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1zer. These microparticles may

be further functionalized to obtain amine and carboxylic acid units by functionalizing the monomers of-

The temporary crosslinkers. The
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REACTIVE MICROPARTICLES AND THEIR USE TO PREPARE FUNCTIONAL
HYDROGEL PARTICLES

This application claims priority to United States provisional patent application 63/122,322 filed

December 7, 2020, the contents of which are incorporated herein by reference.
Field of the Invention:

[0001] The present Invention Is directed toward the formation and use of hydrogel
microparticles bearing charged groups. More particularly, the invention relates to the formation of
reactive, crosslinked microparticles that may be converted into crosslinked, functional hydrogel

microparticles.

Description of the Related Art:

[0002] Hydrogels have long been recognized as useful materials to interface with cells and
tissues as it Is recognized that hydrogels can mimic certain properties of natural tissue, and can
hence be thought of as synthetic extracellular matrix (ECM) materials. Examples range from
synthetic crosslinked hydrogels based on hydroxyethyl methacrylate (HEMA) used as contact
lenses, to Matrigel™, a commercially available ECM derived from mouse cancer cell-lines that
allows culturing stem cells without inducing differentiation, and many forms of polyethylene glycol-

based hydrogels.

[0003] In addition to bulk hydrogels, there have been many technigues and applications
described for hydrogels formed as irregular or spherical particles, with narrow or broad size
distribution, in the nanometer and micrometer size range. Such microgel particles have received

great interest, due to their many potential applications.

[0004] Microgels have been used as cryoprotective materials for cryostorage of mammalian
cells. For example, betaine-functional crosslinked hydrogels have been mechanically broken
down into irregular microparticles that have shown cryoprotective properties. Cell attachment
within matrices constructed of inverse suspension microgels with broad particle size distribution

have been shown.?

[0005] Some polymer particles in the micron and submicron range have found use as virus

like particles (VLPs), enhancing antigen uptake by the host’'s iImmune system.
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[0006] There Is a need to be able to fine-tune the properties of hydrogels, both bulk and
microparticle, such that they have the suitable mechanical properties and present chemical and
biological groups appropriate to the biomedical application. One way of fine-tuning the hydrogel
properties is through the use of a reactive precursor particle that can be functionalized as desired
prior to hydrogel formation. Polymer particles are typically made by suspension, emulsion,

dispersion or precipitation polymerization.

[0007] Polymer particles may be obtained by breaking a larger polymer solid or gel into small
pieces, or by controlled phase separation of a preformed polymer from solution. However, most
often, polymer particles with spherical shapes are formed using a particle-forming polymerization
method such as suspension, inverse (water-in-oil) suspension, emulsion, inverse emulsion,

dispersion or precipitation type polymerizations.

[0008] Suspension and inverse suspension polymer particles have homogeneous particle
properties, as they are formed In essentially mini-bulk polymerizations; however, residual
stabilizer on their surfaces can affect their interaction with cells and tissue. As well, suspension
and Inverse suspension polymerization carried out using mechanical dispersal of the liquid
particle forming phase (e.g., monomer mixture) in a bulk continuous phase usually produce
particles with broad size distributions, given the statistical balance of droplet sharing and

coalescence found In these processes.

[0009] Inverse suspension polymerizations of droplets of aqueous solutions of hydrophilic
monomers mechanically dispersed in an immiscible, oll-like media can be used to form spherical

microparticles and microgels at large scale, though with broad size distributions.

[0010] Similarly, dispersal of agueous coacervate phases in a continuous aqueous phase,
followed by crosslinking of the dispersed droplets into hydrogel beads, can be seen as an example
of aqueous-agueous suspension polymerization leading to spherical, crosslinked hydrogel

particles, though again with large particle size distributions.2?

[0011] Emulsion type polymerizations use particle initiation in the continuous media, and can
result in the large-scale production of narrow-disperse nanoparticles. In both suspension and
emulsion type polymerizations, water Is typically used as the solvent, which may not be amenable

to reactive, hydrolytically unstable monomers.
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[0012] Dispersion polymerization starts with a solution of monomers, initiators and colloidal
stabilizers In solvents that are poor for the forming polymer. This process takes advantage of the
decreasing solubility of growing polymer chains, and can be used to form mono-disperse
microparticles If large amounts of steric stabilizers are used to prevent aggregation of the forming

particles.

[0013] Microfluidic particle formation is a version of suspension polymerization that involves
one-by-one formation of micrometer-range droplets of monomer or polymer solutions suspended
iIn a continuous medium, followed by rapid curing or crosslinking. Such methods have been used
to prepare narrow and mono-disperse hydrogel particles for use as supports In culture of beta
cells.4 The ability of 20 micrometer hydrogel beads was demonstrated to support cell attachment
through RGD cell attachment motifs, and to increase cell viability which was attributed to a number
of factors Including better oxygen diffusion. Disadvantages of this approach are the limited
through-put given the particle-at-a-time formation principle, the need for stabilizers, and the

iInability to produce particles with radial crosslink or other compositional gradients.

[0014] The stabilizers and surfactants used In dispersion, suspension, Inverse suspension
and emulsion polymerizations, Iincluding microfluidic variants, can be incorporated into the
particles and their presence, In particular at the particle surface, can affect subsequent

applications of the particles.

[0015] Precipitation polymerization i1s a variant of dispersion polymerization without added
colloidal stabilizer. As a result, the forming polymer chains aggregate in an uncontrolled fashion,

leading to irregular shaped particles with a broad size distribution.

[0016] Controlled precipitation polymerization i1s a variant of precipitation polymerization,
typically using a significant crosslinker loading, where the polarity and hydrogen bonding abilities
of the solvent or solvents are adjusted relative to those of the forming polymers such that the
forming polymer chains assemble into nuclel that are colloidally stabilized by their solvated
surface layer of just-absorbed chains. These particle nuclel subsequently grow In parallel by
absorbing more polymer and monomer to form a final set of microparticles in the 0.3 to 20

micrometer diameter range.

[0017] Overall monomer loading in precipitation polymerization tends to be limited to 2 — 20,

and more normally 2-10, weight percent total monomer In solvent. Higher monomer loading
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typically leads to formation of particle aggregates, while lower monomer loading leads to low

yields due to inefficient particle nucleation and growth.

[0018] Those skilled In the art can adjust the solvent polarity to influence the number of
polymer nuclel present at the point where this colloidal stabilization takes place, thereby
controlling the final particle size. One of the monomers used in precipitation polymerization must
be a crosslinker. Presence of such crosslinkers is critical to capture oligomers into nuclel, and
subsequently onto the growing particles. Presence of crosslinkers also helps maintain particle

Integrity during growth.

[0019] Particle yield In precipitation polymerizations i1s highest at high crosslinker content
relative to other monomers. However, particles made with high crosslinker loading are typically

less deformable than desirable for targeted applications. VWhen low crosslinker content 1s used
the yield obtained is often quite low (e.g., <10%)>, and would only be suitable at small scale (i.e.,

experimental or laboratory). It would not be possible to obtain a commercially and economically

viable method when the yield is too low due to the low crosslinker content.

