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ABSTRACT: Multiresponsive smart materials with the capacity to reversibly change properties (i.e., size, charge) upon the
application of more than one stimulus (i.e., temperature, pH) offer potential in numerous biotechnology and biomedical
applications. However, their typical lack of degradability limits their potential in vivo use. Herein, we demonstrate the use of an
aqueous thermally driven self-assembly approach based on hydrazide- and aldehyde-functionalized poly(N-isopropylacrylamide)
(PNIPAM) oligomers functionalized with pH-ionizable cationic or anionic comonomers for fabricating degradable temperature/pH
dual-responsive microgels. The self-assembled microgels show properties analogous to conventional cationic or anionic PNIPAM
microgels, retaining their thermal responsiveness while exhibiting pH-driven swelling upon functional comonomer ionization.
Ampbhoteric microgels can also be produced by mixing cationic- and anionic-functionalized precursor polymers during the self-
assembly process that reproduce the high-pH/low-pH parabolic swelling response observed in conventional amphoteric microgels.
Coupling the precise dual-responsive swelling responses achievable with the degradability of the hydrazone cross-links, self-
assembled charged PNIPAM microgels offer potential for improved performance in drug delivery applications requiring dual pH/
temperature-specific delivery (e.g. infection sites or cancer).
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B INTRODUCTION and potential for long circulation times in vivo given their high

. . . 7-9
Stimulus-responsive or “smart” polymers are increasingly water content and thus low interfacial tension.

attracting interest in biotechnology and medicine given their Thermoresponsive poly(N-isopropylacrylamide) (PNIPAM)

capacity to quickly and reversibly switch their physical microgels are perhaps the best-known smart soft nanomaterial,

properties when exposed to small changes in their physical showing a volume phase transition temperature (VPTT) of
(e.g, temperature, light, electromagnetic fields) or chemical ~32 °C above which they discontinuously shrink in size.'7"?
(pH, ionic strength, specific target chemicals) environ- Due to their high blood plasma stability, typically narrower size
ments.' > Smart hydrogels are particularly attractive given dispersity, and more adaptable chemistries relative to other
that dynamic changes in the mesh size of the gel network can

be engineered using the smart switch, enabling dynamic Received: October 8, 2020 Macromoleciles
control over drug release kinetics from the hydrogel.”” Revised: ~ December 11, 2020
Microgels, hydrogel nanoparticles on the size range of 10 nm Published: December 29, 2020

to 1 um,° offer further advantages in the context of drug

delivery in terms of their faster responses to external stimuli,

minimally invasive administration due to their nanoscale size,
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carriers such as liposomes or micelles, PNIPAM microgels
have been widely investigated as a drug delivery vehicle,
particularly for anticancer drugs given that their small tunable
size (<200 nm) allows for efficient circulation and cell
uptake.”*™"* In addition, copolymerization of NIPAM with
various functional monomers (e.g., acrylic acid,"*™*’ meth-
acrylic acid,”*™** maleic acid,”® vinylacetic acid,”* allylacetic
acid,” and dimethylaminoethyl methacrylate®) can introduce
pH-responsive functional groups into the network that enable
the particles to exhibit dual pH/temperature smart responses
of potential utility for physically targeting specific disease sites
characterized by both higher local temperatures and lower
local pH values (e.g,, inflammation sites or tumors).'>**27 727
As such, developing clinically relevant microgel compositions
with the potential for dual pH/temperature responsiveness
offers promise for addressing the key targeting challenges that
currently limit the impact of nanomedicines in the clinic.'”***'

Conventional PNIPAM microgels are prepared via a free-
radical precipitation polymerization strategy in which the phase
transition of PNIPAM is exploited to first create nucleation
sites and then grow the microgel particles as polymerization
proceeds.> While this strategy facilitates the production of
high yields of typically highly monodisperse microgels, the
degradability of the microgels produced is ill-defined. Most
microgel preparations use a nondegradable cross-linker; even if
the cross-linker is degradable, the molecular weights of the
degradation products are typically not controllable and thus
may not be cleared following gel degradation. Chain transfer
reactions can also occur that create additional C—C bonds in
addition to the degradable cross-linking points (enabling
microgels to be formed even if no cross-linker is added®>*?),
further limiting the potential of the microgel to degrade into
renally clearable units. To address this degradability issue, a
thermally driven oligomer self-assembly approach has recently
been developed in our group.’® In this method, a hydrazide-
functionalized PNIPAM precursor polymer with a molecular
weight below the renal cutoft is heated above its cloud point to
form un-cross-linked but well-defined nanoaggregates. Upon
the addition of an aldehyde-functionalized PNIPAM precursor
polymer with a similarly low molecular weight, an acid-labile
hydrazone bond is formed between the hydrazide and
aldehyde groups to fabricate microgels. These microgels are
degradable, monodisperse, and colloidally stable while
exhibiting analogous temperature-responsive properties to
conventional precipitation-based PNIPAM microgels. In
addition, while conventional microgels have a dense core/
diffuse shell structure regulated by the copolymerization
kinetics of the cross-linker and NIPAM, self-assembled
microgels have a homogeneous internal structure of potential
benefit for regulating drug release.>® However, for this method
to be broadly useful for in vivo drug delivery, the integration of
functional groups to enable improved drug uptake, targeting,
and multistimulus response properties is required.

