of PEGx-HerNPs cross-linked by (i) 2-arm-PEG(600), (ii) 2-arm-PEG(2.5k), (iii) 2-arm-
PEG(5k), (iv) 4-arm-PEG(5K), or (v) 8-arm-PEG(10k). Scale bars: 500 nm. (B) Hydrodynamic
size distributions of PEGx-HerNPs in DPBS solution as measured by DLS. Data are presented as
mean = standard deviation. (C) {-Potentials of PEGx-HerNPs measured in 2 mM phosphate buffer

solution, pH 7.4. (D) CD spectra of PEGx-HerNPs.

Nanoparticle Stability. PEGylation of protein-loaded nanoparticles provides a steric barrier to
prevent access to proteolytic enzymes and therefore protects the functional protein in the
nanoparticles from degradation.> We previously reported that AbNPs, owing to their particulate
form, accumulate intracellularly compared to free Ab, hence we sought to investigate the influence
of PEGylation on the potential intracellular degradation of nanoparticles. The stability of PEGx-

HerNPs in GSH and proteinase, which cause protein (disulfide bond) cleavage and protein
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degradation, respectively, to mimic intracellular reducing and proteinase-rich conditions (in endo-
lysosomes), was studied by SDS-PAGE, Figure 2A and 2B. After incubation in 5 mM of GSH (to
simulate intracellular GSH concentration) for 24 h, the absence of protein fragments in the gel
suggests that PEGx-HerNPs remained intact, whereas free Herceptin was separated into fragments
via the cleavage of disulfide bonds, as supported by CD measurements (Figure S6). TEM images
(Figure S7) confirmed that the PEGx-HerNPs remained in a particulate form with diameters
consistent with those of untreated PEGx-HerNPs (200—400 nm). It is possible that disulfide bonds
within the antibodies are cleaved by GSH but the strong cross-linking between PEG-NHS and the
multiple amines on 1gG, which typically has ~88 lysine residues or potentially reactive sites per
IgG,* ensures that the antibody assembly remains relatively intact in a reducing environment.
When incubated in 1 mg mL™* of proteinase for 24 h, both PEGx-HerNPs and free Herceptin
were completely digested into smaller fragments (Figure 2B), showing the limited protection
provided by PEG cross-linking when exposed to a proteinase-rich environment. To further
understand the stability of the PEGx-HerNPs in a proteinase-rich environment, the degradation
percentage of PEGx-HerNPs was quantified using AF488-labeled Herceptin antibodies. The
AF488-labeled free Herceptin and PEGx-HerNPs were contained in dialysis tubing with a
molecular weight cutoff of 100 kDa and incubated in 1 mg mL™ of proteinase under gentle
agitation. The initial total antibody amount of each sample was quantified by measuring the AF488
fluorescence intensity of each sample using a microplate reader. After incubation for 2, 4, 6, 8, 10,
24, or 48 h, the AF488-labeled antibody fragments that diffused out of the dialysis tubing were
quantified using the same method. The percentage of degraded antibody fragments relative to the
corresponding total antibody amount at various time points was calculated. The same experiment

was conducted in DPBS (no proteinase) as control. The results showed that the PEGx-HerNPs
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were more stable in proteinase than free Herceptin and as the PEG arm length or arm number
increased, the PEGx-HerNPs became less susceptible to degradation (Figure 2C and 2D). Among
all PEG cross-linkers studied, 8-arm-PEG(10k) provided the most effective protection to the
antibodies from proteinase-induced degradation, resulting in only 30% of degradation after
exposure to proteinase for 48 h. In contrast, over 90% of 2-arm-PEG(600)-HerNPs degraded under
the same condition, while all PEGx-HerNPs remained stable and intact in DPBS (Figure S8). As
indicated in the above results, different PEG cross-linkers provided varying degrees of protection
to the antibodies within the nano-assemblies from proteolytic enzymes. PEG cross-linkers with a
longer arm length and a higher arm number provided better protection possibly due to the thicker
hydrated layer formed on the surface of the nanoparticles that sterically precluded the approach of