[0020] Lightly crosslinked, swellable particles are hence formed typically in low yields by this
method, as the low crosslinking density required for swellable particles conflicts with the need for
large amounts of crosslinker to be present during polymerization to form particles in high yield. It

IS necessary to obtain a high yield in order to derive any usefulness at industrial scale.

[0021] Functional groups are generally Introduced through selection of appropriate
comonomers, rather than through post-functionalization of pre-formed particles. As such, means

of functionalizing microgel particles to suit specific needs are not always available.
SUMMARY

[0022] In one aspect, there Is provided a method for producing microparticles comprising:
combining at least one temporary crosslinker and at least one permanent crosslinker in an organic
solvent having a polarity suitable for a controlled precipitation polymerization to occur; and
allowing the precipitation polymerization to take place thereby forming the microparticles having

polymers comprising monomers of the temporary crosslinkers and the permanent crosslinkers.
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[0023] In one embodiment, a total monomer loading before the precipitation polymerization
IS calculated as the combined loading of the at least one temporary crosslinker, the at least one

permanent crosslinker, and any other monomers, and has a value of between 1 to 20 weight %.

[0024] In one embodiment, a total crosslinker loading before the precipitation polymerization
IS the combined loading of temporary crosslinker and permanent crosslinker and has a value of

more than 10 mol %, and wherein the ratio of temporary crosslinker to permanent cross linker is
between 50:50 and 99:1 mol %.

[0025] In one embodiment, the solvent is 4 to 5 MPa” above or below that of the polymers.
In one embodiment, the solvent is selected from the group consisting of acetonitrile, methyl ethyl
ketone, heptane, and combinations thereof. In a further embodiment, the solvent is selected from
the group consisting of acetonitrile, methyl ethyl ketone, heptane, and combinations of methyl

ethyl ketone and heptane.

[0026] In one embodiment, the temporary crosslinker is of formula (1) or (l1a)-(lIf)

O O

R R2 ()

wherein R4y and R, are independently selected from H, C4-C4 linear or branched carbon chain,

benzyl, phenyl or OJ, where J is defined as a C¢-C4 linear or branched carbon chain;

Q) O

(Ila)



WO 2022/120478

O O
0 e TRy
™ P
(I1b)
O O
= 0 R TR

\

(lc)

O Q)
O {EF@)]\
D
O O
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where Rs Is Independently H or methyl.
[0027] In one embodiment, the temporary crosslinker 1s methacrylic anhydride or acrylic
anhydride.
[0028] In one embodiment, the permanent crosslinker has two or more vinyl groups. In one

embodiment, the permanent crosslinker is selected from the group consisting of divinylbenzene
(DVB), ethylene glycol dimethacrylate (EGDMA), diethyleneglycol dimethacrylate (DEGDMA),
and N,N’-methylenebisacrylamide (MBA).

[0029] In one embodiment, the permanent crosslinker is between 1 to 30 mol % of the total

monomer loading.

[0030] In one embodiment, the yield of the microparticles is at least 30%, and preferably at
least 50%.
[0031] In one embodiment, precipitation polymerization is performed in absence of surfactant

and/or stabilizer. In one embodiment, the method Is performed without the addition of surfactant

and/or stabilizer.

[0032] In one embodiment, the microparticles have an outer surface comprising less than 3%

surfactant and/or stabilizer.

[0033] In one embodiment, the method further comprises functionalizing the monomer units

within the particle derived from the temporary crosslinkers.
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[0034] In one embodiment, the step of functionalizing comprises functionalizing to obtain

amines and carboxylic acid units in a ratio of 3:1 to 1:3. In one embodiment, the ratio I1s between
2:1101:2.

[0035] In a further aspect, there is provided microparticles comprising at least one polymer,

5 the at least one polymer comprising:

[0036] a temporary crosslinker monomer of formula (ll1a), (llib), (llic), (llld), (llie), (llf), (Ilig),
(IH1RY), (D, (), (HK), (1D, (HHm), (Hin), and/or (l110):

§ @
R R,
0

R

(lla),

Rz

O O O (Ilb),

@ )
R R;
&
10

wherein Ry and Rz are independently selected from H, C1-C4 linear or branched carbon chain,

(llc),

benzyl, phenyl, or from -OJ, and wherein J is defined as a C4-C4 linear or branched carbon chain,

with the wavy lines standing in for the rest of the polymer backbone,
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(I10)

where R3 I1s Independently H or methyl, a permanent crosslinking monomer; wherein the
microparticles are narrow-disperse or mono-disperse and have a size distribution having a

coefficient of variation of less than 0.3.

[0037] In one embodiment, the hydrogel microparticles include no detectable surfactant or
stabilizer.
[0038] In some embodiments, the hydrogel microparticles comprise less than 3%, preferably

less than 1% of a surfactant and/or a stabilizer.

[0039] In some embodiments, the hydrogel microparticles have a surface and a core and less

than 3%, preferably less than 1% of the surface area Is a surfactant and/or a stabilizer.

[0040] In one embodiment, the hydrogel microparticles have a swelling ratio of wet to dry of
between 5:1 to 50:1.

[0041] In one embodiment, the hydrogel microparticles have a total crosslinker content

relative to a total monomer content of between 1 to 20 mol %, and preferably 5 to 15 mol%.

[0042] In one embodiment, the hydrogel microparticles have a deformability of between 1 kPa
to 500 kPa, and preferably 10 to 100 kPa.

[0043] In one embodiment, the hydrogel microparticles have a spherical shape when swollen

IN agqueous media.

12
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[0044] In one embodiment, the hydrogel microparticles have a diameter of between 0.5-20

micrometer.

[0045] In one embodiment, the hydrogel microparticles have a diameter of between 1 and 10

micrometer.

[0046] In one embodiment, the permanent crosslinker monomers are monomers of
divinylbenzene (DVB), ethylene glycol dimethacrylate (EGDMA), diethyleneglycol dimethacrylate
(DEGDMA), oligo/poly ethyleneglycol dimethyacrylate, 1,4-butanediol dimethacrylate, 1,6-
hexanediol dimethacrylate, N,N’-methylenebisacrylamide (MBA), oligo/poly ethyleneglycol

dimethyacrylate, 1,4-butanediol dimethacrylate, and 1,6-hexanediol dimethacrylate.

[0047] In one embodiment, the temporary crosslinker monomers are monomers of

methacrylic anhydride and/or acrylic anhydride.

[0048] In yet a further aspect there is provided microparticles produced by the method

described herein.

[0049] In an additional aspect, there iIs provided a method of cryopreserving cells comprising:
providing microparticles as described herein; functionalizing the microparticles; contacting the

cells with the microparticles; and freezing the cells.

[0050] In yet an additional aspect, there is provided a method of producing a vaccine delivery
platform comprising: providing microparticles as described herein; functionalizing the

microparticles to act as a carrier for an antigen; and associating the antigen to the carrier.