Herein, we demonstrate the fabrication of dual temperature/
pH-responsive microgels by incorporating charge into the
precursor polymers used for the self-assembly. In particular, by
using mixtures of precursor polymers with different types and
degrees of functionalization, we show the potential to fabricate
cationic, anionic, and amphoteric microgels with well-defined
charge densities by simple mixing of different ratios of cationic,
anionic, and neutral precursor polymers during the assembly
process. Amphoteric microgels, which have previously been
fabricated using conventional precipitation polymeriza-
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tion,”*** offer particular interest given the superior repellency

of many amphoteric polymers to protein adsorption (key for
promoting long circulation times in vivo) as well as their
unique pH swelling/deswelling behaviors and charge switchin,
capacity that enables reversible scaven§ing of biomolecules,’
effective nanoparticle sequestration,” and pH-switchable
biomolecule loading/release (e.g., of DNA for gene delivery’®).
We assess both the capacity of our self-assembly technique to
make well-controlled charged microgels and the effect of
charge on the morphologies of the self-assembled microgels
using small-angle neutron scattering, the latter to determine
whether the homogeneous internal microstructures observed
with the neutral self-assembled microgels are maintained when
charged precursor polymers are used in the self-assembly
process. To the best of our knowledge, this is the first report
using an oligomeric self-assembly technique to fabricate pH-
ionizable degradable microgels yielding well-defined degrada-
tion products.

B EXPERIMENTAL SECTION

Materials. N-Isopropylacrylamide (NIPAM, 99%), acrylic acid
(AA, 99%), 2-(dimethylamino) ethyl methacrylate (DMAEMA, 98%),
thioglycolic acid (TGA, 98%), aminoacetaldehyde dimethyl acetal
(99%), sodium cyanoborohydride (95%), 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO, 98%), methacryloyl chloride (purum),
acryloyl chloride (97%), triethylamine, and tert-butyl carbazate
(98%) were purchased from Sigma-Aldrich (Oakville, ON). NIPAM
was purified by dissolving 1 g/mL in toluene at 60 °C, adding a 2:3
ratio of hexane to toluene, placing the solution in an ice bath for 1-2
h, filtering/rinsing with hexanes, and drying the recrystallized NIPAM
monomer under N, overnight. Adipic acid dihydrazide (ADH, Alfa
Aesar, 98%), N'-ethyl-N-(3-dimethylaminopropyl)-carbodiimide
(EDC, Carbosynth, Compton CA, commercial grade), 2,2-azobisiso-
butyric acid dimethyl ester (AIBMe, Wako Chemicals, 98.5%), and
ethanol (Commercial Alcohols, Brampton, ON) were purchased and
used without further purification. Milli-Q grade distilled deionized
water (DIW) was used for all experiments.

Hydrazide Acrylate Monomer Synthesis. The hydrazide
acrylate monomer (tert-butyl-2-acryloylhydrazine-1-carboxylate) was
synthesized by adding triethylamine (2.40 mL, 17.3 pumol, 1.1 equiv)
to a solution of boc-carbazate (2.07 g, 15.7 pmol) in CH,Cl, (75 mL)
under a nitrogen atmosphere and then cooling the solution to 0 °C.
Acryloyl chloride (1.27 mL, 15.7 ymol) was added dropwise over S
min, and the reaction was allowed to stir at 0 °C for 30 min.
Following, the crude reaction mixture was filtered to remove the
triethylamine hydrochloride salt and the filtrate was concentrated by
rotary evaporation. The product was purified via silica gel column
chromatography (2:1 to 1:1 Hex/EtOAc) to give 1.52 g of the desired
product (52% yield). The '"H NMR spectra confirming the successful
synthesis of the monomer are provided in the Supporting Information
Figure S1.

Prepolymer Synthesis. All polymers were prepared via free-
radical copolymerization of NIPAM (4.5 g) in 20 mL of ethanol using
thioglycolic acid (TGA, 80 uL) as the chain transfer agent and 2,2-
azobisisobutyric acid dimethyl ester (AIBME, 0.056 g) as the initiator
(reaction temperature = 60 °C).

Cationic Hydrazide-Functionalized PNIPAM ((+)-PNIPAM-Hzd).
The base recipe was used together with 0.5 g AA and 2 mL
DMAEMA. The acrylic acid residues were subsequently converted to
hydrazide groups by dissolving 1 g of PNIPAM-co-AA—DMAEMA,
20 g of adipic acid dihydrazide (ADH, S-fold molar excess), and 11 g
of EDC in 200 mL of Milli-Q water. The pH was adjusted to 4.75 and
maintained throughout the reaction (4—5 h) via the addition of 1 M
HCI as required to facilitate the conjugation of ADH to the acrylic
acid residues. The resulting solution was dialyzed against Milli-Q
water over six 6 h cycles (12—14 kDa MWCO) and lyophilized for
dry storage. Conductometric titration indicated that 95 mol % of
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Figure 1. Schematic for (A) single-charge microgel self-assembly and (B) amphoteric microgel self-assembly illustrating the seed polymer blending
technique used to control relative charge, including the chemistry of the hydrazide and aldehyde-functionalized polymers and reversible aldehyde—

hydrazide chemistry used in the self-assembly process.

acrylic acid monomer units in the polymer were hydrazide-
functionalized.

Anionic Hydrazide-Functionalized PNIPAM ((—)PNIPAM-Hzd).
The base recipe was used together with 1.3 g of the hydrazide acrylate
monomer and 0.5 g of AA. After the overnight polymerization, the
polymer was dissolved in S mL of a 50:50 DCM:TFA mixture for 2—3
h to remove the t-butyl protecting group and expose the hydrazide
group. Once the solvent was blown off with air in the fumehood
overnight, the polymer was dissolved in water and dialyzed over six
cycles against Milli-Q water using a 12—14 MWCO membrane and
Iyophilized to dryness for storage.