proteolytic enzymes.*647
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different arm numbers in 1 mg mL* of proteinase. Herceptin antibodies were labeled with AF488

for quantification.
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Targeting Ability. The use of the model antibody Herceptin, which targets the ErbB2 receptor
overexpressed in ~25% of invasive breast carcinomas,* enables the study of the functionality
(targeting ability) of the PEGx-AbNPs. Herceptin has been complexed or conjugated to various
macromolecules and used as a targeting ligand on diverse nanoparticle systems.**>2 Herein,
Herceptin serves as the functional building block in a particle assembly consisting only of protein
and PEG (PEGx-HerNPs). The specific association of the PEGx-HerNPs to (ErbB2+) BT-474
breast cancer cells that overexpress ErbB2 was investigated by flow cytometry analysis. ErbB2—
MDA-MB-231 breast cancer cells were used as control cells. The PEGx-HerNPs were incubated
with ErbB2+ or ErbB2— cells in culture medium at 37 °C for 1, 3, 6, 12, or 24 h. The dosage was
kept consistent at 20 pug mL™* protein for all antibody and particle samples. 2-Arm-PEG(600)-
IgGNPs, composed of 1gG cross-linked by 2-arm-PEG(600), were also included as control
(nontargeting) particles. Conjugation of AF488 dye to the antibody molecules prior to antibody
assembly facilitated particle detection.

A flow cytometry study of binding kinetics showed that free Herceptin associated with BT-474
cells rapidly, whereas the PEGx-HerNPs associated with BT-474 cells in a time-dependent manner
(Figures 3A, 3D and S9). Both the PEG arm length and arm number influenced the cell association
of the PEGx-HerNPs to various degrees. Increasing the PEG arm length reduced the rate of cell
association over 24 h (Figure 3A). However, after 24 h of incubation, all three PEGx-HerNP
systems with different arm lengths, i.e., 2-arm-PEG(600)-HerNPs, 2-arm-PEG(2.5k)-HerNPs, and
2-arm-PEG(5k)-HerNPs, associated with over 90% of BT-474 cells, with nonsignificant difference
among each particle system (Figure 3B). In contrast, a notable reduction in cell association
percentage was observed with an increase in PEG arm number (Figure 3D). After 24 h of

incubation, 2-arm-PEG(2.5k)-HerNPs, 4-arm-PEG(5k)-HerNPs, and 8-arm-PEG(10k)-HerNPs
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associated to approximately 93%, 83%, and 74% of BT-474 cells, respectively (Figure 3E). These
results suggest that increasing the PEG arm length limits the targeting ability of the nanoparticles
within a short time frame (<24 h) but increasing the PEG arm number significantly hinders the
targeting ability of the nanoparticles. A potential explanation is that the linear 2-arm-PEG is more
flexible, leaving the receptor binding sites of the PEGx-HerNPs exposed, whereas the 4-arm- and
8-arm-PEG form a more rigid shield on the particle surface. Further characterization will be

conducted in future studies to better understand the mechanism.
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Figure 3. BT-474 cell association profiles of PEGx-HerNPs cross-linked by PEG with (A-C)

different arm lengths or (D—F) different arm numbers, as measured by flow cytometry. Herceptin
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antibodies were labeled with AF488 for detection. BT-474 cells were treated with the labeled
Herceptin and PEGx-HerNPs at a dosage of 20 ug mL ™. (A) and (D) Cell association (%) profiles
of PEGx-HerNPs after incubation with BT-474 cells at different time points. (B) and (E) Cell
association (%) after treatment for 24 h with PEGx-HerNPs. (C) and (F) AF488 fluorescence
intensity of BT-474 cells after treatment with PEGx-HerNPs for 24 h. The cell fluorescence

intensity profile is indicative of the number of antibodies associated with each cell.