[0051] In a further aspect, there Is provided a method of producing encapsulated cells
comprising: providing the microparticles as described herein; functionalizing the microparticles;
combining functionalized microparticles with cells and a capsule-forming material; gelling the
capsule-forming material such that the particles and cells become entrapped within the capsule.

In one embodiment, the capsule-forming material is alginate.

[0052] In yet a further aspect, there Is provided a cryopreservative for cells comprising: a
monodisperse composition of biocompatible polyampholyte hydrogel microparticles, the hydrogel
microparticles having a deformability of between 100 Pa to 100 kPa, and preferably 1 to 10 kPa;
being substantially free of surfactant or stabilizer; and having a swelling ratio of wet to dry of
between 5:1 to 50:1.

13
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[0053] In an additional aspect, there Is provided a method of cryopreserving cells comprising
combining the monodisperse composition of biocompatible polyampholyte hydrogel
microparticles as described herein with cells In an agueous suspension In a microparticle to cell
volume ratio of 5000:1 to 10:1, preferably 1000:1 to 100:1, and freezing the suspension of

microparticles and cells.

[0054] In one embodiment, the freezing is done at a rate of 1 degree Celsius per minute down
to minus 80 degree Celsius, followed optionally by transfer of the cryotube into storage containers

held at liquid nitrogen boll-off temperature.

[0055] In another embodiment, the cell suspension iIs frozen rapidly by immersion into an

environment held at minus 70 to minus 80 degree centigrade.

[0056] In yet another embodiment, the cell suspension Is frozen by immersion Into an
environment held at the boll-off temperature of liquid nitrogen, which i1s minus 195.6 degree

centigrade at one atmosphere pressure.

[0057] In another embodiment, the cells are stem cells. In a further embodiment the cells are

primary cells.

[0058] In another embodiment, the hydrogel microparticles are in a concentration of 1-25wt/v
%.

[0059] In another embodiment, the cells are clusters of cells, also known as organoids,

comprising between 10 and 5000 cells, and preferably between 100 and 2000 cells each.

[0060] In yet an additional aspect, there Is provided a vaccine delivery vehicle comprising: a
monodisperse composition of biocompatible hydrogel microparticles, the hydrogel microparticles
being cationic or polyampholytes having an excess of cationic charge; being substantially free of
added surfactant or stabilizer; having a swelling ratio of wet to dry of between 5:1 to 50:1; and

having an average particle diameter between 0.1 and 10 microns.

[0061] In one embodiment, the microparticles are degradable in physiological conditions,

over a time span of between 30 minutes and 10 days, and preferably between 2 and 48 hours

[0062] In one aspect, there Is provided a method of making a vaccine comprising combining

the vaccine delivery vehicle as described herein with an antigen.

14
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[0063] In a further aspect, there Is provided a granular extracellular matrix comprising: a
monodisperse composition of biocompatible hydrogel microparticles, the hydrogel microparticles
having a deformability of between 100 to 100 kPa, and preferably 1 to 10 kPa; a surface
substantially free of surfactant or stabilizer; and a swelling ratio of wet to dry of between 5:1 to

50:1. In one embodiment, the microparticles are modified with a cellular adhesion molecule.

[0064] In yet a further aspect, there I1s provided a method comprising adding the
monodisperse composition of biocompatible hydrogel microparticles as described herein to a
suspension of mammalian cells in a ratio of cells to microparticles of between 1:100 and 1:1 In a

gel former and gelling the suspension.

[0065] In another aspect, there iIs provided a cell culture method comprising providing the
granular extracellular matrix as described herein and growing a cell culture on the granular

extracellular matrix.

[0066] In yet another aspect, there is provided a biomimetic bead comprising a biocompatible
hydrogel microparticle, the hydrogel microparticle having a deformability of between 100 to 100
kPa, and preferably 1 to 10 kPa; being substantially free of added surfactant or stabilizer; and

having a swelling ratio of wet to dry of between 5:1 to 50:1; and a biomimetic functional group.

[0067] In still another aspect, there is provided a cell culture method comprising providing the

biomimetic bead as described herein to a cell culture, and growing the cell culture.
BRIEF DESCRIPTION OF THE DRAWINGS

[0068] Figure 1 I1s a reaction scheme showing polymerization of methacrylic anhydride
(MeAn) showing cyclopolymerization, where the two vinyl groups are consumed In sequential
reactions, or a more conventional reaction where only one vinyl group reacts; if the second vinyl

group reacts at a later time, a crosslink is formed.

[0069] Figure 2 Is a reaction scheme showing reaction of methacrylic anhydride-based
polymer with nucleophiles (RXH, where X may be O, N, or S for example), which could take the
form of hydrolysis or functionalization. Reaction of anhydride bridging two chains will lead to loss

of crosslink.

[0070] Figure 3 shows three approaches to forming micron-range microgel particles with

polyampholyte properties. All three approaches start with a precipitation polymerization on a

15
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temporary divinyl crosslinker (e.g., methacrylic anhydride, MeAn) together with a permanent

crosslinker (e.g., diethyleneglycol dimethacrylate (DEGDMA)).

[0071] Figure 4 shows two approaches to forming nanoparticles for use as antigen carriers
for vaccine applications. Both Iinclude an Initial precipitation polymerization of a temporary
crosslinker (e.g., methacrylic anhydride), together with a slowly erodible divinyl crosslinker (e.g.,
a disulfide-bridged dimethacrylate) to ensure the particles will ultimately be removed by renal

clearance.

[0072] Figure 5 shows the formation and functionalization of a reactive particle platform

composed of temporary and permanent crosslinkers to produce microgels.

[007 3] Figures 6A-C show light microscope images of MeAN/DEGDMA (90:10) particles
made In 60:40 MEK/heptane: 6A — after formation (anhydrides intact) in DMF; 6B — hydrolyzed
particles (anhydrides cleaved) in phosphate-buffered saline (PBS) at pH 2; and 6C — hydrolyzed

particles in PBS at pH 7.4. Size bars: 20 um.

[0074] Figure 7 shows a brightfield optical microscope image of MeAN-only (MED-55/0/0)
microspheres formed in a 55/45 MEK/heptane In the absence of permanent crosslinkers. The

particles were suspended in MEK for imaging.

[0075] Figures 8A-F shows brightfield optical microscope images of MED-55/5/5 particles
made with 2 to 7% monomer loading in acetonitrile 100x oil immersion (8A: 2%, 8B: 3%, 8C: 4%,
8D: 5%, 8E: 6%, and 8F: 7%). Particle dispersed in ACN for imaging. Size bar: 10 um.

[0076] Figure 9 shows a graph of the diameter In function of the weight % of AIBN (initiator)
demonstrating the effect of initiator loading on the size of MED-62/0/10 particles made by

photopolymerization.

[0077] Figure 10 shows a graph of the diameter as a function of the MEK vol. % in the solvent,
demonstrating the effect of varying MEK/Heptane ratio on the size of MED-X/0/10 particles made
by photopolymerization. Particles are formed with >62% MEK but they became gradually smaller

and their size could not be accurately determined by optical microscopy (data points marked with
HI?JJ).

