1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 July 10.

-, HHS Public Access
«

Published in final edited form as:
ACS Biomater Sci Eng. 2023 July 10; 9(7): 4223-4240. doi:10.1021/acshiomaterials.3c00441.

Thiol-Michael Addition Microparticles: Their Synthesis,
Characterization, and Uptake by Macrophages

Emerson L. Grey?, Jazalle McClendonP, Joshita Suresh?, Scott Alper®, William J.
JanssenPd, Stephanie J. Bryant2©.!*

aDepartment of Chemical and Biological Engineering, University of Colorado, 3415 Colorado Ave,
Boulder, CO 80309-0596, USA

bDivision of Pulmonary, Critical Care, and Sleep Medicine, Department of Medicine, National
Jewish Health, 1400 Jackson St, Denver, CO 80206, USA

¢Department of Immunology and Genomic Medicine, Center for Genes, Environment and Health,
National Jewish Health, 1400 Jackson St, Denver, CO 80206, USA

dDepartment of Medicine, University of Colorado Anschutz Medical Campus, 12631 East 17th
Avenue, Aurora, CO 80045, USA

®Materials Science & Engineering Program, University of Colorado, 4001 Discovery Dr, Boulder,
CO 80309-0613, USA

fBioFrontiers Institute, University of Colorado, 3415 Colorado Ave, Boulder, CO 80309-0596, USA

Abstract

Polymeric microparticles are promising biomaterial platforms for targeting macrophages in the
treatment of disease. This study investigates microparticles formed by a thiol-Michael addition
step-growth polymerization reaction with tunable physiochemical properties and their uptake

by macrophages. The hexafunctional thiol monomer dipentaerythritol hexa-3-mercaptopropionate
(DPHMP) and tetrafunctional acrylate monomer di(trimethylolpropane) tetraacrylate (DTPTA)
were reacted in a stepwise dispersion polymerization, achieving tunable monodisperse particles
over a size range (1-10 um) relevant for targeting macrophages. An off-stoichiometry thiol-
acrylate reaction afforded facile secondary chemical functionalization to create particles with
different chemical moieties. Uptake of the microparticles by RAW 264.7 macrophages was highly
dependent on treatment time, particle size, and particle chemistry with amide, carboxyl, and thiol
terminal chemistries. The amide-terminated particles were non-inflammatory, while the carboxyl
and thiol-terminated particles induced pro-inflammatory cytokine production in conjunction with
particle phagocytosis. Finally, a lung-specific application was explored through time-dependent
uptake of amide-terminated particles by human alveolar macrophages /n vitro and mouse lungs
in vivo without inducing inflammation. The findings demonstrate a promising microparticulate
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delivery vehicle that is cyto-compatible, non-inflammatory, and exhibits high rates of uptake by
macrophages.
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1. INTRODUCTION

Polymeric microparticles can serve as vehicles by which to transport therapeutics targeting
macrophages in disease. Microparticles, which are typically defined by a diameter

>0.5 um, provide increased payload capacity relative to free drug while protecting the
encapsulated therapeutic from rapid degradation.::2 Due to their size range being similar

to that of pathogens,3 microparticles can also provide non-specific, yet targeted uptake to
phagocytic cells. In disease, macrophages are key players for modulating immune responses
associated with inflammation, cancer, and infection.3-8 In their role as scavengers, the
primary mechanism by which macrophages uptake microparticles is through phagocytosis.’
Phagocytosis involves a two-step process with particle attachment to the plasma membrane
followed by their engulfment through an actin-myosin driven process.® A number of
studies have shown that targeting macrophages with drug-loaded microparticles can be
beneficial. For example, phagocytosis can result in much higher drug concentrations within
macrophages compared to free drug.® Anti-inflammatory drug-loaded microparticles have
been successful at altering the polarization state of macrophages from pro-inflammatory

to anti-inflammatory.10 Importantly, studies have shown that monocytes/macrophages can
retain microparticles long-term and that drugs once released from the particles can escape
the phagosome and even be released extracellularly over multiple weeks.1! Taken together,
microparticles offer an exciting therapeutic approach to target macrophages.

The physiochemical properties of microparticles (e.g., size, chemistry, shape, and stiffness)
influence the extent of particle phagocytosis by macrophages. Generally, microparticles in
the range of 1-5 um are rapidly phagocytosed by macrophages while those that are smaller
or larger require longer times.#12.13 Within this range, diameters around 2 pm often have the
greatest uptake; this is attributed to the ability of these particles to attach between the ruffles
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on the cell membrane, increasing the surface area of attachment.12 Large particles (>10 um)
are generally not readily phagocytosed and instead remain attached to the cell membrane,
which can induce an inflammatory response in macrophages that is not observed by smaller
phagocytosed particles.} To study the role of chemistry on phagocytosis, functionalized
polystyrene nano and microparticles are commonly used. A positive correlation with zeta
potential from different functionalized polystyrene nanoparticle and uptake by human
THP-1 derived macrophages was reported, indicating that particle surface charge plays a
key role in phagocytosis.1®> When similar nanoparticles were delivered to the lungs of rats, a
positive correlation was again found between zeta potential and neutrophil numbers as well
as pro-inflammatory cytokine levels within the bronchoalveolar lavage (BAL) fluid; this
suggests that as particle charge becomes more positive, a stronger inflammatory response

is induced.16 Makino et a/1” measured superoxide anion production as an indicator of
phagocytosis and found higher production levels in rat alveolar macrophages exposed to
charged (amine or carboxyl) polystyrene microparticles compared to neutral and unmodified
particles. Together, charged particles (negative or positive) induce higher phagocytic activity,
while positively charged particles appear to be more inflammatory.

Poly(lactic-co-glycolic acid) (PLGA) microparticles are among the most common
microparticles used clinically for drug delivery.18:19 Similar to polystyrene microparticles,
PLGA microparticles have shown a strong dependence of particle size and surface
modification on phagocytosis. For example, Hirota er a/20 demonstrated that NR8383
alveolar macrophages phagocytosed PLGA microparticles with a mean diameter of 1 and 3
um to a greater extent than 6 um microparticles and even more so than 10 um microparticles.
Sun et al?! found that 0.5 pm PLGA particles were more readily taken up by RAW

264.7 macrophages than those with a 2 um diameter. When the surface charge of PLGA
microparticles was modified from neutral to cationic with poly-L-lysine, the positively
charged microparticles were more easily internalized by THP-1 macrophages than those
with the unmodified formulation.22 Despite their wide use clinically, shortcomings of PGLA
microparticles include their low yields and broad polydispersity. Although methods for
synthesizing PLGA microparticles using emulsification have improved size uniformity,23.24
the particles are still polydisperse such that studies have reported polydispersity indices of
0.17-0.21.%3

While macrophages readily phagocytose different types of microparticles, their
physiochemical properties, notably size and chemistry, can be used to tune the timing
and the extent of phagocytosis for a desired application. It is important to note that other
physical properties of microparticles have been shown to influence phagocytosis. Notably,
spherical particles are more readily phagocytosed than non-spherical particles with high
aspect ratios?>27 and rigid microparticles are more readily taken up by macrophages
when compared to soft deformable particles.28 However, size and chemistry appear to be
the dominating physicochemical properties that determine the rate and extent of particle
uptake. Thus, polymeric microparticle formulations that afford tight control over their
properties could improve upon existing therapeutic microparticles (e.g., PLGA). One
potential alternative is the use of click reactions to form microparticles. These reactions
afford orthogonality and specificity, have minimal if any side products, and exhibit high
yields under mild reaction conditions.2930 The versatility of click chemistries to enable
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microparticle fabrication and surface modification has been documented.31-37 For example,
Wang er a/.38:39 utilized the thiol-Michael-addition click reaction combined with dispersion
polymerization as a facile approach to fabricate microparticles with low polydispersity. The
size of the microparticles was readily tuned by varying the monomer concentration during
synthesis, and adjusting the stoichiometric ratio of the monomers allowed for different
network-terminating functionalities (i.e., thiols or acrylates). The feasibility of these thiol-
Michael addition microparticles as a DNA delivery vehicle to macrophages was recently
demonstrated.4? Therefore, this highly customizable microparticle platform is one promising
approach for targeting macrophages, but has yet to be explored.