In contrast to the association displayed to BT-474 cells, both free Herceptin and the PEGx-
HerNPs had limited association with ErbB2— MDA-MB-231 cells (less than 5%, Figure S10). This
result suggests that the PEGx-HerNPs retain the selective targeting ability of the Herceptin
antibody molecules. Furthermore, the AF488 fluorescence intensity of the treated MDA-MB-231
and BT-474 cells was quantified as an indicator of the number of AF488-labeled antibodies
associated with each cell. As expected, negligible fluorescence was detected in the treated MDA-
MB-231 control cells (Figure S11), which further confirmed the specific targeting ability of the
PEGx-HerNPs. In addition, the low nonspecific association of PEGx-HerNPs with MDA-MB-231
highlights the influence of PEGylation on reducing cell binding and uptake, which is consistent
with our previous findings on PEG-based particles.®!® The fluorescence intensity of BT-474 cells
treated with the PEGx-HerNPs for 24 h was significantly higher (up to 80%) than that of the cells
treated with free Herceptin, which demonstrates that PEGx-HerNPs enabled more antibodies to
associate with each target cell (Figure 3C and 3F). In addition, with the increase in PEG arm length
from 600 Da to 5 kDa, the association intensity decreased by ~50% (Figure 3C). Similarly,
increasing the PEG arm number from 2 to 8 resulted in a reduced cell fluorescence intensity of

~76% (Figure 3F). As the cell fluorescence intensity is indicative of the number of the antibodies
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on the cell surface or inside the cells, tuning the PEGylation of the particles provides a potential
strategy to control antibody accumulation in specific cells for therapeutic dosing.

Cellular Internalization. To investigate the effect of PEGylation on cellular uptake, the
internalization of the PEGx-HerNPs in BT-474 cells was examined by imaging flow cytometry.
After incubation with AF488-labeled PEGx-HerNPs for 24 h, cell membranes were stained with
AF594-WGA and analyzed with an imaging flow cytometer, which captures individual bright-
field and fluorescence images of each cell as the cells flow through the chamber. Based on the
acquired images, the internalization of the PEGx-HerNPs was quantified by an internalization
factor (IF) using the built-in internalization wizard of Amnis ImageStream IDEAS software based
on the spatial relationship between the fluorescent nanoparticles and the cell membrane. A positive
IF indicates internalized PEGx-HerNPs, whereas a negative IF indicates PEGx-HerNPs attached
to the cell membrane.>® The internalization percentage was calculated accordingly using the
following formula: frequency of positive IF / frequency of both positive and negative IF x 100%.
As shown in Figure 4, the internalization percentage values of the PEGx-HerNPs in BT-474 cells
were all above 96%. All three 2-arm-PEG-HerNP systems exhibited a high internalization
percentage (>99%) regardless of the PEG arm length (Figure 4A). As the PEG arm number
increased from 2 to 8, the internalization percentage reduced slightly from 99% to 96%, as
consistent with the reduction in AF488 fluorescence intensity (Figure 4B). The above results
indicate that after 24 h incubation, the PEGx-HerNPs are mostly internalized inside the cells
instead of remaining on the cell surface despite their different degrees of PEGylation. Hence,
although there are fewer particles (and therefore antibodies) associated with cells as the PEG arm
number increases as shown in Figure 3F, most of the cells (>96%) can internalize particles for

intracellular delivery.

25



The internalization of the particles was further investigated by confocal laser scanning
microscopy (CLSM). The cells were incubated with AF488-labeled PEGx-HerNPs for 24 h and
then fixed with paraformaldehyde. AF488-labeled free Herceptin and IgGNPs were used as
controls. From the microscopy images in Figure S12, the control IgGNPs were not observed inside
BT-474 cells and free Herceptin was largely distributed on the cell membrane, as reported
previously.®® In contrast, the CLSM images in Figure 5 show that the PEGx-HerNPs are
internalised by BT-474 cells, but the degree of internalization is dependent on the PEGylation. A
larger amount of fluorescent 2-arm-PEG(600)-HerNPs were observed inside cells compared with
8-arm-PEG(10k)-HerNPs. The decreasing number of internalized PEGx-HerNPs as PEG arm
length or arm number increases is consistent with the decreasing cell fluorescence intensity
measured by flow cytometry (Figure 3C, F). However, despite the weak fluorescence signal from
cells incubated with 8-arm-PEG(10k)-HerNPs for example (Figure 5), this still translates to
positive association with BT-474 cells, albeit with fewer particles, as analyzed by flow cytometry

(Figure 3D, E).