[0078] Figure 11 shows brightfield optical microscope images of anionic MED-55 microgels
made with different ratios of EGDMA/DEGDMA permanent crosslinker (10 mol% total). Top row

16
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— MED-55/10/0; Middle row — MED-55/5/5; Bottom row — MED-55/0/10. Scale bar = 5 ym; Images

cropped to magnify images.

[0079] Figure 12 shows a graph of the swelling ratio in function of the pH for (MED-55/10/0
(A) and MED-55/5/5 (m)), demonstrating the effect of crosslinker composition on the swelling of
anionic microgels as a function of pH. The swelling ratio is normalized to the particle volume at

pH 2.4 using (D«/D> 4)°, where Dy is the particle diameter at a given pH and D24 is the diameter at
pH 2.4.

[0080] Figure 13A shows an example of microgel particles formed by precipitation
copolymerization of methacrylic anhydride (90 mol%) with DEGDMA (10 mol%) at 5 wt% total
monomer loading In a 60:40 MEK:heptane mixture followed by functionalization with N,N-

dimethylethylenediamine to produce polyampholyte hydrogel particles. The particles are
suspended in HEPES-buffered saline (pH 7.6).

[0081] Figure 13B shows a graph of the distribution of particle sizes expressed as the particle
area in uym?. The majority of the particles have areas between 4 and 6 um? corresponding to

particle diameters of 2.25to 2.75 um.

[0082] Figure 14A shows a brightfield microscopy image of MED-55/5/5 particles in DMF
before hydrolysis. Figure 14B shows a microscopy image of close-packed multilayer of DMAPA-
and TAMRA-functionalized MED-55/5/5 particles in water. Figure 14C shows a confocal
fluorescence microscopy image of DMAPA- and TAMRA-functionalized MED-55/5/5 particles In

water. Size bars: 15 um.

[0083] Figure 15 shows a bar graph of the zeta potential of MED-55/10/0 microspheres after
hydrolysis and functionalization with DMAPA, measured in PBS at pH 7.4.

[0084] Figure 16 is a "H-NMR (600 MHz) spectrum of (propane-2,2-diylbis(oxy))bis(ethane-
2.1-diyl) bis(2-methylacrylate) (KTMA) in CDCls.

[0085] Figure 17 shows an optical microscopy image of MKT-55/15 particles made with 85:15
MeAn/KTMA in 55:45 MEK/heptane. Size bar: 5 um.

[0086] Figure 18 shows brightfield optical microscope images of MKT-55/15 Anionic
microgels over time at pH 5 (top row), pH 7 (middle row), and pH 10 (bottom row). Scale bar = 15

um.
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[0087] Figure 19 shows a graph of the immediate post-thaw cell viability and percentage of

recovered 313 cells after a 24-hour freeze/thaw cycle for cells Iin the presence of: MED-55/2/8
10wt% (m), MED-55/2/8 5wt% (¢), negative control (e), and DMSO 10v/v% (A).

[0088] Figure 20 shows a graph of 3T3 cell numbers as a function of day post thawing for
cells frozen with DMEM containing either, polyampholyte microgels or DMSO, and a negative
control of cells frozen iIn DMEM without supplemental cryoprotective agents: MED-55/2/8 10wt%
(m), MED-55/2/8 5wt% (¢), negative control (e), and DMSO 10v/v% (A).

[0089] Figure 21 shows brightfield microscopy images of thawed 313 cells after freezing with

cryoprotective polyampholyte microgels.

[0090] Figures 22A-22B shows bright-field and fluorescence images of pDMAEA-grafted
particles after exposure to fluorescein-labelled ovalbumin (OVA-FITC) in PBS at pH 7.4. 22A:
pDMAEA-grafted particles — OVA-FITC bright-field image in PBS, pH 7.33 and 22B: pDMAEA-
grafted particles — OVA-FITC fluorescence image in PBS, pH 7.40.

[0091] Figures 23A-C show confocal fluorescence images of fluorescently stained 3T3 cells
co-cultured with TAMRA-labeled MED-55/5/5 microgels. 23A - DMAPA polyampholytes, 23B -

RGD anionic, 23C - anionic.

[0092] Figure 24 shows a confocal image of NIH 3T3 cells stained with Calcein-AM mixed
with TAMRA labelled polyampholyte MED-55/15/0 microgels.

[0093] Figures 25A and 25B show confocal images of NIH 313 cells co-encapsulated In
PLL/PMS50 calcium alginate capsules with MED-55/10/0 polyampholyte microgels at a cell
concentration of 2.0 x 10° cells/mL and 0.5 wt/v% microgels and stained with Calcein-AM and
Ethidium-homodimer LIVE/DEAD staining (25A: 100 um scale bar, and 25B: 15 um scale bar).

DETAILED DESCRIPTION
[0094] The present invention involves several aspects.

[0095] In one aspect, there Is provided new compositions of monomers and crosslinkers for
precipitation polymerization, designed to enable formation of a new type of polymer microgel
particle in high yield and through a scalable process, and that combine properties not previously

accessible. These properties include, but are not Iimited to, polymer microparticles being lightly
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crosslinked, swellable, narrow- or mono-disperse, stabilizer-free, reactive, and optionally,
degradable. Such particles can serve as a platform for highly defined hydrogel particles for use In

different areas of biomedicine.

[0096] In other aspects, there Is provided novel applications for nano and microgel particles,
iIncluding as cryoprotective particles, granular ECM components, and charge-shifting vaccine

platforms.

[0097] In some embodiments, the microgel particles are formed by new methods for

precipitation polymerization taught herein.

[0098] The term "microgel” as used herein refers to lightly crosslinked polymer systems in the
form of microparticles that are swollen by a solvent. The term "hydrogel” as used herein refers to

lightly crosslinked polymer systems that are swollen in water.

[0099] The term "microparticle”, while generally used to refer to particles between 1 and 1000
UM In size, as used herein can also encompass, unless the context dictates otherwise, submicron
particles in the 0.1 to 1 um size (i.e., nanoparticles within this size range.) In preferred
embodiments, the microparticles have a particle diameter between 0.1 and 50 pm, more

preferably between 0.3 and 30 um, or still more preferably between 0.5 and 20 um.

[0100] The term “covalently crosslinked” as used herein with respect to a polymer matrix
refers to the formation of covalent bonds between polymer chains that hold together the polymer
matrix, a microparticle in this work. It is not possible for the polymer to undergo facile dissolution
INto Individual polymer chains when the covalent crosslinks are present. In the case of the initially-
formed reactive particles, the covalent crosslinks are provided by both temporary and permanent
crosslinkers. After the temporary crosslinks have been cleaved by hydrolysis or functionalization,
the overall network structure of the hydrogel particles 1s maintained by the covalent crosslinks

provided by the permanent crosslinker.