Cationic Aldehyde-Functionalized PNIPAM ((+)-PNIPAM-Ald).
The base recipe was used together with 2.1 mL of DMAEMA and
0.95 g of N-(2,2-dimethoxyethyl)methacrylamide (DMEMAm). After
the overnight polymerization, the polymer was dissolved in 1 M HCI
for 24 h to hydrolyze the pendant acetal group in DMEMAm into
aldehyde groups. The resulting solution was dialyzed against Milli-Q
water over six 6 h cycles using a 12—14 kDa MWCO membrane and
lyophilized to dryness for storage.

Anionic Aldehyde-Functionalized PNIPAM ((—)-PNIPAM-Ald).
The base recipe was used together with 0.5 g of AA and 0.95 g of
N-(2,2-dimethoxyethyl)methacrylamide (DMEMAm). Polymeriza-
tion and workup were conducted analogously to that described for
the cationic PNIPAM-Ald polymer.

Prepolymer Characterization. Base-into-acid conductometric
titration (ManTech Associates) using 0.1 M NaOH as the titrant and
50 mg of the functionalized microgel suspended in 1 mM NaCl as the
sample was used to measure the stoichiometric incorporation of the
titratable comonomers AA and DMAEMA (mol %) into the polymer
as well as before and after ADH functionalization to identify the
efficiency of hydrazide functionalization for (+)-PNIPAM-Hzd.
Nuclear magnetic resonance ('"H NMR, Bruker AV600 in dg-
DMSO) was used to confirm the identity and composition of the
hydrazide acrylate monomer as well as the copolymers. Gel
permeation chromatography using a Waters 590 HPLC pump, three
Waters Styragel columns (HR2, HR3, HR4; 30 cm X 7.8 mm (i.d.); S
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pum particles) maintained at 40 °C, a Waters 410 refractive index
detector operating at 35 °C, and DMF as the solvent was used to
measure the molecular weight of the precursor polymers.

Cloud Point Measurements. The cloud point of the function-
alized PNIPAM polymers was measured using UV—vis spectropho-
tometry (Varian Cary Bio 100). Transmittance and absorbance
measurements were performed over a temperature range of 25—80 °C
(2 °C intervals, 1 °C/min ramp rate), with the onset cloud point
defined as the temperature at which the transmittance of the sample
was 95%.

Microgel Fabrication. To fabricate neutral or single-charge
microgels, hydrazide-functionalized PNIPAM polymer (with or
without cationic or anionic charge) was dissolved at 1 wt % in $
mM NaCl, adjusted to the target assembly pH using 0.1 M NaOH or
0.1 M HCI, and heated to S °C+ cloud point (based on the onset
cloud point measured via UV—vis spectrophotometry). The precursor
polymer switched from transparent to cloudy, confirming the
generation of nanoaggregates upon heating. Upon this phase change
(~3—5 min), the aldehyde-functionalized polymer (dissolved in 1 wt
% in water but without pH adjustment) was added dropwise over 1—2
min, after which the reaction was allowed to continue for 15 min in
the heated oil bath. A cross-linker:seed polymer (Ald:Hzd) mass ratio
of 0.2 was used for all assemblies, consistent with previous studies that
indicated that this ratio of cross-linker:seed polymer yielded microgels
with the best monodispersity.>*

To fabricate amphoteric microgels, cationic and anionic PNIPAM-
Hzd polymers were mixed at the desired charge ratio of the final
microgel while maintaining the same overall mass concentration (1 wt
%) used for the single-charge microgels and S mM NaCl as the
assembly solvent (with suitable pH adjustment per the target
assembly conditions) to partially screen the opposite charges in the
prepolymer solution and avoid microscopic coacervate formation.
Assembly was conducted as described for the single-charge microgels
using neutral PNIPAM-Ald as the cross-linker (Figure 1).

Microgel Characterization. Particle size was measured by
dynamic light scattering using a Brookhaven 90Plus particle analyzer

https://dx.doi.org/10.1021/acs.macromol.0c02304
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running Particle Solutions Software (Version 2.6, Brookhaven
Instruments Corporation) with a 659 nm laser and a 90° detection
angle. Each measurement was performed at a count rate between 200
and 500 kilocounts/s for 2 min, and all microgels were measured in S
mM NaCl with pH values adjusted using 0.1 M NaOH and 0.1 M
HCI. The intensity-weighted particle sizes and polydispersities were
reported as averages of the six replicate measurements, with the
reported error representing the standard deviation of these replicates.
Electrophoretic mobility was measured using a ZetaPlus {-potential
analyzer (Brookhaven Instrument Corporation) operating in phase
analysis light scattering (PALS) mode. Samples were prepared in 5
mM NaCl and tested in triplicate, with each run consisting of 15
cycles; the experimental uncertainties represent the standard deviation
of the replicate measurements. Both the diameter and the {-potential/
mobility of the microgels were investigated as a function of pH, with
0.1 M NaOH and 0.1 M HCI used to adjust the pH as required.
Microgel degradation was measured by adding a volume of S mL of 1
M hydrochloric acid to 1 mL of a 10 mg/mL microgel suspension and
tracking the particle size as a function of time using dynamic light
scattering as described above. As additional confirmation, gel
permeation chromatography was conducted using an Agilent 1260
infinity II GPC system with an Agilent 1260 infinity RI detector
(controlled at 30 °C) and a Superpose 6 increase 10/300 GL (GE
healthcare) column. The solvent was 1X PBS with 0.05% sodium
azide at a flow rate of 0.5 mL/min, and the system was calibrated with
narrow PEG standards from 3 to 60 kDa. The degradation products
following 24 h of treatment with 1 M HCI were also assessed to
determine the efficacy of the breakdown of the microgels into their
precursor polymer components.