26



A

e

S
3

2-arm-PEG(600)

HerNPs 99.6%

(OLE
Normalized frequency
o .
[4,] (6]
1 1 1
w
(e}
w
=
©

3
c 2.5
) g,

--|oum g

& 1.5+
2-arm-PEG(2.5k) @ 8 4 99.2%
HerNPs = = A

-10 0.5+ L
E h,
s L
20T

3 0 3 9
Internalization factor

N
3
|

>

o

c

)

T 2

o

2-arm-PEG(5kK) Z 1.9
HerNPs 81 | 99.1%

0.5 T

ET ) W

> —T1 1
3 0 3 6 9
Internalization factor

2.5

B

an
o
1 |

2-arm-PEG(2.5k)
HerNPs

99.2%

Normalized frequency
o © 4
(4]
w
o
w
»
(o]

nternalization factor

>
22.5+
g
T 2
[}
E 1.5+
4-arm-PEG(5k) 8 1 97.2%
HerNPs %
205+
S0 1

0 3 6 9
Internalization factor

>
225+
g
o 2 -
o
8-arm-PEG(10k) =
HerNPs 8
-
E
o
z

3 0 3 6 9
Internalization factor

Figure 4. Cell internalization profiles of PEGx-HerNPs cross-linked by PEG linkers with (A)
different arm lengths or (B) different arm numbers, as measured by imaging flow cytometry. BT-

474 cells were incubated with PEGx-HerNPs (at 20 ug mL 1) for 24 h at 37 °C. Cell membranes
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were stained with AF594-WGA (orange) and Herceptin antibodies were labeled with AF488

(green) prior to particle assembly for imaging.
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Figure 5. CLSM images of BT-474 cells treated with PEGx-HerNPs cross-linked by PEG with
(A) different arm lengths or (B) different arm numbers. The cells were treated for 24 h at a dosage
of 20 pg mL* before fixation. Nuclei were stained with Hoechst 33342 dye (blue); cell membrane
was stained with AF594-WGA (red); Herceptin antibodies were labeled with AF488 (green). Scale

bars: 10 um.

Particle Functionality: Effect on Cell Proliferation. ErbB2 signaling is known to promote cell
proliferation, which becomes uncontrolled in cancer. Herceptin interferes with ErbB2-triggered
signaling by preventing ErbB2 receptor dimerization, which eventually inhibits cell
proliferation.>® To investigate the ability of the PEGx-HerNPs to limit cell proliferation, the
proportion of viable ErbB2+ BT-474 cells and ErbB2— MDA-MB-231cells were examined by
XTT assay after treatment with 20 pg mL ™ free Herceptin, 20 ug mL ™ PEGx-HerNPs, or cell
culture medium (blank control) for 48 h at 37 °C. As observed from Figure 6, there was no
reduction in cell viability in MDA-MB-231 cells after treatment with either of the particle systems
studied, indicating that the PEGx-AbNPs are not toxic to nontarget cells. However, the PEGx-
HerNPs could limit the proliferation (reduce cell viability) of the target BT-474 cells—for instance,
the 2-arm-PEG(600)-HerNPs reduced cell viability by ~43% and at the same level as free
Herceptin. This confirms that the PEGx-HerNPs retain the binding of the Herceptin antibodies to
their receptor and prevent signaling. However, this functionality decreased as the PEG arm length
increased. Specifically, as the PEG arm length increased from 600 Da to 5 kDa, cell viability
increased from 57% to 78%, indicating that Herceptin displays reduced ability to bind to its
receptor (Figure 6A). Similarly, increasing the PEG arm number from 2 to 8 limited receptor
binding capability, as suggested by the increase in cell viability at higher arm numbers (>90%)

(Figure 6B). A similar trend was observed when cells were treated with the PEGx-HerNPs at a
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lower concentration (5 pug mL %, Figure S13). The effect of PEGylation on the growth inhibition
functionality of the PEGx-HerNPs is consistent with the cellular association data, as growth

inhibition is the downstream effect initiated by the binding of Herceptin antibodies to ErbB2

receptors on the cell membrane.
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Figure 6. BT-474 and MDA-MB-231 cell growth inhibition of PEGx-HerNPs cross-linked by
PEG with (A) different arm lengths or (B) different arm numbers, as determined by XTT assay.
The cells were treated with free Herceptin or PEGx-HerNPs at an antibody concentration of 20 g

mL1. Cell viability was normalized against the viability of cell culture media-treated cells.