This study examines the physiochemical properties of microparticles formed by thiol-
Michael addition step-growth polymerization reaction prepared by reacting low molecular
weight multi-functional thiol and acrylate monomers, which produce highly crosslinked
rigid particles, using dispersion polymerization to form spherical particles.38:39 By reacting
the monomers at different concentrations and stoichiometries, microparticles of various sizes
and chemical functionalities were produced, resulting in free thiol, amide, and carboxylic
acid terminated groups. The particles were characterized by their size, polydispersity,
chemistry, zeta potential, and stability at pH relevant to the phagosome (i.e., acidic).

In vitro studies were performed with RAW 264.7 murine macrophages to evaluate the
effects of particle size and chemistry on macrophage metabolic activity (as an indicator

of cell viability/proliferation), inflammatory response, and phagocytosis. Macrophages
were also stimulated with lipopolysaccharide (LPS) which was used to simulate the
inflammatory environment /7 vivo. To test the relevance of these microparticles for
lung-specific applications, amide functionalized microparticles were exposed to human
alveolar macrophages /n7 vitro and mice intratracheally with and without LPS stimulation.
Inflammatory responses and particle uptake were assessed. Overall, this study demonstrates
that this highly tunable polymeric microparticle system, which produces monodisperse

and cytocompatible microparticles, is readily taken up by macrophages and, depending

on the terminated group chemistry, without eliciting an inflammatory response. These
microparticles were also taken up to a greater extent by inflammatory macrophages.

In summary, these highly tunable microparticles are a promising platform for targeting
macrophages, including those that are inflammatory and those residing in the lungs.

EXPERIMENTAL SECTION

Materials.

Di(trimethylolpropane) tetraacrylate (DTPTA), triethylamine (TEA), polyvinylpyrrolidone
(PVP), 4-methoxyphenol (MeHQ), iodoacetamide, potassium dihydrogen phosphate, sodium
citrate, sodium acetate, and dansylcadaverine were purchased from Sigma Aldrich.
Fluoraldehyde™ o-Phthaldialdehyde Reagent Solution (OPA); alamarBlue™ Cell Viability
Reagent; 2-iminothiolane (Pierce™ Traut’s Reagent); 5,5’-Dithiobis-(2-Nitrobenzoic Acid)
(DTNB; Ellman’s Reagent); methanol; potassium phosphate, dibasic; citric acid; acetic

acid; and ethylenediaminetetraacetic acid (EDTA) were purchased from Fisher Scientific.
Tetramethylrhodamine-5-(and —6) C2 maleimide was purchased from Anaspec Inc.
3-mercaptopropionic acid was purchased from Alfa Aesar. Dipentaerythritol hexa-3-
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mercaptopropionate (DPHMP) was procured from Tokyo Chemical Industry. Dulbecco’s
phosphate buffered saline (DPBS), Dulbecco’s Modified Eagle’s Medium (DMEM),
glutagro, and penicillin/streptomycin were purchased from Corning. Dimethyl sulfoxide
(DMSO) was purchased from VWR International. RAW 264.7 macrophages were obtained
from ATCC. Fetal bovine serum (FBS) was procured from Atlanta Biologics. Mouse IL-6
and TNF-a and human IL-6 and TNF-a Duo Set ELISA kits were purchased from R&D
Systems. LPS from £. coli 0111:B4 (LPS-EB) was obtained from InvivoGen for in vitro
studies and LPS from E. coli 055:B5 was purchased from List Biological Laboratories for
in vivo studies. Isoflurane was from Baxter. Jenner Stain Working Solution, Giemsa Stain
Stock Solution, and Acetic Acid 1% Aqueous were procured from Poly Scientific R&D
Corp. CD45 FITC, CD64 BV711, CD88 BUV 395, SigleckF BV421, CD11b APC, and Ly6G
PECy7 monoclonal antibodies were obtained from BD Biosciences.

2.2. Microparticle synthesis.

DTPTA, PVP (a surfactant), and MeHQ (a radical inhibitor) were combined and dissolved
in methanol in a round bottom flask. DPHMP was dissolved in methanol to improve
solubility and then transferred to the reaction mixture. TEA (a catalyst) was next added

to the reaction mixture. The final concentration in the reaction mixture was 0.4 — 15 g/g

(wt %) monomer (DPHMP and DTPTA), 15 wt% PVP, 5 wt% TEA, and 5 wt% MeHQ.
The moles of the sulfhydryl to the moles of acrylate were varied by 1.2:1, 1.33:1, 1:1.2, or
1:1.33 (sulfhydryl functional group : acrylate functional group) to create particles with 20%
or 33% excess sulfhydryl or acrylate terminal groups. Each particle formulation was used
for different studies, which is denoted in the following sections. The reaction progressed for
a minimum of five hours with continuous magnetic stirring in ambient conditions. Particles
were recovered by centrifugation and then rinsed 3x in fresh methanol by vortexing or
sonicating followed by centrifugation after each rinse step.

2.3. Amide-functionalized particles.

Sulfhydryl-terminated (33% excess thiols) microparticles were transferred from methanol
to DMSO using progressively higher ratios of DMSO to methanol until the particles

were fully suspended at 21 mg particle/mL of DMSO. Each step involved vortexing and
centrifugation. In a round bottom flask protected from light, iodoacetamide was dissolved
in DMSO at 44 mg/mL by magnetic stirring, then an equal volume of particles in DMSO
was added. Additional DMSO was used to rinse the vessel containing the particles. The
final particle concentration in the reaction was 8.5 mg particle/mL in 50 ml DMSO. The
reaction was allowed to progress until the solution transitioned from a clear to amber

color, approximately 48 hours, and terminated by washing the particles via centrifugation in
DMSO.

2.4. Carboxyl-functionalized particles.

Acrylate-terminated (33% excess acrylates) microparticles were reacted (8 mg particle/mL)
with 1% g/v 3-mercaptopropionic acid in the presence of the catalyst TEA at 5 wt% in
methanol (50 mL reaction volume) for 24 hours. The resultant particles were used for zeta
potential and swelling studies. To increase the extent of the reaction for the /in vitro studies,
particles were synthesized with 2% g/v 3-mercaptopropionic acid and 5 wt% TEA and
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reacted for 72 hours. The particles were recovered by rinsing via centrifugation with filtered
methanol to remove excess reactant.

2.5. Fourier transform infrared spectroscopy (FTIR).

Fourier Transform Infrared (FTIR) spectroscopy was performed using a Nicolet iS20 to
confirm the functionalization of the particles. In brief, particles were applied dropwise to
salt plates in a uniform layer and dried under nitrogen, then FTIR spectra were collected.
The presence or absence of sulfhydryl peak (2550-2600 cm~1)39 was used to confirm that
sulfhydryl groups had been consumed during amide functionalization of excess sulfhydryl
particles. The acrylate peak at 810 cm1 was used to confirm that acrylate groups3® were
consumed following carboxyl functionalization of excess acrylate particles. To monitor
reaction of acrylate to carboxyl, FTIR with attenuated total reflection (ATR) was used. In
brief, aliquots of microparticles were taken at time intervals for 72 hours, immediately
rinsed via centrifugation 3x with methanol, and then dried into pellets under ambient
conditions. The sulfhydryl (2550-2600 cm™1) and acrylate (810 cm™1) peaks were monitored
over time and compared with those corresponding to the unreacted particles.

2.6. Fluorescent microparticle synthesis.

Microparticles with 33% excess sulfhydryl were suspended in DMSO and reacted

with tetramethylrhodamine-5-(and —6) C2 maleimide at a 500:1 molar ratio
(sulfthydryl:maleimide). The reaction mixture was protected from light and stirred for 24
hours. The particles were rinsed several times via centrifugation with DMSO to remove
unreacted fluorophore. The same protocol was followed for amide-functionalized particles
by reacting the residual thiols with maleimide. Carboxyl-functionalized particles were
labeled with dansylcadaverine. In brief, 14.2 mg Traut’s reagent (1.5 mg/mL) were dissolved
in DPBS (9.75 mL) containing 2.5 mM EDTA, pH 8.0, with stirring in a round bottom
flask protected from light. Dansylcadaverine (35 mg/mL) was dissolved in anhydrous
DMSO (0.25 mL), then added dropwise to the reaction mixture. After 1 hour, carboxyl-
functionalized particles (16 mg particles/mL) suspended in the same DPBS buffer (14 mL)
were added to the reaction mixture and reacted for 5 hours. The particles were rinsed via
centrifugation several times with fresh buffer to remove unreacted fluorophore.