Small-Angle Neutron Scattering (SANS). SANS experiments
were conducted using the 30 m SANS NGB30 at the NIST Center for
Neutron Research (NCNR, Gaithersburg, MD).* Sample-to-detector
distances of 1 and 4 m with a neutron wavelength of 6 A were used
together with the 13 m lens configuration of the instrument with a
neutron wavelength of 8.4 A to measure a q range between 0.001 and
1 A7". The microgels were self-assembled in D,O and loaded into
NCNR’s custom titanium/quartz sample holders (diameter 19 mm
and thickness 2 mm, corresponding to a volume of ~800 uL per
sample). The low q range data were acquired by counting for ~20
min using the 13 m distance, the medium g range data were acquired
by counting for ~15 min using the 4 m distance, and the high g range
data were acquired for ~S min using the 1 m detection distance. The
three ranges were reduced and mer§ed using Igor Pro Version 6.37
and macros provided by NCNR.*>*

Ultrasmall-Angle Neutron Scattering (USANS). USANS
experiments were conducted on the microgels using the BTS
USANS at the NIST Center for Neutron Research (NCNR,
Gaithersburg, MD).* The neutron wavelength used was 2.4 A +
6%, with the q range spanning between ~0.00003 and 0.002 A™" to
overlap the lower end of the accessible g range from SANS (0.001
A™1). The data were reduced and mer%ed using Igor Pro Version 6.37
and macros provided by the NCNR.*>**

Neutron Scattering Data Analyses. Data corresponding to all
single-charged self-assembled PNIPAM microgel samples were fitted
using a fuzzy sphere model with an additional Ornstein—Zernike
Lorentzian term, as has been previously used for neutral self-
assembled PNIPAM microgels®

scale
1%

2 2 L
I(q) = (Ap)(A*(9))S(q) + ¥ )" + bkg

Alq) =

3[sin(gR) — gR cos(qR)] . _(O-fuzzyq)z
(aR)’ 2

Here, R is the mean radius of the sphere, L is the scale of the
Lorentzian, ¢ is the Lorentzian correlation length, and m is the

Lorentzian exponent. The fuzziness oy, was set to 0 for all fits,
reducing the expression to that of a homogeneous sphere.

For amphoteric self-assembled microgels whose scattering profile
does not fit the Lorentzian model, a weak interaction was introduced
to the model as a square well potential®®

o r < 2R
U(q) ={—€2R<r < 2Ra
0 +>2Ra

where ¢ is the well depth, a is the well width, and R is the particle size.
The square well potential is a representation of the Coulombic
potential, in which the well depth represents the strength of the
electric potential between two incompressible spheres and the well
width is the probability of this interaction. The combined structure
factor is then defined as the product of the structure factor of a fuzzy
sphere (as described above) and the structure factor of a square well
potential fluid as described in Sharma el al.**

Cell Cytotoxicity Experiment. The MTS cell proliferation
colorimetric assay kit (BioVision) was used to test the cell viability
in the presence of the charged self-assembled PNIPAM microgels.
C2C12 myoblast cells were cultured at 1 X 10* cells/well in a 96-well
plate with a volume of 150 4L DMEM/well without any additional
factors for 24 h, after which the charged self-assembled PNIPAM
microgels were added at each specific concentration to increase the
final volume to 200 pL/well. The plates were then incubated for 24 h
until 20 4L of MTS reagent was added to each well and incubated for
2 h at 37 °C in standard culture conditions. The absorbance of the
treated and untreated cells was measured using a plate reader
operating at 490 nm.

B RESULTS AND DISCUSSION

Polymer Characterization. Conductometric titration data
measuring the concentration of anionic or cationic comonomer
incorporated into the charged precursor PNIPAM polymers is
summarized in Table 1.

Table 1. Charged PNIPAM Polymer Characterization

mol % charged comonomer M,

polymer incorporation (kba)  PD

(+)-PNIPAM- 19 +2 158 13
Hzd

(~)-PNIPAM- 17 + 3 143 14
Hzd

(+)-PNIPAM-Ald 21+ 1 172 19

(=)-PNIPAM-Ald 17+2 167 17

Each charged polymer was successfully functionalized with
close to the target (20 mol %) cationic or anionic functional
comonomer; as such, mass-by-mass mixing of the polymers (in
particular, the two hydrazide polymers used for fabricating
amphoteric microgels) will yield near-stoichiometric charge
balances. These numbers are consistent with the 'H NMR
spectra of these polymers (Supporting Information Figures
$2—S5), which confirm the incorporation of functional
monomer as well as the appropriate reactive functional groups
for enabling cross-linking. All polymers also have a very similar
molecular weight well below the renal cutoff (<40 kDa),
permitting facile mixing of the polymers as well as clearance of
the degradation products resulting from microgels prepared
with any combination of the precursor polymers. The
percentage of the precursor polymer mass incorporated into
microgels (47—62% depending on the composition used;
Table S1) is slightly lower than typically observed with
unfunctionalized conventional precipitation-based microgels
(70-80%""*"); however, the incorporation of charged
comonomers has less of an impact on the percentage of
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polymer mass incorporated into the microgel than is often
observed with conventional microgels.”*

The cloud point values for the seed PNIPAM polymers (1
wt %) at different pH values are summarized in Table 2 (see