PEGx-HerNP Association with Phagocytes from Human Blood. A major obstacle to the

efficacy of a targeted nanoparticle delivery system is the premature capture of the nanoparticles
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by circulating leukocytes and mononuclear phagocytes, which causes their rapid clearance from
the blood circulation and ultimately poor targeting.>® To assess whether PEGylation can address
this issue, the association of the PEGx-HerNPs with phagocytes in human whole blood was
investigated using a previously developed human blood assay.>’ AF647-labeled PEGx-HerNPs
were incubated in 100 puL of whole blood at 37 °C for 1 h. After the removal of red blood cells,
the remaining cells were labeled with fluorophore-conjugated antibodies to identify distinct blood
cell populations. Phagocytes, including dendritic cells, monocytes, and neutrophils, were identified
and the association of the PEGx-HerNPs with these phagocytes was analyzed by multi-color flow
cytometry. The results showed that <18% of dendritic cells, <10% of monocytes, and <2%
neutrophils associated with the PEGx-HerNPs. With the increase in PEG arm length, the
association of the PEGx-HerNPs with phagocytes decreased (Figure 7A i), whereas with the
increase in PEG arm number, the association showed no statistically significant difference (Figure
7B i). The difference in PEGx-HerNP association with phagocytes could potentially be attributed
to the formation of a biomolecular corona from the proteins and other biomolecules present in
blood. Our previous studies have found that the corona compositions of PEG-based particles were
affected by both PEG molecular structures and the plasma proteome of individual donors.?%¢ The
level of specific antibodies (e.g., anti-PEG antibodies) in the plasma can also modulate the immune
cell association with PEGylated nanoparticles.>

The association of the PEGx-HerNPs with lymphocytes (B cells, T cells, and NK cells) from
human blood was also studied but there was negligible difference in cell association among the
PEGylated assemblies (Figure S14). Using an in vitro phagocytic cell line, RAW 267.4
macrophages, cell association also decreased from 90% to 70% as the PEG arm length increased

from 600 Da to 5 kDa (Figure 7A ii). When the PEG arm number increased from 2 to 4 and 8, the
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association decreased further to 39% and 46%, respectively (Figure 7B ii). Overall, the 2-arm-
PEG(5k)-HerNPs showed the lowest association with phagocytes in whole blood (Figure S15),
whereas the multi-arm PEGx-HerNPs showed low association with phagocytic cells ex vivo and
in vitro (Figure S16). The multi-arm PEGx-HerNPs, however, showed the lowest binding and
internalization in target cells. Hence, careful consideration of the cross-linker is needed to balance
both target cell-binding efficacy and avoiding phagocyte capture in blood circulation. It should be
noted that the current assemblies use whole antibodies with the Fc portion of the antibodies present.
As the antibodies are randomly oriented within the assemblies, it may be possible that some Fc
fragments are exposed on the particle surface, which can enhance the immunogenicity of the
particles. Although PEG cross-linking may shield the Fc fragments from immune cells, future
work will also focus on particle assemblies of various antibody formats consisting of antigen

binding fragments, including nanobodies and scFv.
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Figure 7. Phagocyte association of PEGx-HerNPs cross-linked by PEG with (A) different arm
lengths or (B) different arm numbers. (i) Association of PEGx-HerNPs with phagocytic cells in
human whole blood after incubation for 1 h, as quantified by flow cytometry. Herceptin antibodies
were labeled with AF647. (ii) Association of PEGx-HerNPs with a macrophage (Raw 267.4) cell
line in vitro after incubation for 24 h, as quantified by flow cytometry. Herceptin antibodies were

labeled with AF488 for detection.