2.7. Microparticle size by scanning electron microscopy (SEM).

Microparticles in methanol were applied dropwise to a silicon wafer and dried under
nitrogen. The particles were sputter coated with 1-2 nm platinum and then imaged with

a Hitachi SU3500 Scanning Electon Microscope. For each experimental group, diameters
(n=300-3750) were measured in ImageJ and fit to normal distributions in MATLAB. Poly
dispersity index (PDI1) was calculated as (o/X)2, where o is the standard deviation and X is
the average particle diameter.

2.8. Microparticle degradation.

Microparticles with 20% excess acrylate or sulfhydryl groups were rinsed via centrifugation
to 0.1 M acetate buffer (pH 4 and 5), 0.1 M citrate buffer (pH 6), or DPBS (pH 7). Particles
were equilibrated to the buffers by rinsing 3x at the initiation of the study. Every two
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days for fourteen days, particle aliquots were removed, rinsed via centrifugation in buffer
3x, then deionized filtered water 3x, and finally in methanol 3x. The particles were dried
by evaporation onto silicon wafer, sputter coated with platinum, and imaged with SEM.
Diameters (n=300 particles per formulation) were measured with ImageJ.

2.9. Zeta potential.

Microparticles were dispersed in pH-adjusted buffers at 4 mg/mL and then analyzed on an
Anton Paar Litesizer 500 at 21.7 °C (sample = 1 aliquot of microparticles per pH). The
samples were run in automatic mode with Smoluchowski approximation a maximum of
1000 times per sample. Buffers at pH 3, 4, 5, and 6 were prepared with 0.1 M citrate-sodium
citrate and adjusted with 1 M HCI and/or 1 M NaOH as necessary. Buffers at pH 7, 8, and

9 were prepared with 0.1 M Tris-HCI and adjusted with 1 M NaOH and/or 1 M HCI as
necessary. Zeta potential was also measured in de-ionized water (sample size = 4) under the
same parameters.

2.10. Sulfhydryl quantification.

Microparticles dispersed in filtered DI water were assayed using Ellman’s assay following
the manufacturer’s protocol. A volume of 500 pL of microparticles with concentration 1-16
mg/mL in filtered DI water was reacted with Ellman’s reagent at room temperature for two
hours. After the reaction, the particles were centrifuged, and the supernatant was collected.
A volume of 200 pL of supernatant was assayed by measuring absorbance at 412 nm and
compared to a standard curve to determine sulfhydryl concentration.

2.11. Mass swelling.

Microparticles in methanol were rinsed via centrifugation to filtered DI water and allowed to
equilibrate for 24 hours. Aliquots of microparticles were centrifuged, supernatant discarded,
and swollen masses measured. The particles were then lyophilized and their dry masses were
measured. The mass swelling ratio was calculated by mass of swollen particles divided by
mass of dry particles.

2.12. Preparation of particles for cellular uptake.

Fluorescent microparticles in methanol or DMSO were transferred to filtered DI water by
centrifugation. The particles were then transferred to 70% ethanol by centrifugation and
soaked therein overnight for sterilization. Sterile microparticles were then transferred via
centrifugation to sterile filtered DI water and then to sterile DPBS, and then soaked in
sterile DPBS overnight. Finally, particles were rinsed via centrifugation 3x with sterile
DPBS. Known volume aliquots of the resultant particle stock were lyophilized to determine
microparticle concentration.

2.13. Invitro microparticle treatment of RAW 264.7 macrophages.

RAW 264.7 murine macrophages were cultured in DMEM with 10% FBS and 1% penicillin/
streptomycin at 37 °C and 5% CO». Cells were seeded in 6 or 96-well plates at 47,000
cells/cm? and allowed to adhere overnight. After 24 hours, medium was changed to

DMEM medium with 10% FBS and 1% antibiotic-antimycotic. Cells were cultured for
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two additional days prior to treatment. At the time of treatment, the medium was refreshed.
The cells were treated with or without 1 pg/mL LPS in the same medium for 30 minutes
and then with or without 55 pg/mL microparticles in PBS for 6 or 24 hours. Media were
collected and flash frozen for ELISAs and cells were either disassociated from the TCPS
with Accumax, scraped, and fixed with 4% PFA for flow cytometry or fixed directly in the
plate for staining and imaging.

2.14. Human alveolar macrophages and in vitro treatment with microparticles.

Alveolar macrophages were obtained from the National Jewish Human Lung Tissue
Consortium and were isolated from deceased organ donors as previously described in
detail.#1 Lungs were selected from non-smoking organ donors that had no history of
pulmonary disease and that died in the hospital from non-pulmonary causes. Lungs

were removed at the time of death and processed within 24 hours. To obtain alveolar
macrophages, PBS was instilled into lung lobes via a central bronchus and lavage fluid
was collected in sterile containers. Lavage fluid was sequentially filtered through sterile
gauze and a 70-micron sterile filter to eliminate mucus. Fluid was centrifuged to pellet
cells at 300xg for 5 min. Cells were resuspended in PBS, quantified, and then washed a
second time in PBS. Cell pellets were resuspended at a concentration of 53x108 cells/mL
in freezing medium (50% DMEM, 40% FBS, 10% DMSQO) and then preserved at —140 °C
until use. Human alveolar macrophages were seeded from frozen in DMEM medium with
5% FBS and 1% antibiotic-antimycotic at 210,000 cells/cm? in 6 and 96-well TCPS plates.
Human alveolar macrophages were treated with and without LPS and with and without
microparticles as described above for the RAW 264.7 cells.

2.15. Macrophage metabolic activity.

Following microparticle treatment, cells in 96-well plates were rinsed with DPBS and 10%
alamarBlue reagent in DMEM medium was applied. After 6 hours, absorbance was read
at 570 and 600 nm and metabolic activity was calculated per manufacturer instructions.
Metabolic activity was normalized to the control of cells only.

2.16. May-Grunwald Giemsa staining and imaging.

Following microparticle treatment, medium was removed, and wells were rinsed 3x with
DPBS, then cells were fixed with 4% PFA and rinsed with DI water. Jenner Stain Working
Solution was applied for 10 minutes followed by rinsing with DI water. Giemsa Stain Stock
Solution was diluted by 1 drop per mL DI water and applied to the wells for 1 hour. Cells
were rinsed with DI water, Acetic Acid 1% Aqueous, and again with water before imaging
with a bright-field microscope.

2.17. Flow cytometry for in vitro studies.

Following microparticle treatment, RAW 264.7 macrophages were characterized by flow
cytometry using the BD FACS Celesta™ flow cytometer and FCSalyzer software. Cells
alone, fluorescent particles, and non-fluorescent particles alone were used as controls

to ensure appropriate fluorescence compensation. The 561 nm laser was used to excite
fluorescent rhodamine-labeled particles at 546 nm and fluorescence was detected utilizing
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a 585/15 bandpass filter. The 405 nm laser was used to excite fluorescent dansylcadaverine-
labeled particles at 335 nm and detected with the 525/50 bandpass filter. Doublets were
excluded. Side scatter versus forward scatter comparison was utilized to identify single cells
and particles. Fluorescence intensity versus forward scatter was used to identify cells with
high and low particle association. The number of events in each population was then used to
analyze the percent of particle association with cells.

2.18. Mouse studies.

2.19.

2.20.