Table 2. Cloud Points for Functionalized PNIPAM
Polymers Measured at Different pH Values

seed polymer pH4 (°C) pH7(°C) pH 10 (°C)
(0)-PNIPAM-Hzd 58 58 58
(-)-PNIPAM-Hzd ) 75 >80
(+)-PNIPAM-Hzd >80 70 57
(—/+)-PNIPAM-Hzd (1:1) 62 N/A 62
(0)-PNIPAM-Ald 45 45 45
(-)-PNIPAM-Ald 48 55 >80
(+)-PNIPAM-Ald >80 58 45

the Supporting Information Figure S6 for full absorbance
versus temperature profiles). The cloud point values for the
charged PNIPAM-AId polymers were included for reference
but are not as important to the ultimate success of the self-
assembly fabrication process; we have previously demonstrated
that the proximity of the self-assembly temperature to the
cloud point of the seed (hydrazide-functionalized) precursor
polymer(s) is the key driver to forming monodisperse

microgels."® Given the very high observed cloud point values
for the precursor polymers in their charged states, data were
collected at different pH values to identify the best pH
conditions for enabling self-assembly of the charged precursor
polymers.

When the charged hydrazide precursor polymers were in the
ionized state (pH 10 for (—)-PNIPAM-Hzd and pH 4 for
(+)-PNIPAM-Hzd), no measurable cloud point was observed
up to 80 °C, as the ionization of the functional comonomer
shifts the hydrophilic/hydrophobic balance as to make the
polymers functionally nonthermoresponsive in water. Con-
versely, when the charged hydrazide precursor polymers were
neutralized (pH 4 for (—)-PNIPAM-Hzd and pH 10 for
(+)-PNIPAM-Hzd), measurable cloud point values in the 50—
60 °C were observed. A similar general trend was observed
with the charged aldehyde precursor polymers, albeit at
somewhat lower temperatures corresponding to the reduced
hydrogen-bonding potential of aldehyde groups compared to
that of hydrazide groups.”” When the anionic and cationic
hydrazide prepolymers were mixed in equal ratios, the cloud
points of the overall mixtures are equivalent at both pH 4
((+)-PNIPAM-Hzd charged, (—)-PNIPAM-Hzd uncharged)
and pH 10 ((—)-PNIPAM-Hzd charged, (+)-PNIPAM-Hzd
uncharged), consistent with an approximately equal amount of
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Figure 2. Properties of cationic self-assembled PNIPAM microgels fabricated by mixing (left column, A, D, G) (+)-PNIPAM-Hzd (seed)/(0)-
PNIPAM-Ald (cross-linker); (middle, B, E, H) (0)-PNIPAM-Hzd (seed)/(+)-PNIPAM-Ald (cross-linker); (right column, C, F, I) (+)-PNIPAM-
Hzd (seed)/(+)-PNIPAM-Ald (cross-linker). The top row (A—C) shows the hydrodynamic diameter, the middle row (D—F) shows the
polydispersity, and the bottom row (G—I) shows the electrophoretic mobility, all as a function of pH.
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Figure 3. Properties of anionic self-assembled PNIPAM microgels fabricated by mixing (left column, A, D, G) (—)-PNIPAM-Hzd (seed)/(0)-
PNIPAM-Ald (cross-linker); (middle, B, E, H) (0)-PNIPAM-Hzd (seed)/(—)-PNIPAM-Ald (cross-linker); (right column, C, F, I) (—)-PNIPAM-
Hzd (seed)/(—)-PNIPAM-Ald (cross-linker). The top row (A—C) shows the hydrodynamic diameter, the middle row (D—F) shows the
polydispersity, and the bottom row (G—I) shows the electrophoretic mobility, all as a function of pH.

both acidic and basic functional comonomers present in the
mixture. Blending of cationic and anionic PNIPAM at pH 7
resulted in macroscopic polymer aggregation such that no
cloud point could be measured; no self-assemblies were
subsequently performed at this pH value for the amphoteric
microgels.

Single-Charge Microgels. Cationic PNIPAM Microgels.
Three single-charged cationic PNIPAM microgels were
fabricated using the described self-assembly protocol, all at a
temperature of S °C + cloud point of the seed (hydrazide)
polymer: (1) (+)-PNIPAM-Hzd/(0)-PNIPAM-Ald (cationic
core polymer, neutral cross-linking polymer); (2) (0)-
PNIPAM-Hzd/(+)-PNIPAM-Ald (neutral core polymer, cat-
ionic cross-linking polymer); and (3) (+)-PNIPAM-Hzd/
(+)-PNIPAM-Ald (cationic core and cross-linking polymers).
The starting pH was controlled to pH values of 4, 7, and 10 to
determine the effects of the starting pH on the final microgel
properties. Figure 2 shows the diameter, polydispersity, and
electrophoretic mobility as a function of pH for all cationic
self-assembled microgels. Note that the particle size of the
microgel is governed by the size of the nanoaggregate formed
upon heating of the hydrazide-functionalized polymer
precursor above its LCST, with the polar hydrazide groups
stabilizing the nanoaggregates at a particular size that is then
“locked” in place by the addition of the cross-linker (aldehyde-
functionalized) polymer. Provided that self-assembly is
conducted at a pH value at which the seed (hydrazide)
polymer(s) are ionized, the use of charged precursor polymers
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as the seed both (1) increases the water content of the
nanoaggregate and (2) increases the stability of the nano-
aggregates due to enhanced electrostatic stabilization; the
overall size of each microgel produced thus represents the
balance of these competing effects in the nanoaggregate phase.