[0101] In some variants, the permanent crosslinker is a slowly degradable crosslinker that
can undergo degradation under physiological conditions, with timeframes on the order of 2 hours
to 2 weeks, and preferably between 8 hour and 48 hours. Such slowly degradable crosslinker
may be based on bisacrylate or bismethacrylate crosslinkers that contain a disulfide linkage,
which may be cleaved over time under physiological conditions such as after administration into

tissue during a vaccination, by reductive processes Involving reaction with physiological
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glutathione that are chemically orthogonal to the processes used to chemically modify or
hydrolyze the anhydride-based temporary crosslinkers. Other variants are described below, and
INnclude other bisacrylate or bismethacrylate crosslinkers containing other cleavable linkers
between the two acrylate or methacrylate units. The purpose of using such slowly degrading

crosslinkers Is that they permit clearance of the particles after use.

[0102] The term “polyampholyte” as used herein refers to zwitterionic polymers which
comprise monomer units with a positive charge and monomer units with a negative charge,
wherein the positive and negative charges occur on different monomer units. The polyampholytes
as discussed here are meant to be the copolymer comprising anionic and cationic comonomers
(and optionally neutral and hydrophobic comonomers) that are grafted through the residual or
Introduced vinyl groups bound to the microgel particles. In one embodiment, polyampholytes
comprise cationic units which are primary amines as well as anionic units which are carboxylic
acids. Generally, the polyampholyte may comprise about 10-90 mol % of a positively charged
monomer and 90-10 mol % of a negatively charged monomer, and preferably about 30-70 mol %

of a positively charged monomer and about 70-30 mol % of a negatively charged monomer.

[0103] The final particles may contain at least 10% of polyampholyte by dry weight, preferably
50 to 400%.

[0104] In other embodiments, the cationic group can be a monomer comprising a secondary,
tertiary or quaternary ammonium group, or a monomer comprising a guanidinium group, or a
monomer comprising a sulfonium group, or a monomer comprising a conjugated diazole group
such as found in Imidazoles and analogous cyclic and linear groups known to those skilled in the

art.

[0105] In other embodiments, the anionic group may be comprised of a monomer containing
a carboxylic acid group such as acrylic acid, methacrylic acid, or precursors to such monomers

such as t-butyl acrylate or t-butyl methacrylate.

[0106] In yet other embodiments, the hydrolyzed microgel acts as the polyanionic component,
and the grafted polymer or copolymer acts as the cationic component. In such embodiments, the
cationic component may be a homopolymer comprising cationic monomers incorporating a
primary, secondary, tertiary or quaternary cationic monomer based on acrylate, methacrylate,
acrylamide or methacrylamide polymerizable units. In related embodiments, the cationic

component may be a copolymer comprising one or more of the above cationic monomers,
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together with a neutral or anionic comonomer. In such copolymers, the cationic monomer or

monomers comprise 50 to 99, and preferably 70 to 90 mol% cationic comonomer.

[0107] In yet other embodiments, the polyampholyte microgel is formed by precipitation
copolymerization of the temporary crosslinker with a cationic monomer and a permanent
crosslinker, or a temporary crosslinker, a cationic monomer and a slowly degradable disulfide-
containing crosslinker. In these embodiments the amounts of temporary crosslinker and cationic
monomer are chosen such that the final anionic/cationic ratio can be controlled between 10/90
anionic/cationic and 50/50 anionic/cationic. Suitable cationic monomers for this embodiment
INnclude terttary amines such as 2-(dimethylamino)ethyl methacrylate and N-(3-

(dimethylamino)propyl)methacrylamide.

[0108] In yet other embodiments, the cationic polymer or copolymer is not grafted-through
using residual or newly introduced vinyl groups, but rather iIs Introduced by electrostatic
complexation between the anionic hydrolyzed microgel particles, and the soluble cationic polymer
or copolymers. As known by people skilled In the art, polyanionic polymers have a strong affinity
to bind polycationic polymers to form polyelectrolyte complexes. This complexation between
cationic or net cationic polymers with anionic polymer networks is driven by the associated release
of small counterions from both participating charged polymers. Furthermore, it is known in the art
that the resulting polyelectrolyte complexes may have physical properties spanning from solid
precipitates of insoluble PECs, to liquid complex phases called complex coacervates, depending
on the net strength of the electrostatic interaction between the two charged polymers. As further
known In the art, polyanionic hydrogel particles have the ability to not only bind polycations
comprised of only cationic monomers (cationic homopolymers), but also cationic copolymers that
comprise mixtures of cationic monomers with hydrophilic neutral or even anionic comonomers.
These copolymers would be non-stoichiometric polyampholytes defined as copolymers having an
excess of cationic over anionic monomers In order to enhance absorption of the polyampholyte
iInto the anionic microgel. Such non-stoichiometric polyampholytes may contain 30 to 99% cationic
monomer, and preferably 50 — 80% cationic comonomer, and most preferably 60 — 70% cationic
comonomer. They may also contain neutral and even hydrophobic comonomers, In addition to
cationic and anionic monomers. Copolymers of a cationic monomer (3-
aminopropylmethacrylamide, APM) with anionic monomer methacrylic acid® or with a neutral
hydrophilic comonomer N-(2-hydroxypropylimethacrylamide (HPM)’ can be absorbed into

calcium alginate hydrogel beads.
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[0109] In some embodiments, the term “temporary crosslinker’” as used herein refers to a
crosslinker used to create a polymer particle that is yet to be functionalized. The temporary
crosslinker Is used to graft one or more functional groups such as amine, carboxyl, or thiol
depending on the desired application for the polymer. The temporary crosslinkers can have an
anhydride group and may be of formula () described below. In one embodiment, the temporary
crosslinker i1s completely cleaved. However, even when the temporary crosslinker is completely
cleaved the Integrity of the polymer In solvent can be maintained thanks to the permanent

crosslinker.

[0110] The term “permanent crosslinker” as defined herein refers to a crosslinker that will
survive, largely intact, the conditions used to hydrolyze or functionalize a temporary crosslinker
that Is part of the same polymeric microparticle. For example, the conditions can be those to
hydrolyze or functionalize anhydride groups. It may be one that itself can be cleaved under
different conditions, or simply more slowly, as described below. In one embodiment, the
permanent crosslinker has at least two vinyl groups. Examples include combinations of
hydrolytically labile methacrylic anhydride, with hydrolytically stable mono-, di- and higher
ethylene glycol dimethacrylates. In some embodiments, the permanent crosslinker I1s a
degradable crosslinker or a biodegradable crosslinker. The degradable or biodegradable
crosslinker does not react during the hydrolysis or the functionalization reaction of the temporary
crosslinker but will degrade in vivo under physiological conditions. Such degradable crosslinkers
INclude ketal or disulfide-containing crosslinkers that persist during hydrolytic cleavage of the
temporary crosslinker but will degrade under physiological conditions over the course of hours to

weeks.