All procedures were approved by the National Jewish Health Institutional Animal Care

and Use Committee. Wild type C57BL/6J mice were originally obtained from Jackson
Laboratory and were bred in-house. Male and female mice of age 8-12 weeks were used

for all experiments. Mice were sedated with inhaled isoflurane and then microparticles

were delivered directly into the trachea using a gel-load pipette tip modified to have a

slight bend in the distal end. All instillations were given in a volume of 50 puL. Mice were
treated with either 2.75 or 113 pg microparticles. For studies of acute inflammation, LPS
was administered intratracheally at a dose of 2 pg in tandem with microparticles. Control
mice received either PBS alone or microparticles alone. Twenty-four hours after receipt of
microparticles and/or LPS, mice were euthanized with intraperitoneal pentobarbital. The
necks of mice were dissected to reveal the trachea and an 18-gauge needle was inserted to a
depth of 2.5 cm. Lung lavage was performed with five 1 ml aliquots of PBS supplemented
with 5mM EDTA. The first aliquot was centrifuged to pellet cells at 300xg for 5 minutes and
800 uL of supernatant were removed for analysis of cytokines. An equal volume of PBS was
added back to resuspend cells. Cells from the first aliquot were then pooled with the other
aliquots from the same mouse and vortexed to ensure uniform suspension of cells.

Imaging of cells from Bronchoalveolar lavage (BAL).

Pooled BAL fluid (125 pL) from each mouse was removed and cytospins were prepared
using a Shandon Cytospin 4 (Thermo Scientific). Cytospins were examined under a
fluorescent microscope and images obtained with a 20x objective. Total cell counts

of pooled lavage fluid were obtained using a MoxiZ Cell Counter (GeminiBio, West
Sacramento, CA). Differential cell counts were obtained using light microscopy on cytospin
samples and confirmed using flow cytometry as described below.

Flow cytometry for in vivo studies.

Lavage cells were pelleted by centrifugation (300xg for 5 minutes) and resuspended in 100
uL of complete buffer containing PBS with 0.3% bovine serum albumin, 0.3 mM EDTA,
and monoclonal antibodies at a dilution of 1:200. Single stained samples were used to ensure
appropriate fluorescence compensation. After staining, cells were washed twice and flow
cytometry was performed using a LSR Fortessa (BD Biosciences). Analysis was performed
using FlowJo (BD Biosciences). Cells were identified using forward-scatter and side-scatter
and doublets were excluded. CD45 was used to identify leukocytes. Neutrophils were
identified from the leukocyte gate using Ly6G and CD11b. Macrophages were identified
using CD64 and CD88 and further categorized into resident alveolar macrophages (Siglec-F
high, CD11b low) and recruited monocyte derived macrophages (Siglec-F low, CD11b
high).
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2.21. Pro-inflammatory cytokines.

Enzyme-linked immunosorbent assays (ELISA) were performed to quantify production of
IL-6 and TNF-a inflammatory cytokines in the culture media collected following different
microparticle treatments.

2.22. Statistical Analysis.

The data analysis for this paper was generated using the Real Statistics Resource Pack
software (Release 7.6). Copyright (2013 — 2021) Charles Zaiontz. www.real-statistics.com.
Parametric data were confirmed by the Shapiro-Wilks and Levene’s tests and then subjected
to one-way or two-way ANOVA followed by Tukey’s post-hoc analysis. For two-way
ANOVA, if the interaction was significant, one-way ANOVA or t-test was performed. For
non-parametric data, the data were analyzed by Kruskal-Wallis test followed by Pairwise
Mann-Whitney test. The confidence level was a=.05. Normal distributions of microparticle
diameters were fit in MATLAB with the fitdist() function. Statistical significance was set at
p<.05. Data are reported as mean with standard deviation shown parenthetically in the text
or as error bars in the graphs.

3. RESULTS

3.1. Characterization of thiol-acrylate microparticles.

Microparticles were synthesized by step-growth dispersion polymerization (Figure 1a)
between the hexafunctional thiol monomer DPHMP and tetrafunctional acrylate monomer
DTPTA (Figure 1b). The reaction was carried out off-stoichiometry with molar ratios of
1:1.20 and 1:1.33 of thiol:acrylate functional groups to form particles with 33% excess
sulfhydryl or acrylate groups at the terminal ends, respectively. Using the same monomer
concentration of 1 wt% in the polymerization reaction, SEM images revealed spherical
microparticles with highly uniform shape and size. The particle diameters were 2.5(0.2) um
and 2.3(0.1) um for the excess sulfhydryl and acrylate microparticles, respectively (Figure
1c). Their polydispersity indices were 0.0064 and 0.0019, respectively, which indicated
monodisperse particles. Quantification of free thiols measured by absorbance indicated an
increase (p<.001) in free thiols with increasing microparticle concentration for the excess
sulfhydryl microparticles, confirming their presence (Figure 1d). For the excess acrylate
microparticles, absorbance was lower (p<.05) than the excess thiol microparticles and below
0.2 for all microparticle concentrations (Figure 1d). There was a significant effect (p<.001)
with microparticle concentration for the excess acrylate particles, resulting in small but
significant higher absorbances with 8 and 16 mg/ml concentrations over the buffer. FTIR
spectra confirmed the presence of the sulfhydryl-associated peak at 2550 cm™ in the excess
thiol particles and the acrylate peak at 810 cm™1 in the excess acrylate particles (Figure 1e).
The acrylate peak was missing in the excess thiol particles and vice versa, further confirming
both reactions. Zeta potential revealed differences in the excess thiol and excess acrylate
particles as a function of pH (Figure 1f). Both particles had a zeta potential around -5 mV
between pH 3 and 6, which suggested that the particles were predominantly neutral. With
increasing pH, the excess thiol particles exhibited an increasingly negative zeta potential,
reaching —20 mV at pH 9, which is attributed to the formation of a thiolate anion and
consistent with the predicted pKa value of 8.8 for DPHMP (per manufacturer). The zeta
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potential for the excess acrylate particles showed a similar trend, but the zeta potential was
significantly less negative (i.e., =12 mV at pH 9). As a control, the excess thiols were
reacted with methylmaleimide to cap the thiols. The zeta potential for the methyl-capped
thiols was less negative when compared to the excess thiols, further confirming that that the
presence of thiols contributed to the negative zeta potential at high pH.

3.2. Tunning microparticle size.

Microparticle size was varied by synthesizing 20% excess thiol particles with increasing
monomer concentration from 0.4 to 15 wt% during the polymerization to form the particles.
Representative SEM images and corresponding particle diameters presented as histograms
(bin size = 0.01 pm) are shown in Figure 2a for each concentration. The mean diameter
increased (p<.001) with increasing monomer concentration from 1 to 10 wt% and did

not increase further with 12.5 and 15 wt% (Figure 2b). The polydispersity index (PDI)
was less than 0.1 for all concentrations from 0.4 to 10 wt%, indicating monodisperse
particles (Figure 2c). The PDI was much greater than 0.1 for 12.5 and 15 wt%, indicating
polydisperse microspheres, which is consistent with the SEM images (Figure 2a). These
results demonstrate that monodisperse DPHMP-DTPTA microparticles with diameters
ranging from 0.8 to 7.4 um were achieved.

3.3. Stability of microparticles as a function of pH.

In this experiment, microparticles were synthesized with either 20% excess acrylate (Figure
3a,b) or 20% excess thiol (Figure 3c,d) at 1 wt% monomer concentration. The stability

of the microparticles at physiological pH and acidic pHs relevant to the phagosomal
environment was analyzed by measuring the particle diameters over 14 days. Microparticles
retained their spherical shape with no apparent changes to their morphology (Figure

3b,c). Particle diameter was affected by time (p<.001), but there were no obvious trends.
Comparing the mean diameters from day 0 to day 14, the change in diameters was less

than 2%. Diameters decreased (p<.001) with increasing pH for both excess thiol and excess
acrylate particles, but the change was less than 1.5%. Taken together, these results indicate
that the particles were stable across a pH range from 4 to 7 over two weeks.

3.4. Microparticle functionalization with amide and carboxyl groups.

The 33% excess thiol particles were reacted with iodoacetamide to form amide-
functionalized particles (Figure 4a). FTIR confirmed the disappearance of the sulfhydryl-
associated FTIR peak at 2550 cm~1 (Figure 4a). Quantifying the presence of free thiols
showed a lower (p=.03) absorbance with the amide-functionalized particles compared to
the 33% excess thiol particles at all concentrations (Figure 4a), confirming the thiols

had reacted. There was a significant effect (p<.001) with microparticle concentration for
amide-functionalized particles resulting in small, but significantly higher absorbance for
the 16 mg/ml concentration when compared to the buffer. The diameter (n=300) of the
amide-functionalized particles was 2.3(0.1) um with a PDI of 0.00189, confirming that
monodispersity was maintained. Zeta potentials of the amide-functionalized particles were
compared to the sulfhydryl particles in buffers at pH 5 and 7 and filtered DI water at a
particle concentration of 4 mg/mL (Figure 4b). At pH 5, the zeta potential was less negative
for the sulfhydryl particles. With increasing pH, both particles were more negative at pH

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grey etal.

