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As hydrolytically-labile, traditionally-cationic polymers, poly(f-amino ester)s (PBAEs) adeptly complex
anionic compounds such as nucleic acids, and release their cargo as the polymer degrades. To engineer
fully-degradable polyelectrolyte complexes and delivery vehicles for cationic therapeutics, we sought to
invert PBAE net charge to generate net anionic PBAEs. Since PBAEs can carry up to a net charge of +1 per
tertiary amine, we synthesized a series of alkyne-functionalized PBAEs that allowed installation of 2
anionic thiol-containing molecules per tertiary amine via a radical thiol-yne reaction. Finding dialysis in
aqueous solution to lead to PBAE degradation, we developed a preparative size exclusion chromato-
graphy method to remove unreacted thiol from the net anionic PBAEs without triggering hydrolysis. The
net anionic PBAEs display hon-monotonic solution behavior as a function of pH, being more soluble at
pH 4 and 10 than in intermediate pH ranges. Like cationic PBAEs, these net anionic PBAEs degrade in
aqueous environments with hydrophobic content-dependent hydrolysis, as determined by *H NMR spec-
troscopy. Further, these net anionic PBAEs form complexes with the cationic peptide (glycine-arginine);o,
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which disintegrate over time as the polymer hydrolyzes. Together, these studies outline a synthesis and
purification route to make previously inaccessible net anionic PBAEs with tunable solution and degra-
dation behavior, allowing for user-determined complexation and release rates and providing opportunities
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Introduction

As it becomes critical to engineer polymers with controlled
lifetimes to address challenges in plastic waste pollution, drug
delivery, templating porous materials, and more, poly(f-amino
ester)s (PBAEs) are an attractive polymer class due to their
facile synthesis, rapid degradation timescales, and compo-
sitional diversity. PBAEs feature a protonatable amine in each
repeating unit, imparting pH-responsive cationic character and
allowing them to capably complex anionic species, such as
DNA."® Indeed, PBAEs have been used extensively for gene
delivery>>™”°'* and as degradable components in polyelectro-
lyte multilayer assemblies.>* %3

Formed simply from amines and acrylates, PBAEs can
incorporate a variety of functional groups, as evidenced by
several published combinatorial libraries with hundreds of
monomer permutations.>*'**® Notably absent from these
libraries, however, are monomers containing multiple anionic
groups, such as carboxylic acids or sulfonates, which reduce
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for degradable polyelectrolyte complexes and cationic therapeutic delivery.

organic solubility (limiting synthesis and processing con-
ditions) and/or are not commercially available. This inability
to incorporate net anionic charge prevents PBAEs from carry-
ing cationic therapeutics (e.g., antimicrobial peptides
which have a short half-life in the bloodstream, limiting
clinical implementation’”?**) and complexing cationic
polymers.*?%?°

As PBAEs contain one or more protonatable amine in each
repeating unit, accessing net anionic PBAEs requires the
addition of two anionic groups per tertiary amine." We
reasoned that generating alkyne-functionalized PBAEs and
using thiol-yne chemistry to add two anionic thiols to each
alkyne would provide a suitable synthetic route to net anionic
PBAESs.”®>° Moreover, alkyne-functionalized amines (e.g., pro-
pargylamine which has previously been used as a PBAE
monomer®®) and anionic thiol-containing molecules (e.g.,
sodium 3-mercapto-1-propanesulfonate, MPS) are commer-
cially available, contributing to the synthetic accessibility of
this approach. As these net anionic PBAEs have pH-dependent
opposite charges, we investigate solution behavior as a func-
tion of pH. To demonstrate the potential of these materials to
act as degradable components of polyelectrolyte complexes
and drug delivery vehicles, we complex them with the cationic
peptide (GR);,. Together, these studies provide a template for
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generating net anionic PBAEs as well as PBAEs with other, pre-
viously inaccessible, functionalities.