[0111] The term “functionalize” or “functionalization” as used herein refers to a reaction where
a functional group Is produced from a reactive group. The functional group can be a peptide group
(for example RGD) or other molecules (e.g., fluorophores, polymers, etc.). Functionalization
INncludes reactions with nucleophiles like water (hydrolysis), amines, alcohols and thiols, which
cleaves the anhydride group of the temporary crosslinker. In one example, thiols bearing
hydrophobic, hydrophilic or biologically active groups can be used. Furthermore, the reaction may
be with difunctional species, such as a diamine. When a difunctional species Is involved In the
functionalization reaction, defined for example as a diamine where both amines are primary or
secondary amines such as 1,2-ethylenediamine or 1,3 propylenediamine, a new crosslink may
be formed where the anhydride crosslinks would be broken and might be replaced with a diamide

crosslink If both ends of the diamine reacted with anhydride groups. As well, the functionalization
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could involve diamines or tri amines or higher amines, wherein only one of the amine groups is a
primary or secondary amine, and the other amine groups are tertiary or quaternary amine
(ammonium) groups. An example would be N,N-dimethylamino propyl amine, and analogous di
and higher amines known to people skilled in the art. A particular aspect of this functionalization
with higher amines iIs the ablility to introduce an excess of cationic over anionic groups into the

hydrogel particle.

[0112] The term "biocompatible” as defined herein refers to compounds or microparticles that
are compatible with in vitro or in vivo prolonged contact with cells and/or specific biological tissues.
Biocompatible compounds or microparticles do not elicit a significant negative effect on the cell
survivabillity, cell function, and/or tissue function, whereby biocompatibility i1s usually specified In

terms of being compatible with a particular tissue or cell environment.

[0113] In one aspect, the present invention provides swellable, stabilizer-free, reactive,
narrow size-disperse, nano- and microparticles in high yield, that can be modified to serve as

useful agents for various biomedical applications.

[0114] This Includes highly swellable microgel particles functionalized with amines and

carboxylic acid units in an 80:20 to 20:80, and preferably in a 70:30 to 30:70 ratio.

[0115] These microgel particles may also be functionalized by grafting-through or grafting-

from, using mixtures of anionic and cationic comonomers, again achieving an anionic to cationic
charge ratio of about 80:20 to 20:80, and preferably 70:30 to 30:70.

[0116] Neutral hydrophilic monomers for such functionalizations include 2-hydroxyethyl
methacrylate, 2-hydroxyethyl acrylate, acrylamide, methacrylamide, N,N-dimethylacrylamide,
N,N-diethylacrylamide, N-isopropylacrylamide, (and other acrylamides/methacrylamides), PEG

methacrylate, N-vinylpyrrolidone, and similar monomers known to people skilled in the art.

[0117] Neutral hydrophobic monomers include alkyl (C1-C12) methacrylates and acrylates,
alkyl (C4-C12) methacrylamides and acrylamides, styrene, 4-methylstyrene, and other

substituted styrenes.

[0118] Anionic monomers include acrylic acid, methacrylic acid, 2-carboxyethyl acrylate, 2-
acrylamido-2-methylpropanesulfonic acid (or sodium salt), vinylsulfonic acid, styrenesulfonic acid
(or sodium salts), vinyl-functional phosphoric and phosphonic acids such as, but not limited to,

vinylphosphonic acid and 2-(methacryloyloxy)ethyl phosphoric acid.
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[0119] Cationic monomers include N,N-dimethylaminoethyl methacrylate, N,N-
dimethylaminoethyl acrylate, 3-(N,N-dimethylamino)propylmethacrylamide, 3-
aminopropylmethacrylamide, 2-(methacryloyloxyethyhtrimethylammonium chloride, 3-
(methacrylamidopropyhtrimethylammonium chloride (all represented In the general structures

shown below), and vinylpyridine.

O R, Q Tz
I R N
o \R2 H < R2
X
O R O RZ
| /R2 ‘ /"’Rz
+
R N-I-\ R4 N\
N R
O « Rz H x 2
R1 = H, Me
R2 = H, Me, Et
x=1,2,3

[0120] Zwitterionic monomers Include 2-methacryloyloxyethyl phosphorylcholine, N-(2-
methacryloyloxy)ethyl-N,N-dimethylammonio propanesulfonate, N-(3-methacryloylimino)propyl-
N,N-dimethylammonio propanesulfonate, 3-(2'-vinyl-pyridinio)propanesulfonate, and 3-[[2-

(methacryloyloxy)ethyl]-dimethylammonio]propionate (CBMA).

[0121] In some embodiments, the polymer may be grafted with monomers after
functionalization. The grafted polymer network can for example contain hydrophobic monomers
such as butyl acrylate, In amounts up to 50 mol%, and preferably up to 20 mol%. In some
embodiments, the polymer network contains neutral hydrophilic comonomers designed to
enhance the desired properties. Examples include addition of monomers bearing carbohydrate
groups to enhance cryoprotective properties. Examples of neutral hydrophilic monomers include
2-hydroxyethyl methacrylate, 2-hydroxyethyl acrylate, acrylamide, methacrylamide, N,N-
dimethylacrylamide, N,N-diethylacrylamide, N-isopropylacrylamide, (and other
acrylamides/methacrylamides), and PEG methacrylate. Examples of neutral hydrophobic
monomers include alkyl (C1-C12) methacrylates and acrylates, alkyl (C4-C12) methacrylamides

and acrylamides, styrene, and 4-methylstyrene.

[0122] In prior art particle forming processes, it is necessary to add a stabilizer or surfactant
(e.g., poly(vinyl alcohol), poly(vinylpyrrolidone), cellulose, sodium dodecylsulfate, etc.) to the

polymerization mixture to successfully form particles. A portion of the added stabilizers or
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surfactants according to known methods are permanently bound to the particle or very difficult to
remove. In the context of the stabilizers and surfactants, the term “add” or “added” as used herein
refers to voluntarily adding stabilizers and/or surfactants to promote colloidal stability in the
formation of microparticles. Microparticles precipitated according to methods taught herein
without added stabilizers and/or surfactants are described as being “substantially free® of
stabilizer or surfactant, which allows for the presence of a minimal amount of stabilizers (e.g., as
an impurity). In the present methods of precipitation polymerization, no stabilizer or surfactant is
added at any point in the process. Therefore, the particles are free of added stabilizers and/or
surfactants. In some embodiments, surfactants and/or stabilizers are less than 0.1 wt. % of the
total monomer. The surfaces of such precipitation polymerization particles are thus only defined
by the comonomers and crosslinkers present during the particle formation, any initiator groups
used to initiate the particle forming polymerization of the grafting-through polymerization, and any
subsequent functionalization. In preferred embodiments, any stabilizer or surfactant is an impurity
l.e. It I1s Inadvertently added. In one embodiment, the particles according to the present disclosure
comprise less than 1% of (an inadvertently added) surfactant or stabilizer. A person skilled in the
art can determine the composition of a particle according to known methods in the art such as 'H

nuclear magnetic resonance spectroscopy or other chemical techniques such as coagulation.

[0123] The microparticles of the present invention are narrow disperse or monodisperse. In
one embodiment, the microparticles have a size distribution having a coefficient of variation of

about less than 0.3, about less than 0.2, or about less than 0.1.

[0124] The microparticles can be produced In a variety of different sizes while maintaining the

advantageous narrow dispersity or mono dispersity.