Page 12

7 with the sulfhydryl becoming increasingly more negative over the amide-functionalized

particles. In DI water, both particles exhibited an even more negative zeta potential, which
is attributed to the lack of charge shielding in water, with the sulfhydryl particle being the

most negative. The mass swelling ratios of thiol and amide particles in DI water were not

significantly different (Figure 4c).

The 33% excess acrylate particles were reacted with 3-mercaptopropionic acid to form
carboxyl-terminated particles (Figure 4d). The reaction was monitored over time and
acrylate conversion was calculated from disappearance of the 810 cm™1 acrylate peak
(Figure 4d). The reaction was followed for two reaction conditions with 1 and 2% (g/v) 3-
mercaptopropionic acid. Both reactions showed similar conversions over time, reaching 50%
conversion after 24 hours and >90% conversion by 72 hours. The diameter (n=300) of the
carboxyl-functionalized particles was 2.3(0.1) um with a PDI of 0.00189, confirming that
monodispersity was maintained. The zeta potentials of acrylate and carboxyl-functionalized
particles were analyzed in buffers of pH 5 and 7 as well as filtered DI water at a particle
concentration of 4 mg/mL (Figure 4e). At both pHs, the zeta potential for both particles
was around -5 mV. In DI water, the zeta potential was more (p=.02) negative for the
carboxyl-terminated particles compared to the acrylate particles, which is attributed to the
negative charges of the carboxyl groups. The mass swelling ratio for carboxyl-terminated
particles was significantly (p<.001) higher than that of acrylate particles in DI water.

3.5. Time-dependent effects of microparticles on RAW 264.7 macrophages.

RAW 264.7 macrophages were treated with 1.9 um amide-terminated microparticles (55
ug/mL, equivalent to 145 particles/cell) with and without LPS stimulation (1 ug/mL) for

6 and 24 hours and assessed by metabolic activity, pro-inflammatory cytokine production,
and uptake (Figure 5). Metabolic activity was used as an indicator of cell number to

assess whether the microparticles impacted cell viability and/or cell proliferation. Metabolic
activity was normalized to the control cells without microparticles and LPS at each
respective time point (Figure 5a). For all experimental groups at both time points, metabolic
activity was either maintained or enhanced. Metabolic activity was enhanced with LPS
(p<.001) by 1.8-fold at 6 hours and 1.5-fold (p<.001) at 24 hours. At 6 hours, metabolic
activity was not affected by the presence of microparticles but was elevated (p<.001)

by 1.3-fold with both microparticles and LPS. After 24 hours, metabolic activity was
1.9-fold higher (p<.001) with microparticles compared to the control but was 20% lower
(p=.02) with LPS. IL-6 and TNF-a production increased (p>.01) with LPS stimulation

but were not affected by microparticles (Figure 5b,c). For LPS-stimulated macrophages,
IL-6 production was not affected by microparticles, while TNF-a production was lower
(p<.001) at 6 hours and then reached similar levels to the LPS only condition by 24 hours.
Macrophages were treated with fluorescently labeled microparticles and assessed by flow
cytometry. Representative dot plots show cells only, fluorescently labeled microparticles
only, and then cells when treated with microparticles with and without LPS for 6 or 24
hours (Figure 5d). At 6 hours, 30% of macrophages without LPS treatment were associated
with particles, which increased (p<.001) to 49% with LPS treatment. At 24 hours, those
values increased (p=.004 and p<0.001) to 57% and 91% for macrophages without and

with LPS stimulation, respectively (Figure 5e). Overall, these results indicate that 1.9 um
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amide-terminated microparticles do not negatively impact metabolic activity of macrophages
nor do they induce an inflammatory response. Macrophage particle association increased
with culture time and to a greater extent when stimulated with LPS.

3.6. Size-dependent effects of microparticles on RAW 264.7 macrophages.

RAW 264.7 cells were treated with 1.9 pm, 4.2 ym, and 8.1 um (PDI = 0.004, 0.0007, and
0.026, respectively) amide-terminated microparticles (55 pg/mL, equivalent to 145, 13, and
2 particles/cell) with and without LPS stimulation (1 pg/mL) for 24 hours and assessed by
metabolic activity, pro-inflammatory cytokine production, and uptake (Figure 6). The 1.9 ym
microparticle data is the same data presented in Figure 5. Metabolic activity was assessed
relative to control cells without microparticles and LPS (Figure 6a). For all experimental
groups at both time points, metabolic activity was either maintained or enhanced. Metabolic
activity was higher (p<0.01) in unstimulated macrophages for all particle sizes compared

to the control. The 1.9 um particles had the highest metabolic activity relative to the

other particle sizes. When stimulated with LPS, metabolic activity was not affected by the
presence of microparticles or by their size (Figure 6a).

IL-6 and TNF-a production levels were normalized to the respective controls of cells

only without or with LPS to account for slight differences in the cytokine levels

from different experiments, where each experiment had its own no LPS and LPS

controls. For unstimulated macrophages, IL-6 and TNF-a production were normalized

to the unstimulated macrophages without microparticles (i.e., cells only). For stimulated
macrophages, IL-6 and TNF-a production were normalized to the stimulated macrophages
without microparticles (i.e., cells only). Normalized IL-6 production for unstimulated
macrophages was not affected (p=.10) by particle size (Figure 6b). With LPS stimulation,
absolute IL-6 production levels were significantly higher (p<.002) when compared to
unstimulated macrophages for each experimental condition. Comparing normalized IL-6
production for the LPS stimulated macrophages, there was no effect (p=.10) with particle
size. For unstimulated macrophages, normalized TNF-a production was higher (p=.02)

for particle diameters of 4.2 ym and 8.1 um compared to 1.9 um particles (Figure 6c).

With LPS stimulation, absolute TNF-a production levels were significantly higher (p<.002)
when compared to unstimulated macrophages for each experimental condition. However,
comparing normalized TNF-a production for the LPS stimulated macrophages, there was no
effect (p=.34) with particle size.

Macrophages treated with microparticles were stained with May-Griinwald and imaged

by bright-field microscopy and a black and white camera (Figure 6d). For unstimulated
macrophages, 1.9 and 8.1 um microparticles were visible within cells, indicating
phagocytotic uptake. For the 4.2 um particles, particles appeared attached to the
macrophages but not internalized. On the contrary, for the stimulated macrophages,
microparticle internalization was visible for all three particle sizes. The extent of particle
association (binding and/or uptake) was analyzed by flow cytometry. For unstimulated cells,
there was a decrease (p<.001) in particle association with increasing particle size with 57%,
29%, and 5.5% of macrophages with particles for the 1.9, 4.2, and 8.1 um diameters. For
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stimulated macrophages, greater than 90% of macrophages were with particles with no
effect (p=.051) on particle size (Figure 6e).

3.7. Chemistry-dependent effects of microparticles on RAW 264.7 macrophages.

RAW 264.7 macrophages were treated with amide, carboxyl, and thiol-terminated
microparticles with and without LPS stimulation (1 ug/mL) for 24 hours and assessed by
metabolic activity, pro-inflammatory cytokine production, and uptake (Figure 7). Amide
and thiol-terminated particles had an average diameter of 1.9 um with a PDI of 0.004.
Carboxyl particles had an average diameter of 1.6 pm and PDI of 0.002. Diameters were
determined by analysis of SEM images (n=300). The 1.9 um amide-terminated microparticle
data are the same data presented in Figure 5 and Figure 6. Metabolic activity was assessed
relative to control cells without microparticles and LPS (Figure 7a). For all experimental
groups at both time points, metabolic activity was either maintained or enhanced. Metabolic
activity was highest (p<.001) with the amide-terminated microparticles, whereas the
metabolic activity was not affected by the carboxyl or thiol-terminated microparticles in
unstimulated macrophages. When stimulated with LPS, metabolic activity was not affected
by microparticle chemistry (Figure 7a).