Biodistribution and Tumor Accumulation. The effect of PEG cross-linking on the in vivo
biodistribution of the PEGx-HerNPs was assessed in mice (Figure 8). The antibodies were labeled
with thulium (Tm) via a macrocyclic bifunctional chelator (p-SCN-Bn-DOTA). A study on the

stability of Tm labeling, and hence the PEGx-HerNPs, in serum showed ~10% release of Tm from
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PEGx-HerNPs after incubation for 24 h in serum (Figure S17). Tm-labeled free Herceptin and
PEGx-HerNPs were injected intravenously in healthy BALB/c mice at a dosage of 10 mg mL ™.
The biodistribution of free Herceptin and PEGx-HerNPs at 4 h postinjection was qualitatively
determined at the organ-level using inductively coupled plasma mass spectrometry (ICP-MS),
which measures the Tm content of digested tissue preparations. Figure 8A shows that liver uptake
of the PEGx-HerNPs decreases as the PEG arm length increases. Liver uptake, likely due to
sequestration by Kupffer macrophages in the liver, is a major limitation impacting nanoparticle-
mediated delivery efficacy.®® A reduction in liver uptake could imply longer blood circulation of
the particles. From the results in Figure 8A vi, an increase in the accumulation of PEGx-HerNPs
with longer PEG arm lengths in blood was observed, indicating that 2-arm-PEG(5k)-HerNPs
circulate longer than 2-arm-PEG(600)-HerNPs and 2-arm-PEG(2.5k)-HerNPs. The 2-arm-
PEG(5k)-HerNPs also showed greater uptake in the kidney and heart. In contrast, in general, there
was no significant difference in the biodistribution of the PEGx-HerNPs cross-linked with different
PEG arm numbers (Figure 8B). Uptake in the spleen, another phagocyte-rich organ involved in
particle clearance, was high for all particle systems (Figure 8A ii, 8B ii) although this was lower
in 2-arm-PEG(5k)-HerNPs- and PEG(600)-HerNPs-treated mice. These results suggest that by
varying the PEG cross-linker used to prepare PEGx-HerNPs, liver uptake can be tuned. The lower
liver uptake and higher blood circulation of 2-arm-PEG(5k)-HerNPs, which could be due to their
near-neutral C-potential (Figure 1C), make them the preferred PEGx-HerNP system to further

investigate in vivo.
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Figure 8. In vivo biodistribution of Tm-labeled free Herceptin and PEGx-HerNPs cross-linked by
PEG with (A) different arm lengths or (B) different arm numbers at 4 h postinjection in healthy
BALB/c mice. The data are reported as Tm signal (counts per second, cps) per mg of tissue. Data

represent means + standard deviations based on triplicate samples.

To assess the capacity of 2-arm-PEG(5k)-HerNPs to target tumors (Figure 9A), radiolabeled
particles were injected in BALB/c nu/nu mice bearing subcutaneous Erb2+ SK-OV-3 tumors.
%4Cu-labeled 2-arm-PEG(5k)-HerNPs were prepared via MeCOSar-NHS-ester ligands conjugated
to Herceptin antibodies as described previously.®* ®‘Cu-labeled free Herceptin and 2-arm-
PEG(5k)-IgGNPs were also prepared and injected as controls. The biodistribution of free
Herceptin and the particles were qualitatively determined by PET/CT imaging. Figure 9 shows
that at 24 h post administration, the highest antibody and particle accumulation were in the liver,
which is typical even for targeted nanoparticle systems.®® As expected, and as we showed
previously,®® there was higher tumor accumulation of free Herceptin than the particles, largely
owing to their small size compared to particles (~370 nm, Figure 1B). Tumor uptake of 2-arm-
PEG(5k)-HerNPs, however, was significantly higher (~50% higher) than that of the nontargeted
2-arm-PEG(5k)-IgGNPs (Figure 9B). These results suggest that the 2-arm-PEG(5k)-HerNPs retain
their targeting capacity in vivo, even in a particulate form. Although the free antibody shows
greater tumor accumulation than 2-arm-PEG(5k)-HerNPs, the ability to potentially target
monoclonal antibody assemblies to tumors could be beneficial. In the current work and in our
previous work, we show greater cell internalization of HerNPs than free antibody and previously
demonstrated the use of a cleavable cross-linker to enable disassembly of IgGNPs under reductive
conditions that mimic the internal cell environment.33®! Engineering AbNPs with a combination