The hydrodynamic diameter decreased as a function of pH
for all cationic microgels tested, consistent with the
incorporation of cationic charge into the microgels (the pK,
of DMAEMA is ~8). Correspondingly, the electrophoretic
mobility of the microgels was cationic at acidic pH values and
decreased as the pH was increased; the slight negative mobility
values observed at highly basic pH values are attributable to
charge screening with hydroxyl ions in solution.”® However,
significant differences were observed in the polydispersities and
absolute sizes achieved depending on the chemistry and
conditions used during the assembly. When the cationic
polymer was used only as the seed polymer and a neutral cross-
linking polymer was used ((+)-PNIPAM-Hzd/(0)-PNIPAM-
Ald), particle sizes were maintained in the 280—360 nm range
and polydispersities of <0.1 were consistently achieved at all
assembly pH conditions, indicating good monodispersity in the
population of fabricated microgels. In comparison, when both
the seed polymer and the cross-linking polymer are cationic
((+)-PNIPAM-Hzd/(+)-PNIPAM-Ald), significantly larger
polydispersities (0.2—0.35) are observed, particularly at pH 4
at which both polymers are charged and the nanoaggregates
are likely to be less clearly defined. Significantly larger effects
on particle size as a function of the assembly pH are also
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Figure 4. (A) Diameter versus pH measurements for amphoteric (+)/(—)-PNIPAM-Hzd (1:1 ratio)/(0)-PNIPAM-Ald self-assembled PNIPAM
microgels prepared in S mM NaCl at self-assembly pH values of 4 or 10; (B) electrophoretic mobility versus pH measurements for amphoteric self-
assembled PNIPAM microgels prepared in S mM NaCl using different mass ratios of (+)-PNIPAM-Hzd to (—)-PNIPAM-Hzd as the seed polymer
(lines are guides to the eye); (C) isoelectric point of amphoteric self-assembled PNIPAM microgels as a function of percentage of (+)-PNIPAM-
Hzd precursor polymer used to fabricate the microgel (the remainder of the polymer being (—)-PNIPAM-Hzd).

observed for the double cationic cross-linking system, with
assemblies performed at pH 10 (both polymers uncharged)
resulting in larger particle sizes, while assemblies performed at
pH 7 (both polymers partially charged) resulting in smaller
particles (~200 nm). Using cationic polymer only as the cross-
linking polymer ((0)-PNIPAM-Hzd/(+)-PNIPAM-Ald) re-
sults in the production of microgels with lower electrophoretic
mobilities and lower pH-induced deswelling responses as the
pH is increased, consistent with the lower total charge content
of these microgels given the 1:5 mass ratio between the cross-
linker:seed polymer masses during self-assembly; however,
similarly higher sizes (300—450 nm) and polydispersities
(0.25—0.35) to the double cationic polymer system were
observed. Overall, the data suggest that using the neutral
aldehyde polymer cross-linker (whose cloud point is
substantially lower than that of the cationic aldehyde polymer
across any partially ionized pH value; Table 2) results in more
pH-responsive and much more monodisperse microgel
populations. We hypothesize that the neutral aldehyde
polymer is a better steric stabilizer and thus can better prevent
interparticle aggregation during the cross-linking process.
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Anionic PNIPAM Microgels. Analogous to the cationic self-
assembled PNIPAM microgels, anionic self-assembled PNI-
PAM microgels were fabricated using the self-assembly method
at a temperature of S °C + cloud point of the hydrazide (seed)
polymer, with the resulting microgel properties shown in
Figure 3. In this case, consistent with conventional anionic
microgels, the hydrodynamic diameter increases as a function
of pH (consistent with the pK, ~ 4.25 of the anionic acrylic
acid comonomer™*); correspondingly, the electrophoretic
mobility of the microgels was neutral at acidic pH values
and increasingly anionic as the pH was increased. Consistent
with results shown for the self-assembled cationic microgels
(Figure 2), the (—)-PNIPAM-Hzd/(0)-PNIPAM-Ald micro-
gels (ionic seed polymer, neutral cross-linking polymer) self-
assembled at a pH at which the acrylic acid residues were
ionized (pH 7 or pH 10) exhibited substantially lower
polydispersity and higher reproducibility than if an ionic
polymer cross-linker is used, regardless of whether the seed
polymer is charged. Indeed, the relatively low polydispersities
(0.07—0.14) achieved under this self-assembly condition
suggest the potential of the self-assembly method to create
well-defined microgel populations even when functionalization
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is introduced. The absolute sizes achieved with anionic self-
assembly are also much lower than those achieved using
cationic self-assembly, a result we attribute to the improved
electrostatic stabilization provided by anionic functional groups
in the presence of the background salt.>’