Similar to Figure 6, IL-6 and TNF-a production levels were normalized to the respective
controls of cells only without or with LPS to account for slight differences in the cytokine
levels from different experiments, where each experiment had its own no LPS and LPS
controls. Normalized 1L-6 production for unstimulated and stimulated macrophages was
not affected (p=.08 and p=.07, respectively) by particle chemistry (Figure 7b). With

LPS stimulation, absolute IL-6 production levels were significantly higher (p<.002) when
compared to unstimulated macrophages for each experimental condition. For unstimulated
macrophages, normalized TNF-a production was higher (p=.02) for the carboxy! and thiol-
terminated microparticles compared to the amide-terminated microparticles (Figure 7c¢).
With LPS stimulation, absolute TNF-a production levels were significantly higher (p<.002)
when compared to unstimulated macrophages for each experimental condition. Comparing
the normalized TNF-a production for the stimulated macrophages, the carboxyl-terminated
microparticle levels were significantly higher (p=.002) than those for the amide and thiol-
terminated microparticles.

The extent of particle association (binding and/or uptake) was analyzed by flow cytometry.
For unstimulated cells, microparticle chemistry affected (p<.001) particle association
(Figure 7d). Amide-terminated microparticles had the lowest association at 57%, followed
by thiol-terminated at 81% and then carboxyl-terminated at 95%. Particle association
increased (p<.001) for the amide-terminated and the carboxyl-terminated microparticles.
There was no effect of particle chemistry on particle association with stimulated
macrophages (Figure 7d).

Microparticle treatment of human alveolar macrophages in vitro and mice lungs in

Human alveolar macrophages were treated with 1.9 um amide-terminated microparticles
(55 pg/mL, equivalent to 35 particles/cell) with or without LPS (1 pg/mL) for 6 and 24
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hours /n vitro and assessed by metabolic activity and pro-inflammatory cytokine production
(Figure 8a,b). Metabolic activity was assessed relative to control cells without microparticles
and LPS at each respective time point (Figure 8a). For all experimental groups at both

time points, metabolic activity of the human alveolar macrophages was either maintained
or enhanced. LPS did not impact metabolic activity of the macrophages at 6 hours but led
to 1.6-fold increase (p=.02) at 24 hours. At 6 hours, metabolic activity was enhanced by
1.25-fold (p=.02) with microparticles but was 20% lower (p=.01) with LPS. At 24 hours,
microparticle treatment did not impact human alveolar macrophage metabolic activity with
or without LPS. IL-6 production increased (p>.05) with LPS stimulation at 6 and 24 hours
but was not affected by microparticles (Figure 8b). Similar findings were observed for
TNF-a production (Figure 8c).

Next, mice were treated with the same microparticles at doses of 2.75 and 113 ug particles
per mouse via intratracheal delivery. BAL fluid was evaluated for IL-6 and TNF-a. The
levels of both cytokines were elevated (p>.05) in control mice treated with LPS. However,
when treated with particles at either concentration, no significant inflammatory response
was observed (Figure 8d). Flow cytometry was performed to assess neutrophil recruitment
as a sign of inflammation when treated with microparticles. Representative dot plots

show Ly6G~ and Ly6G™ cells for controls with PBS and LPS and with microparticles

at the two concentrations (Figure 8e). From the dot plots, neutrophil frequency was
quantified. Neutrophil frequency was elevated (p=.01) in the control mice treated with
LPS. However, minimal neutrophils were detected in the mice treated with microparticles
at both concentrations, similar to the PBS control. Representative cytospin images from the
BAL fluid show murine alveolar macrophages without any presence of neutrophils (Figure
8f). Due to autofluorescence of the alveolar macrophages, it was not possible to evaluate
macrophages with particles by flow cytometry. However, the cytospin images show visible
internalized particles within the alveolar macrophages (Figure 8f).

4. DISCUSSION

Monodisperse microparticles formed by a thiol-Michael addition polymerization reaction of
the DTPTA-DPHMP system were fabricated over a range of sizes and readily functionalized
with different chemistries. The particles were cyto-compatible and, depending on size and
functionalization, were non-inflammatory. RAW 264.7 macrophage particle uptake was
dependent on size and terminal functionality of the particles, as well as treatment time.
Specifically, microparticle uptake by unstimulated cells was highest with 1.9 um particles
and particles functionalized with carboxyl-terminated groups. When activated by LPS,
macrophages readily phagocytosed microparticles regardless of size or chemistry. Towards
clinical translation of these microparticles for lung applications, microparticles delivered

to human alveolar macrophages were cyto-compatible and non-inflammatory and, when
delivered to mice intratracheally, were taken up by alveolar macrophages without inducing
an inflammatory response. Overall, the study demonstrates that monodisperse microparticles
formed by a thiol-Michael addition polymerization reaction are a promising therapeutic
delivery platform to target macrophages for lung and other applications.
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The microparticles synthesized via dispersion polymerization produce monodisperse
microparticles with tunable size. Dispersion polymerization achieves monodisperse spherical
microparticles with diameters in a range (i.e., 0.5-10 pm)>3® that is suitable for targeting
macrophages.2® Monodispersity is achieved through a homogenous nucleation step that
occurs at low conversion in a single phase. When the chains reach a critical length

or size, they become insoluble and precipitate, forming two phases. The polymerization
then proceeds in a two-phase system until the reaction is complete.#2 Herein, particle

size was controlled by monomer concentration, which led to increasing particle diameter
consistent with other reports.38 Monodispersity, defined by a PDI of less than 0.1, was
achieved for monomer concentrations up to 10 wt%. Beyond 10 wt%, the particles were
polydisperse. To this end, the surfactant and solvent characteristics are critically important
to achieve monodisperse particles.*3 High functionality monomers can lead to poorer
solubility at lower conversions, while high monomer concentrations can lead to increased
probability of particle-particle reactions at low conversion; both have been shown to lead to
polydisperse microparticles.38 We surmise that the combination of these factors contributed
to the formation of polydisperse microparticles when higher monomer concentrations

were used. Further optimization of the surfactant and/or solvent would be needed to

reduce polydispersity at the higher monomer concentrations.*3 Based on these findings,
subsequent cell studies were limited to monodisperse microparticle formulations (i.e., <10
wt% monomer).

The DTPTA-DPHMP microparticles produce monodisperse microparticles with tunable
chemistry. Thiol-Michael addition click chemistry was utilized to prepare microparticles
with different chemistries by polymerizing off-stoichiometry. Microparticles were readily
synthesized with excess thiols or excess acrylates that enabled a second reaction step

to create functionalized microparticles. Herein, microparticles had terminal functionalities
with a neutral moiety (i.e., amide-terminated), a negatively charged moiety (i.e., carboxyl-
terminated), or a sulfhydryl (i.e., excess thiol particles). At neutral or acidic pH, the base
chemistry of the particles was close to neutral, which is consistent with reports of other
particles (e.g., polystyrene) functionalized with neutral groups.** With the presence of
either sulfhydryl or carboxyl groups, the particles at pH 7 were more negative than the
amide functionalized particles, which is attributed to the formation of a thiolate anion*® or
carboxylic acid, respectively. In the presence of serum, the differences in surface charge
can impact the types of proteins that adsorb and opsonize the particles.*6 However, at
acidic pHs (4-5) relevant to the phagosome, the particles were close to neutral due to
their pKa’s, showing minimal differences in surface charge among the different particle
chemistries. Thus, the particles in the extracellular environment may interact differently with
macrophages depending on particle chemistry; once phagocytosed, differences in particle
chemistry may have less of an effect.