of cell surface and internal antigen targeting antibodies would have the potential to target and
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modulate previously undruggable internal cancer targets. Reducing the size of the PEGylated
HerNPs by using smaller templates, which is outside the scope of this work, could further improve
their tumor targeting capacity in vivo. We expect that PEGx-AbNPs will be metabolized in vivo
in the same way as monoclonal antibodies (i.e., metabolized into peptides and amino acids that
can be re-used in the body or are excreted by the kidney). The PEG-NHS cross-linkers that are
used have My’s of less than 10,000 g mol™*, which, upon antibody metabolism, are small enough
to be cleared by kidney glomerular filtration.®? Despite the availability of other low My NHS ester
functional cross-linkers that could be used to cross-link the antibodies within HerNPs, PEG is
already a clinically approved material and the wide range of PEG cross-linkers available that vary
in My, architecture, and stimuli-responsiveness can be exploited to prepare AbNPs with tunable

biological interactions for a range of applications, as demonstrated in this work.
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Figure 9. (A) In vivo biodistribution of 54Cu-labeled 2-arm-PEG(5k)-HerNPs, 2-arm-PEG(5k)-
IgGNPs, and free Herceptin at 4 h postinjection in SKOV3 tumor-bearing BALB/c nu/nu mice.
The data are reported as kBq cc!. Data represent means * standard deviations based on triplicate
samples (n = 3—-4). (B) t-test statistical analysis of the tumor targeting of 2-arm-PEG(5k)-HerNPs

(n = 3) versus 2-arm-PEG(5k)-IgGNPs (n = 4). ** Indicates significant difference, p < 0.01.
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CONCLUSIONS

This study demonstrates that nanoparticle engineering through nanoparticle cross-linking
enables tunable bio—nano interactions at the in vitro to in vivo levels. PEGylated antibody
nanoparticles (PEGx-AbNPs) composed of antibodies cross-linked by PEG with different arm
lengths or arm numbers were used to study the effect of PEG cross-linking on the targeting ability,
functionality (receptor blocking), phagocytic association, and in vivo biodistribution of the
ADbNPs. With increasing PEG arm length (from 600 Da to 5 kDa), the interaction of the PEGx-
HerNPs with target cancer cells in vitro was consistently high (>90% at 24 h). Higher intracellular
antibody accumulation and receptor binding (cytotoxicity) were observed for PEGx-HerNPs cross-
linked by PEG with shorter arm lengths. However, the PEGx-HerNPs prepared using PEG with
longer arms (higher My > 2.5 kDa) resulted in lower interaction with phagocytic cells that
translated into up to 85% lower liver uptake in vivo. When multi-arm PEG was used as a cross-
linker (4-arm and 8-arm), the interaction with target cells and antibody accumulation decreased
with increasing arm number but the interaction with phagocytic cells in vitro and ex vivo were
low. The results suggest that tuning AbNP efficacy requires balancing the targeting ability with
potential premature in vivo clearance. Cross-linking particles with a linear PEG (i.e., 2 arm) but
with longer or higher My arms (e.g., 2-arm-PEG(5k)-HerNPs) may achieve both reduced
phagocytic capture and optimal targeting. In a tumor mouse model, 2-arm-PEG(5k)-HerNPs
showed liver uptake at the same levels as free Herceptin and displayed 50% higher tumor
accumulation than control AbNPs. While the deposition in the tumor was ~40% compared to free
Herceptin, the increased intracellular delivery and the multifunctionality of the AbNP system
combined with the potential for particle engineering provides opportunities for targeted

combinatorial antibody assemblies optimized for their performance in vivo.
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