[0125] By varying synthesis conditions, such as the nature of the solvent, the average particle
size may be varied while maintaining a narrow-disperse size distribution (such as a coefficient of
variation of less than about 0.3). The average diameter would be In the 0.2-20 um range,
depending on solvent compositions. Solvent compositions can be adjusted to give narrow-
disperse particles with diameters across this range. Within this overall range, particles with

diameters ranging from 1 to 10 micrometers are most easily accessible.

[0126] The present microparticles can be characterized as swellable once the temporary
crosslinks have been cleaved by hydrolysis or functionalization. In one embodiment, the

microparticles have a swelling ratio of wet to dry of between about 3:1 to about 50:1. For some
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applications, Including cryoprotection and cell chaperones, a swelling ratio of wet to dry is
preferably 5:1 to 30:1. For applications such as vaccine encapsulation, a ratio of wet to dry of 3:1
to 10:1 1s preferred. Thus, the swelling capacity of the microparticles can be adjusted for the
specific application desired. The swelling of the particles contributes to the colloidal stability of the

particles by limiting the phenomena of particles sticking to each other.

[0127] For biomaterials applications, lightly crosslinked, swellable hydrogels comprising 0.1
— 30 mol%, and preferably 2-10 mol%, permanent crosslinker relative to total monomer, are often

desirable In order to better mimic tissue properties.

[0128] The present microparticles can be characterized as soft and lightly crosslinked. In one
embodiment, a polymer of the microparticles comprises between 0.1 to 20 mol%, and preferably
1-10 mol%, of permanent crosslinkers relative to total monomer of the polymer. Functionally, “soft”
can be defined as being biological tissue-like in terms of deformability. Quantitatively, "soft” can
be defined as a deformability that is of the same order of magnitude as that of cells and tissues
which Is between about 100 Pascal (Pa) to about 100 kPa, about 5 to about 50 kPa, or about 1
to about 10 kPa.

[0129] The particles of the present disclosure generally have a spherical shape with a smooth
or rough surface. In one embodiment, the shape Is a sphere or an irregular sphere. The Iirregular
sphere may be defined as having small bumps on the surface thereby rendering the surface
rough. Without wishing to be bound by theory, the spherical nature or irregular sphere shape Is
explained by the way particles are formed with precipitation polymerization where the particles
are grown by addition and are therefore driven towards a spherical shape. The shape may be

advantageous In that it promotes close-packed arrays, both with other particles, and with cells.

[0130] Due to the properties detailed herein, the present microparticles and methods of

producing can have many advantages:

e [he precipitation polymerization method described herein enables control of radial
composition profiles including compositional and crosslink density profiles of microgel

particles, which in turn enables better management of microgel-cell interactions.

e [he narrow size distribution may limit the deformation of admixed cells in comparison to
iIrregular microparticles. Without wishing to be bound by a theory, the narrow size

distribution allows the formation of close-packed arrays of particles, which provides
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consistent interstitial volumes between microgels. Irregular particles pack together with a
range of interstitial volumes, some quite small, which in turn may increase the deformation

of the admixed cells.

The surfactants or stabilizers typically present on particles formed by other polymerization
techniques may affect and potentially dominate cell-particle interactions. In contrast, the
absence of any added surfactant or stabilizer on the microparticle surface, a distinctive
feature of precipitation polymerization, means that the interaction of cells with the
microparticles are predominantly driven by the chemical and biological groups present on
the particle surface as a result of the choice of monomers, Initiators and functionalization

reagents during the particle preparation.

The precipitation polymerization method described herein allows for a high through-put

and high yield production of the microparticles.

These microparticles can be efficiently post-modified to tune particle properties. Examples
of functionalizing agents include molecules containing a nucleophilic group comprising

(primary or secondary) amine, hydroxyl, or thiol such as shown below

A ——NHA3 A — OH A— oH

Where A = H, alkyl (linear and branched, C4-C12), phenyl, benzyl, dialkylaminoalkyl- or

trialkylammonioalkyl, alkoxyethyl, oligo(ethyleneglycol).

For purposes of cell attachment, A may also be cell binding motifs such as RGD aminoacid

sequences, as well as larger extracellular matrix components such as laminins. For purposes of

study and particle tracking, A may also be a fluorescent group such as fluorescein or rnodamine,

or other groups known to those skilled in the art.

Finally, these microparticles can be designed to change their charge balance, for instance
by hydrolytic charge-shifting of the cationic components introduced during precipitation
polymerization, post-functionalization, grafting-through as well as absorption of
polycations. Examples Include embodiments where the cationic components include
charge-shifting cationic monomers such as dimethylaminoethyl acrylate (DMAEA) or other
monomers and functional groups that are known Iin the art to undergo spontaneous

hydrolysis of their ester linkage under physiological conditions with half-lives on the order
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of hours and days. Such groups may also be introduced during post-functionalization with,
e.g., the lithium salt of N,N-dimethylaminoethanol into particles swollen In, e.g.,
tetrahydrofuran or 1,4-dioxane or similar solvents or solvent mixtures that are known In
the art to be aprotic polar solvents. Such groups may also be introduced by grafting-
through or grafting-from the particles with charge-shifting monomers such as
dimethylaminoethyl acrylate, either by itself or in combination with other cationic, neutral,
anionic or hydrophobic monomers designed to achieve a desired overall charge balance
In the final particles. Such groups may also be introduced by electrostatic absorption of
polymers comprising dimethylaminoethyl acrylate, either by itself or in combination with

other cationic, neutral, anionic and/or hydrophobic monomers.

[0131] The final charge balance of the microgel particles produced by such functionalization,
grafting or absorption of charge-shifting groups may comprise a majority of cationic charges for
microgel designed for use In antigen binding for vaccine development, or have a near-
stoichiometric ratio of cationic to anionic charges for microgel particles designed for cell

cryoprotection.

Precipitation Polymerization

[0132] There Is growing Interest In the use of mono-disperse, swellable, stabilizer-free
hydrogel particles in biomedical applications, and, hence, there Is a need for high yield methods
to prepare such particles. Provided herein are high yield methods for producing mono-disperse,
swellable, stabilizer-free hydrogel particles suitable for use In biomedical applications, that,
advantageously, allow for the formation of hydrogel particles with a range of properties (e.g., size,
stiffness, composition e.g., chemical/biological moieties present, radial distribution of properties
such as crosslink density and composition). In one embodiment, the yield is defined as the weight
or molar ratio of starting monomers and optionally initiators to monomers present in the polymer
formed. In another embodiment, the yield i1s defined as the weight or molar ratio of starting
monomers and optionally initiators to monomers present in the particles. In various embodiments,
the yield can be at least at least 30%, at least 40%, at least 50%, at least 60%, and preferably at
least 70% or at least 80%.

[0133] The hydrogel particles having the above-mentioned properties can be advantageously

obtained by precipitation polymerization of one or more reactive monomer(s), under particle-
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forming conditions followed by hydrolysis and/or functionalization of that reactive monomer with

suitable modifiers, and swelling in water.