Amphoteric Microgels. The “mix-and-match” nature of
hydrazone cross-linking allows for the fabrication of ampho-
teric microgels by simply mixing cationic and anionic
hydrazide-functionalized precursor polymers. This seed poly-
mer blending approach is advantageous relative to chemically
synthesizing a hydrazide precursor polymer containing both
cationic and anionic charges in that the same polymers used for
single-charge microgel fabrication can be used to fabricate
amphoteric microgels with any desired charge ratio by simple
mixing. Given the polyelectrolyte interactions between cationic
and anionic precursor polymers that can lead to coacervate
formation in water, a S mM NaCl background salt solution was
used for all assemblies to partially screen such coacervation and
promote the formation of more stable microgel particles.
Figure 4A shows the resulting diameter versus pH profiles of
amphoteric (+)/(—)-PNIPAM-Hzd (1:1 ratio)/(0)-PNIPAM-
Ald microgels self-assembled at pH 4 or pH 10. In both cases,
the diameter followed a U-shaped profile as a function of pH,
analogous to conventional precipitation PNIPAM microgels,52
with aggregation due to charge coacervation (indicated by the
gray box) observed = 1 pH unit from neutral pH (expected to
be the isoelectric point of the equal charge amphoteric
microgel). Assemblies at pH 4 (cationic polymer charged,
anionic polymer neutral) result in microgels with sizes and
polydispersities similar to those achieved when only cationic
seed polymers are used at the same pH (Figure 2); similarly,
assemblies at pH 10 (anionic polymer charged, cationic
polymer neutral) yield microgels with sizes similar to those
produced with only anionic precursor polymers at the same pH
(Figure 3). Thus, the polymer that introduces charge into the
nanoaggregate appears to govern the properties of the resulting
microgels produced.
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Figure 4B shows the corresponding electrophoretic mobility
as a function of pH for cationic, anionic, and amphoteric self-
assembled microgels using (0)-PNIPAM-Ald as the cross-
linker (the condition consistently leading to the lowest
polydispersity microgels in Figures 2 and 3) and a 0.20
Ald:Hzd ratio in 5 mM NaCl at 70 °C without any pH
adjustment during assembly.

Cationic microgels were fully charged at low pH, while
anionic microgels were fully charged at high pH, consistent
with the different pK, values of the comonomers. The self-
assembled amphoteric PNIPAM microgel prepared at a 1:1
cationic:anionic charge ratio had intermediate electrophoretic
mobility values with an isoelectric point of ~7, consistent with
the aggregation results observed in the particle size curve
(Figure 4A). Electrophoretic mobility measurements as a
function of pH demonstrate that changing the ratio of
(+)-PNIPAM-Hzd and (—)-PNIPAM-Hzd used as the seed
polymer can lead to microgels with different cationic:anionic
charge ratios and thus isoelectric points (Figure 4B).
Isoelectric points of 4.6, 6.3, and 8.1 were observed for (+):
(=) charge ratios 1:4, 2:3, and 3:2, respectively, yielding a
nearly linear correlation between the cation/anion ratio and
the isoelectric point (Figure 4C). Consequently, instead of
synthesizing a conventional microgel with defined amounts of
anionic and cationic charges for each desired charge ratio, the
self-assembly of varying ratios of cationic and anionic seed
polymer can achieve well-controlled amphoteric microgels of
any charge density/ratio based on mixing a defined number of
functionalized precursor polymers using a fast (~10 min)
assembly process.

Degradation. To assess the ability of these charged self-
assembled PNIPAM microgels to degrade back into the
precursor polymer (as observed with the uncharged self-
assembled microgels™*), the single-charge (+)-PNIPAM-Hzd/
(0)-PNIPAM-Ald and (—)-PNIPAM-Hzd/(0)-PNIPAM-Ald
as well as amphoteric (+)/(—)-PNIPAM-Hzd (1:1 ratio)/(0)-
PNIPAM-Ald microgels were exposed to 1 M HCI to perform
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Figure 6. SANS and USANS scattering profiles for charged self-assembled PNIPAM microgels cross-linked using a neutral PNIPAM-AId precursor
polymer assembled at pH 4 or pH 10 and subsequently measured at pH 4 or pH 10.

an accelerated degradation. Figure SA shows the molecular
weight distributions (measured against PEG standards) of both
the original precursor polymers and the degradation products
from the microgel hydrolysis after 24 h of exposure time. While
a small tail at higher molecular weights was observed for the
degraded cationic microgel (consistent with the potential
charge repulsion between the polymer and the H+ degradation
catalyst), the results show successful cleavage of the microgels
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back into the starting PNIPAM-Ald and (+,—) PNIPAM-Hzd
precursor polymers; each of the precursor polymers and
degradation products has a mode between ~19 and 20 kDa.
This molecular weight trend is consistent with the visual
appearance of the microgels, with the fully soluble precursors
creating translucent microgel suspensions upon self-assembly
that return to transparent solutions following degradation
(Figure SB); see the Supporting Information Figure S7 for
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Figure 7. SANS and USANS scattering profiles for charged self-assembled PNIPAM microgels cross-linked using the same charged PNIPAM-Ald
precursor polymer assembled at a pH value at which both precursor polymers are nonionized.

corresponding pictures of other microgels and their degrada-
tion products. As such, the charged microgels can degrade back
into clearable lower-molecular-weight products over time.

Internal Morphology. To assess the internal morphology of
the self-assembled microgels, assemblies were repeated in D,O
(with pH adjusted to 4 or 10 using 0.1 M NaOH or HCl as
previously described) to enable neutron scattering contrast;
anionic microgels self-assembled at pH 4 were omitted due to
the previously described aggregation observed in those
samples. The resulting microgels were subsequently charac-
terized at low and high pH (corresponding to their fully
charged or fully neutral states) using small-angle neutron
scattering (SANS) and, in some cases in which curve fitting
was challenging with the g range of SANS, ultrasmall-angle
neutron scattering (USANS). The neutron scattering curves of
microgels cross-linked with neutral PNIPAM-Ald (i.e.,
formulations that consistently yielded the smallest and most
monodisperse microgels, as per Figures 2, 3, and 4—4) are
shown in Figure 6 (see the Supporting Information Table S2
for best-fit parameters).