The microparticles are stable across physiological and acidic pHs up to two weeks. The
DTPTA-DPHMP network has an ester bond within the crosslinks that is susceptible to
hydrolysis. The ester bond is also adjacent to a sulfur atom, which has been shown to
increase the rate of hydrolysis for esters.4” Ester bonds are also known to undergo acid-
catalyzed hydrolysis.*8 Despite the chemistry and acidic pH, degradation was minimal over
the course of two weeks. Degradation occurred within minutes under accelerated conditions
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by a base-catalyzed hydrolysis reaction, confirming that the microparticles are indeed
degradable. The slow degradation observed in this study is attributed to a highly crosslinked
network due to the low molecular weight and high functionality of the monomers. The
highly crosslinked network is evident in part by the low degree of swelling in water

(i.e., volumetric swelling ratios of 1.5-2.5). Moreover, functionalizing the particles with
carboxylic acid resulted in a significant, although modest increase in swelling (i.e., 1.5 to
2.5), which can be attributed to the highly crosslinked nature of the particles. Depending

on the application, future studies could explore alternative formulations that result in lower
crosslink density (e.g., lower thiol-acrylate ratio) and/or different chemistries to increase rate
of degradation and/or rate of hydrolysis. In the current study, the use of stable microparticles
at physiological and phagosomal pHs was important to study the impact of the microparticle
size and functionality on macrophage phagocytosis, without complicating the findings due to
particle degradation.

RAW 264.7 macrophages phagocytose the microparticles in a time and size-dependent
manner. Using the amide functionalized 1.9 um particles, microparticle uptake nearly
doubled from 6 to 24 hours without eliciting an inflammatory response. Similar results
were reported for PLGA microparticles of similar size where phagocytosis increased from
30% to 65% from 4 to 24 hours.#9 Phagocytosis relies initially on the recognition and
attachment of the microparticle to the cell membrane followed by internalization. The first
step is thought to be the rate limiting step to uptake.12 The 1.9 um amide-terminated
microparticles led to the greatest uptake by RAW 264.7 macrophages when compared

to 4.2 and 8.1 um microparticles of the same chemistry. Champion er a/12 showed that
with polystyrene microparticles ranging in diameter from 0.9 to 9 um, phagocytosis was
the highest for particles with diameters of 2-3 um. The authors posited that this size is
optimal because the particles can fit within the membrane ruffles of macrophages, resulting
in greater contact area between the particle and the cell membrane — thus facilitating
phagocytosis. In the current study, with increasing particle diameter from 1.9 to 8.1

um, uptake was significantly decreased, which is consistent with other studies.*12:50 We
observed macrophages with internalized 4.0 and 8.1 pm microparticles, confirming that
they can phagocytose microparticles of these sizes. Studies have suggested an upper limit
for phagocytosis of spherical particles to be on the size of a macrophage or around 10
um.52 Since phagocytosis depends on rate of attachment,12 we surmise that the decrease in
uptake with larger particles is due to weakly attached particles. Interestingly, TNF-a. levels
were significantly higher for the 4.0 and 8.1 um microparticles. Studies have suggested that
microparticles, when attached to the cell membrane but not phagocytosed, can induce a
pro-inflammatory response; this was observed for 6.5 pm PLGA microparticles.}4 Because
the experiments were performed in the presence of FBS, serum proteins will adsorb to

the particles.46 Surface adsorbed proteins can bind and activate cell surface receptors, such
as Toll-like receptors, which recognize damage-associated molecular patterns (DAMPS)

to induce pro-inflammatory cytokine production but which are not directly involved in
phagocytosis.>2:23 Taken together, we conclude that when microparticles strongly attach to
cell membrane (i.e., 1.9 um) they are readily phagocytosed and minimize an inflammatory
response while weakly attached (i.e., larger) particles have lower rates of internalization and
instead elicit an inflammatory response.
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The chemistry of the microparticles impacts the extent of particle uptake by RAW 264.7
macrophages. Thiol and carboxyl terminated microparticles led to significantly greater
uptake over the more neutral amide microparticles. Several studies have reported that higher
surface charge (negative or positive) increases particle uptake.*17:54:55 This can be attributed
to differences in the surface adsorbed proteins, where the type of protein and strength of the
adsorption depends on the surface chemistry. FBS contains several specific and non-specific
opsonizing factors (e.g., immunoglobulin G, fibronectin, vitronectin)®3 that, if adsorbed to
particles, would significantly increase uptake.>* While the thiol functionalized particles are
negatively charged at physiological pH and could impact the type of adsorbed proteins, the
free thiols are highly reactive. Previous studies have shown that thiolated monomers can
react with cells through cell surface free thiols.%8 Thus, we hypothesize that the high rate

of uptake with the thiolated microparticles relative to the amine-terminated microparticles
could also be attributed to their reaction with membrane free thiols on macrophages.
Interestingly, the carboxyl and thiol terminated microparticles elicited an inflammatory
response, while the amide microparticles did not. It is possible that the type of serum
proteins that adsorb to the microparticles could have led to more DAMPs for the carboxyl
and thiol-terminated microparticles. Moreover, the type of opsonin will influence whether
inflammatory cytokines are produced during phagocytosis.>3 In summary, these findings
show that for the microparticles, the terminal functional group significantly impacts the
extent of phagocytosis and the production of pro-inflammatory cytokines.

Microparticles have been used to deliver anti-inflammatory drugs to macrophages.1 Thus, it
was important to assess whether the microparticles would be taken up by pro-inflammatory
macrophages. Indeed, activated macrophages readily phagocytose microparticles regardless
of particle size and chemistry. Pro-inflammatory cytokines such as TNF-a can enhance
phagocytosis capabilities of phagocytic cells,>” but high levels are often inhibitory.58
Macrophages are known to undergo endotoxin tolerance with continued exposure to
endotoxins like LPS, causing a switch to an immunosuppressive phenotype with enhanced
phagocytic capabilities.>%60 Our group has previously reported that macrophages when
interacting with a biomaterial and exposed to LPS transition to an alternatively activated
M2-like phenotype within 24 hours.®1 Thus, it is possible that the high level of LPS
treatment, which simulates the initial inflammatory response, is subsequently followed by
a transition to a macrophage phenotype with greater phagocytic capabilities; this process

is similar to that observed during an infection.5® Our findings differ from a study that
examined 0.6 um particles prepared from p(A-isopropylacrylamide-co-acrylic acid) where
naive RAW 264.7 macrophages showed higher uptake when compared to LPS-stimulated
macrophages.®2 One difference from our study was that the authors stimulated the
macrophages with LPS for 24 hours, removed the medium, and then treated the cells with
microparticles for four hours. The difference may be due to the role that receptors for LPS
(i.e., TLR4) play in modulating opsonin and nonopsonin receptors during phagocytosis.>®
It is interesting to note that in the presence of LPS, TNF-a production was highest for the
carboxyl-terminated particles, indicating that these particles were able to induce an even
greater inflammatory response over LPS alone. This finding is consistent with other studies
that reported elevated pro-inflammatory cytokine levels when opsonized particles were
combined with LPS82 and further points to the role that adsorbed serum proteins play in
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inducing an inflammatory response and in facilitating particle phagocytosis. Taken together,
these findings indicate that either activated macrophages or LPS-coated microparticles lead
to rapid microparticle internalization and is independent of particle properties (i.e., size and
chemistry).

The microparticles are noninflammatory and readily taken up by alveolar macrophages. Of
critical importance in the context of the lung are particulate delivery systems capable of
reaching alveolar macrophages, cells that reside in the lungs and play an extensive role in
regulating the immune response to inflammatory triggers.64-68 Since the airway diameter
limits the maximum deliverable microparticle size to the alveoli where these macrophages
reside, 1.9 um particles were chosen for studies in human alveolar macrophages /n vitro and
mouse lungs /n vivo. Moreover, the amide-terminated functionalized microparticles were
chosen because they did not elicit an inflammatory response in RAW 264.7 macrophages.
Cytospins of BAL fluid from /n vivo experimentation demonstrated that this particle size
was successful in reaching and being taken up by alveolar macrophages in mouse lungs.
Microparticles are also known to be inflammatory mediators in lung disease,5° thus it was
important to assess if the microparticles induce inflammation in alveolar macrophages.

In human alveolar macrophages, the microparticles did not evoke IL-6 or TNF-a pro-
inflammatory cytokine production, nor did intratracheal microparticle delivery in mice.
Importantly, very little neutrophil recruitment was observed in vivo. In all, DTPTA-DPHMP
microparticles show promise for lung-specific applications due to their tunable size and
non-inflammatory nature.