[0134] Precipitation polymerization Is well suited to making particles containing reactive
monomer(s), In particular water-sensitive ones, as well as producing narrow-disperse, micron-
sized particles that are free of stabilizers or surfactants. However, the relatively high levels of
crosslinker required for efficient particle formation in precipitation polymerization would tend to

give particles that were much stiffer than suitable for most biomaterial applications.

[0135] Precipitation polymerization begins with a homogeneous solution of monomers, at
least one of which Is a crosslinker, and an initiator. As polymer is formed, it precipitates from the
solution. As evidenced in the Examples, under conditions provided herein, particles of the present
disclosure are formed. These conditions typically include a total monomer loading between about
1 to about 20 wt%, or between about 2 to about 10 wt%, a crosslinker fraction (cf. total monomers)
of between about 10 to about 100 mol% or between about 20 to about 80 mol% and, most
importantly, a solvent with the right solvency properties for the polymer that i1s formed. The
formation of particles becomes inefficient and limited with a total monomer loading lower than 1
wt%. In one embodiment, only crosslinkers are used In the loading. In one embodiment, one or
more additional monomers (not a temporary crosslinker or a permanent crosslinker) may be
added to the monomer loading to produce a polymer geared towards a specific application. In
one embodiment, the ratio between temporary crosslinker to permanent crosslinker Is between
about 90:10 to about 80:20. The solvent should be poor enough to cause the polymer to aggregate
and form particles, but still good enough that the polymer chains on the particle surface are
swollen, which prevents particle-particle aggregation during polymerization. In one embodiment,
solvents used have Hildebrand solubility parameters about 4 to about 5 MPa* above or below
(.e., more or less polar) than that of the forming polymer. For example, the formation of
poly(divinylbenzene) (19.3 MPa*) by precipitation polymerization can be performed in the solvent
acetonitrile (24.3 MPa”) and 20:80 MEK/heptane (15.9 MPa”*) to yield monodisperse
microparticles according to the present disclosure. Precipitation polymerization can be used to
form particles from reactive monomers (i.e., ones that allow later functionalization of the particle)
such as methacrylic anhydride. Furthermore, iIn some embodiments the viscosity of the solvent Is
a further factor to consider in the selection of the solvent. A low viscosity solvent is preferred. In
one embodiment, the solvent has a viscosity of less than about 0.5 cP at 20 °C. The solvent used
for precipitation polymerization should have a boiling point greater than the polymerization

temperature (typically 60-70 °C for thermally initiated polymerization), and it should not
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substantially react with the monomers or initiator. In the case of reactive monomers like MeAn,
nucleophilic solvents like water, alcohols or amines should be avoided. Particles may also be
obtained from photoinitiated precipitation polymerization, which allows lower boiling solvents to
be used. Examples of solvents suitable for the precipitation polymerization of the present
disclosure include but are not limited to heptane, toluene, xylenes, methyl ethyl ketone (MEK),
tetrahydrofuran (THF), acetonitrile, ethyl acetate, benzene, cyclohexane, chloroform, or mixtures
thereof. In the case of photoinitiated polymerization, solvents such as acetone, diethyl ether,

dichloromethane and pentane may be used.

[0136] Hydrogels required In cell applications are usually highly hydrated and soft, which
correlates with a low degree of crosslinking within the gel. However, a low level of crosslinker

during precipitation polymerization is associated with low particle yields.

[0137] The present invention describes the use of a reactive, temporary crosslinker during
precipitation polymerization to increase particle yield to at least 30%, preferably at least 50%, and
most preferably at least /0% compared to a typical yield of less than 20% for prior methods of
precipitation polymerization with low crosslinker loadings. As importantly, after polymerization is
complete, the reactive crosslinks are cleaved to enable particle swelling. At the same time, this
conversion allows introduction of hydrophilic 1onic groups and additional desired functional
groups, through careful choice of cleavage reagent. A moderate amount of permanent (which
may be a more slowly erodible) crosslinker (5 — 20 mol% relative to temporary crosslinker), is
INncluded In order to prevent complete dissolution of the particles upon post-polymerization
modification. In summary, the inventors have surprisingly found comonomer/solvent combinations
that allow use of precipitation polymerization to give particles in high yield, with cleavable
crosslinks that can be readily functionalized to give facile access to highly hydrated, soft, narrow-

disperse microgels.

[0138] It was found that the monomer methacrylic anhydride (MeAn), or its acrylic analog,
acrylic anhydride, are particularly suitable for the present method as they can produce a polymer
with anhydride groups that are easily functionalized, and because anhydride crosslinks can be
easlly cleaved to allow swelling of the as-formed, highly crosslinked particles into microgel

particles.

[0139] MeAn iIs a divinyl monomer that undergoes two types of polymerization that consume

pboth vinyl groups: crosslinking and cyclopolymerization (a non-crosslinking form of
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polymerization) (Scheme 1). Without wishing to be bound by theory, cyclopolymerization is a
‘linear” polymerization in that it does not lead to branching or crosslinking. In cyclopolymerization,
the growing polymer chain adds to the two vinyl groups one after the other leading to the formation
of a ring (5-membered or 6-membered In the case of MeAn) along a single polymer chain. Even
though both vinyl groups are consumed, it is not a crosslink. VWhile some divinyl monomers, like
diallyldimethylammonium chloride, experience only cyclopolymerization, MeAn shows both types
of reaction In a ratio that varies with experimental conditions (temperature, solvent, monomer

concentration).8

[0140] Accordingly, there i1s provided a temporary crosslinker monomer of formula (1),(lla) to

(11);

R R2 ()

where Ry and R2 are independently selected from H, C1-C4 linear or branched carbon chain,

benzyl, phenyl or OJ, where J is defined as a C4-C4 linear or branched carbon chain.

O O

(Ila)

/
/

(Ilb)
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\

(llc)

[0141] Symmetric as well as mixed anhydrides (as shown in formulas lla to |If) are suitable
temporary crosslinkers. Compound lla is 4-vinylbenzoic anhydride, compound Illb is 3,4-
vinylbenzoic anhydride and compound IIC is 3-vinylbenzoic anhydride. All three formulas are

suitable temporary crosslinkers, as are mixtures of different symmetric or mixed anhydrides.

O 9
T °
9, 9

Where n Is an integer from 1 to 3.

(I1d)

Q O

O O
/2_0 O_gz
R
3 R:’j

(lle)
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(117)
where Rs Is Independently H or methyl.

[0142] Cyclic anhydrides such as maleic anhydride, citraconic anhydride, or itaconic
anhydride are not suitable as temporary crosslinkers for the present method because they have
only a single vinyl group and cannot be considered as crosslinkers. In addition, these compounds
have poor polymerization efficiency under certain conditions, such as when present as more than

50 mol % of the monomer mixture, which limits their usefulness.

[0143] Figure 1 Illustrates polymerization of methacrylic anhydride showing
cyclopolymerization, where the two vinyl groups are consumed in sequential reactions, or a more
conventional reaction where only one <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>