Unlike the uncharged self-assembled PNIPAM microgels,35
the charged self-assembled PNIPAM microgels required two
different models to fit the scattering profiles depending on the
charges present, demonstrating that the internal morphology of
these microgels differs depending on the charge interactions.
Anionic and cationic self-assembled PNIPAM microgels were
successfully fit according to a homogeneously cross-linked
internal structure, as per the neutral microgels; however,
amphoteric self-assembled PNIPAM microgels required an
additional weak interaction modeled as a square well potential
to enable proper fits. This interaction factor, previously used to
model electrostatic interactions in hard-sphere systems,* is
required to accurately model the additional electrostatic
interactions (and thus the presence of local charge domains
within the otherwise radially homogeneous structure) between
the oppositely charged seed precursor polymers that are only
present in the amphoteric PNIPAM microgels.

Microgels fabricated with a charged cross-linker yielded less
regular scattering curves, consistent with the significantly
higher polydispersities observed for most of these microgels.
For the double charge microgels, only the (+)-PNIPAM-Hzd/
(+)-PNIPAM-Ald microgel assembled at pH 10 and the
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(=)-PNIPAM-Hzd/(—)-PNIPAM-Ald microgel assembled at
pH 4 produced reproducible (nonaggregating) scattering
curves, as shown in Figure 7 (see the Supporting Information
Figure S8 for scattering curves from other assembly pH values
for the double charge microgel system). Both these conditions
are those in which the charged precursor polymer has no net
charge (and thus a lower temperature and much more
discontinuous phase transition) under the assembly conditions
(Supporting Figure S6). This result is also consistent with the
lower polydispersities observed in the dynamic light scattering
(DLS) data for these microgels (Figures 2 and 3).

Considered together, low polydispersity and homogeneous
network single-charge self-assembled microgels are best
prepared from systems in which (1) the seed polymer
undergoes a clear phase transition prior to cross-linker addition
and (2) a cross-linking polymer is used that is uncharged at the
assembly conditions. Note that the microgels produced using
any assembly condition that produced well-defined microgels
based on the above criteria could be successfully fit using a
homogeneous sphere model without requiring the consid-
eration of a “fuzzy” outer layer (albeit also requiring the
incorporation of a square well potential for the amphoteric
microgels to capture the charge interaction effects on the initial
nanoaggregate structure). As such, the tendency of self-
assembled microgels to form homogeneous microgels can be
maintained even in the presence of charged precursor
polymers. In contrast, using a cross-linking polymer (partic-
ularly the one with the opposite charge of the seed polymer)
typically results in highly aggregative structures that are
difficult to fit with any model (see the Supporting Information
Figure S9 and Table S3). While charge interactions to form the
initial nanoaggregate can be successfully managed under the
right assembly conditions (i.e., using charge to effectively
internally cross-link the nanoaggregate without inducing a loss
of colloidal stability), charge interactions between the cross-
linking and seed polymers under the assembly conditions must
be avoided to maintain sufficient stability between the
nanoaggregates and produce reproducible monodisperse
microgels.

Cell Cytotoxicity. To confirm the potential use of these
degradable self-assembled microgels in biomedical applica-
tions, the cytotoxicity of anionic, cationic, and amphoteric
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microgels fabricated under the optimal fabrication conditions
(i.e., neutral (0)-PNIPAM-AIld cross-linker, pH 7) was assessed
via the MTS assay using C2C12 mouse myoblast cells. Figure 8
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Figure 8. C2C12 cell viability (relative to a cell-only control) of
charged self-assembled PNIPAM microgels cross-linked with neutral
PNIPAM-Ald precursor polymer assembled and tested at pH 7.

shows that all of the self-assembled microgels tested
(regardless of charge) maintained high cytocompatibility,
with cell viabilities of >80% observed at all microgel
concentrations tested. In particular, desgpite the reported
cytotoxicity of some cationic microgels,”” > no significant
decrease in cell viability was observed for the cationic self-
assembled PNIPAM microgels, suggesting their potentially
safer use in biomedical applications. Coupling this result with
the dual microenvironment-responsive nature of the charged
microgels (Figures 2 and 3) and the demonstrated
degradability of these self-assembled microgels (Figure $),
we anticipate future utility for such microgels for drug delivery
applications.

B CONCLUSIONS

Charged self-assembled PNIPAM microgels can be fabricated
by functionalizing the precursor hydrazide and aldehyde
PNIPAM polymers with DMAEMA and AA to introduce
cationic and anionic charges, respectively. Cationic single-
charged PNIPAM microgels deswell as a function of pH, while
the anionic single-charged PNIPAM microgels swell as a
function of pH, consistent with the pK, values of the respective
functional monomers and analogous to observations with
conventional precipitation-based PNIPAM microgels. Ampho-
teric self-assembled PNIPAM microgels can similarly be
fabricated by using a mixture of cationic and anionic
PNIPAM-Hzd as the seed polymer in the self-assembly,
resulting in microgels with U-shaped diameter versus pH
curves and an isoelectric point of pH ~ 7; different
cationic:anionic charge density microgels can similarly be
produced to result in any desired isoelectric point or swelling
profile by simply mixing different ratios of the cationic and
anionic PNIPAM-Hzd precursor polymers, oftering a high level
of control over microgel deswelling and/or aggregation at any
specific pH/temperature combination without requiring the
“from-scratch” synthesis of distinct microgels as required with
the conventional precipitation polymerization synthetic route.
The microgel properties achieved are directly analogous to
those achievable with conventional precipitation-based micro-
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gels while also offering the potential for degradation back into
low-molecular-weight precursor polymers via hydrazone cross-
link hydrolysis over time. This combination of desirable pH
swelling responses and degradability suggests the potential use
of these charged self-assembled PNIPAM microgels in
applications including ion exchange, drug delivery (particularly
in terms of targeting infection sites or rapidly metabolizing
tumor sites that are characterized by higher local temperature
and lower local pH), and environmental sorption.
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