5. CONCLUSION

In summary, this study demonstrates monodisperse microparticles formed from the thiol-
Michael addition polymerization reaction of the DTPTA-DPHMP system with highly
tunable sizes and which can be functionalized with different chemistries to impact

particle surface properties. Macrophage uptake of particles was dependent on size and
chemistry for naive (i.e., unstimulated) RAW 264.7 macrophages, while LPS stimulated
macrophages rapidly phagocytosed microparticles regardless of size and chemistry. While
amide-terminated microparticles resulted in reduced uptake, they did not induce an
inflammatory response in macrophages. Carboxyl- and thiol- terminated microparticles led
to much higher rates of uptake but were compromised by elevated immune responses. Taken
together, our findings suggest that amide-terminated microparticles in the range of 2 um

in diameter are promising to investigate their potential as therapeutic delivery vehicles for
targeting alveolar macrophages in lung applications.
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Figurel.
(a) Microparticles were synthesized by dispersion polymerization and recovered by

centrifugation. (b) Multi-arm thiol and acrylate monomers, DTPTA and DPHMP, were
reacted off-stoichiometry to form particles with excess sulfhydryl or acrylate terminal
chemistries. (¢) Representative SEM images are provided along with histograms of diameter
distribution (n=3,750, bin size = 0.01 pm), and mean (standard deviation). (d) Quantification
of sulfhydryl groups as measured by absorbance using the Ellman’s Assay as a function of
microparticle concentration for 33% excess sulfhydryl and acrylate microparticles. Pairwise
comparisons are shown by asterisks above a column for comparison from buffer or between
the two microparticle types where * is p<0.05 and *** is p< 0.001. (e) FTIR spectra of
excess acrylate particles (green) included an acrylate peak at 810 cm~1 while spectra of
excess thiol particles (orange) had a thiol-associated peak at 2550 cm™1. (f) Zeta potential

of 33% excess sulfhydryl, 33% excess acrylate, and 33% excess sulfhydryl microparticles
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reacted with methyl maleimide to cap the free thiols; particles were at 4 mg/mL in buffers
ranging from pH 3-9. Data presented as means with standard deviations as error bars.
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Figure 2.

(a) Representative SEM images are shown for 20% excess thiol microparticles synthesized
at 0.4 — 15 weight percent (wt%) monomer along with the corresponding diameter
distribution provided by histogram plots (n=3,750, bin size = 0.01 pm). (b) Particle diameter
as a function of wt% monomer; data presented as means with standard deviations as error
bars. (c) Polydispersity index (PDI) as a function of monomer wt%.
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Figure3.

Particles synthesized with 20% excess acrylate (a, b) and 20% excess thiols (c,d) at a
concentration of 1 wt% monomer were soaked to buffers of pH 4, 5, 6, and 7, a range
relevant to the phagosomal environment, over 14 days. Representative SEM images of the
particles with subsequent diameter analysis (n=300) are shown. Data presented as means
with standard deviations as error bars.
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Figure 4.
(a) 33% excess thiol particles were reacted with iodoacetamide, yielding amide-

functionalized particles as confirmed by disappearance of the sulfhydryl-associated FTIR
peak at 2550 cm-1 relative to unreacted particles. Free thiols were quantified by absorbance
from the Ellman’s assay. Representative SEM image is shown along with histogram

of diameters (n=300) and mean (standard deviation). (b) Zeta potentials of thiol and
amide-functionalized particles were measured in buffers at pH 5 and 7 as well as

filtered DI water at a particle concentration of 4 mg/mL. (c) Mass swelling ratios in

filtered DI water are shown for the amide and excess thiol particles. (d) 33% excess
acrylate particles were reacted with 3-mercaptopropionic acid to obtain carboxyl-terminated
particles. Functionalization was confirmed by the reduction in the FTIR peak corresponding
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to acrylates at 810 cm~1 and consumption of the acrylate functional groups was monitored
using FTIR with ATR over 3 days for two reaction conditions with: 1% (reaction condition
1) and 2% (reaction condition 2) (g/v) 3-mercaptopropionic acid. SEM image is shown
along with histogram of diameters (n=300) and mean (standard deviation) for reaction
condition 1. (e) The zeta potentials of acrylate and carboxyl-functionalized particles at a
concentration of 4 mg/mL were measured in buffers of pH 5 and 7 and in filtered DI

water. (f) The mass swelling ratios in filtered DI water are shown for the carboxyl and
excess acrylate particles. Data presented as means with standard deviations as error bars.
Pairwise comparisons are shown for p<.05 by *, p<.01 by **, and p<.001 by ***. N.S. is not
statistically significant.
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Figureb.

Unstimulated and LPS-stimulated macrophages treated with or without 1.9 pm amide-
terminated microparticles were assessed by (a) metabolic activity, (b) IL-6 production, and
(c) TNF-a production at 6 and 24 hours. Metabolic activity (%) is reported relative to the
control without microparticles and LPS at each time point. (d) Representative dot plots are
shown for controls (cells only and microparticles only) and for each experimental group. ()
Dot plots were quantified for % macrophages with particles. Data presented as means with
standard deviations as error bars. Pairwise comparisons are shown for p<.01 by ** and p<
.001 by ***. N.S. is not statistically significant.
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Figure®6.

Unstimulated and LPS-stimulated macrophages treated with or without amide-terminated
microparticles of increasing diameter (1.9, 4.2, and 8.1 um) with and without 1 pg/mL LPS
were assessed by (a) metabolic activity, (b) normalized I1L-6 production, and (c) normalized
TNF-a production at 24 hours. Metabolic activity (%) is relative to the control without
microparticles and LPS. IL-6 and TNF-a production were normalized to the cells only
condition without LPS for the unstimulated macrophages and to the cells only with LPS
condition for the stimulated macrophages. (d) Representative images of cells stained with
May-Griinwald following 24 hours of microparticle treatment time with and without 1
pg/mL LPS. (e) % macrophages with particles determined by flow cytometry as a function
of particle size with and without LPS. Data presented as means with standard deviations as
error bars. Pairwise comparisons are shown: * above a column compares to cell only control,
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* with bar denotes pairwise comparisons; # compares to no LPS condition for the same
experimental group. Statistical significance is shown for p<.05 by one symbol, p<.01 by two
symbols, and p<.001 by three symbols. N.S. is not statistically significant.
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Figure7.
Unstimulated and LPS-stimulated macrophages treated with amide, carboxyl, or thiol-

terminated microparticles with and without 1 pg/mL LPS were assessed by (a) metabolic
activity, (b) normalized IL-6 production, and (c) normalized TNF-a production at 24 hours.
Metabolic activity (%) is relative to the control without microparticles and LPS. IL-6

and TNF-a production were normalized to the cells only condition without LPS for the
unstimulated macrophages and to the cells only with LPS condition for the stimulated
macrophages. (d) % macrophages with particles determined by flow cytometry as a function
of particle chemistry with and without LPS. Data presented as means with standard
deviations as error bars. Pairwise comparisons are shown: * above a column compares to
cells only control, * with bar denotes pairwise comparisons; # compares to no LPS condition
for the same experimental group. Statistical significance is shown for p<.05 by one symbol,
p<.01 by two symbols, and p<.001 by three symbols N.S. is not statistically significant.
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Figure8.
Unstimulated and LPS-stimulated human alveolar macrophages treated with or without

1.9 pm amide-terminated microparticles were assessed by (a) metabolic activity, (b) IL-6
production, and (c) TNF-a production at 6 and 24 hours. Metabolic activity (%) is relative
to the control without microparticles and LPS at each time point. Intratracheal delivery

of 1.9 um diameter amide-terminated microparticles to mice at concentrations of 2.75 pg
and 113 pg particles/mouse in vivo was assessed for (d) 1L-6 or TNF-a in BAL, (e)
frequency of neutrophils in BAL shown by representative dot plots and quantification, and
() representative images of cytospins. Control mice were treated with PBS or with LPS.
Arrows identify alveolar macrophages with internalized microparticles, shown in red. Data
presented as means with standard deviations as error bars. Pairwise comparisons are shown
for p<0.05 by *, p<0.01 by ** and p<0.001 by ***. N.S. is not statistically significant.
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