Experimental section

Materials

Poly(ethylene glycol) diacrylate (PEGDA, M;, = 250 g mol ™", P =
1.46 with 100 ppm monomethyl ether hydroquinone [MEHQ]
as a radical inhibitor), 1,6-hexanediol diacrylate (HDDA, with
100 ppm MEHQ, >80%), propargylamine (>98%), dimethyl-
sulfoxide-d6 (DMSO-d6, 99.9 atom% D), potassium dihydrogen
phosphate (>99%), dipotassium hydrogen phosphate (>98%),
37 wt% ACS reagent grade hydrochloric acid (HCl), sodium
acetate (>99%), sodium carbonate (>99.5%), sodium bicarbonate
(=99.7%), 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(photoinitiator, 98%), 5,5'-dithiobis(2-nitrobenzoic acid)
(Ellman’s reagent, >98%), deuterium oxide (D,O, 99.9 atom%
D, contains 1 wt% 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt), dimethylformamide (DMF, >99.8%), diethyl
ether (>99.0%, contains butylated hydroxytoluene as inhibi-
tor), triisopropylsilane (98%), piperidine (>99%), 2,2’-(ethyle-
nedioxy)diethanethiol (95%), diisopropyl carbodiimde (99%),
deuterium chloride (DCl, 35 wt% in D,O, >99 atom% D),
sodium deuteroxide (NaOD, 40 wt% in D,0, 99 atom% D), and
trifluoroacetic acid (TFA, 99%) were purchased from Sigma
Aldrich. Sodium hydroxide (NaOH, >98%), glacial acetic acid
(>299.7%), sodium chloride (NaCl, >99.0%), sodium 3-mer-
capto-1-propanesulfonate (MPS, >85%), and dimethylsulfoxide
(DMSO, >99.9%) were purchased from VWR. Formic acid (LC/
MS grade, >99.0%) and methanol (LC/MS grade, >99.9%) were
purchased from Fisher Scientific. Water (LC/MS grade) for
mass spectrometry was purchased from Alfa Aesar. Rink resin
SS (0.5 mmol g~* loading, 100-200 mesh, 1% divinylbenzene),
Fmoc-Arg(Pbf)-OH, Fmoc-Gly-OH, and Oxyma Pure were pur-
chased from Advanced Chemtech. All reagents were used as
received. Water was obtained from an in-house reverse
osmosis (RO) system. Bio-Gel® P-2 media (fine, 45-90 pm
[wet]) was purchased from Bio-Rad Laboratories.

Characterization

"H nuclear magnetic resonance (NMR) spectroscopy was con-
ducted on a 500 MHz Varian NMR spectrometer or an
800 MHz Bruker Avance III NMR spectrometer equipped with a
5 mm HCN cryoprobe in DMSO-d6 or D,0O. Chemical shifts
were referenced to the solvent residual peak (2.50 or 4.79 ppm
for DMSO or D,0, respectively).

BC NMR spectroscopy was conducted on an 800 MHz
Bruker Avance III NMR spectrometer equipped with a 5 mm
HCN cryoprobe in DMSO-d6. Chemical shifts were referenced
to the residual DMSO peak at 39.52 ppm.

Fourier-transform infrared (FTIR) spectroscopy was con-
ducted on a PerkinElmer Frontier spectrometer using 16 scans
and 1 cm™" resolution.

Size exclusion chromatography (SEC) was performed using
a TOSOH EcoSec system eluting in TFE with 0.02 M sodium tri-
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fluoroacetate (NaTFAc) at 0.3 mL min~'. The system was
equipped with a refractive index detector, a TSKgel
SuperAWM-H (4.6 mm x 3.5 cm, 9 um diameter beads) mixed-
bed guard column, and two TSKgel SuperAWM-H (6 mm X
15 cm, 9 pm diameter beads) mixed-bed columns. Number
average molecular weight (M,) and dispersity (D) were deter-
mined relative to poly(methyl methacrylate) (PMMA) stan-
dards. As we previously found TFE to degrade PBAE esters,® we
ran samples immediately after dissolution. Though the
polymer likely degrades somewhat in TFE, other solvents like
THF do not dissolve the net anionic PBAEs. Therefore, we kept
the time between dissolution and sample injection minimal
(<5 min) to reduce artificial differences in molecular weight
measurements between samples.

Solution pH was measured with a Mettler Toledo Benchtop
pH meter calibrated with buffered standards (pH = 1.68, 4.01,
7.00, and 10.01).

Alkyne PBAE synthesis

Alkyne-functionalized PBAEs were synthesized by solvent-free
Michael Addition polymerization of PEGDA, HDDA, and pro-
pargylamine according to a procedure adapted from Safranski
et al®' To vary hydrophobicity, polymerizations were con-
ducted with 0 to 100 mol% hydrophobic HDDA per diacrylate
monomer. For example, to synthesize a PBAE containing
75 mol% HDDA-containing repeat units, PEGDA (0.89 g,
3.4 mmol), HDDA (2.32 g, 10 mmol), and propargylamine
(0.92 mL, 14 mmol) were added to a 20 mL scintillation vial
and stirred at 90 °C for 24 h. To prevent crosslinking or
branching during the subsequent radical reaction, an amine:
diacrylate molar ratio of 1.05:1 was selected to promote acry-
late consumption and favor amine end-groups. However, 'H
NMR spectroscopy after the polymerization revealed peaks at
5.77-5.85, 6.06-6.18, and 6.34-6.44 ppm, characteristic of acry-
lates (Fig. S1BY). To consume the remaining acrylates, we end-
capped the polymers with propargylamine (in the case of 75%
HDDA, 0.46 mL, 7.2 mmol) at room temperature for 1 h, as
done by Green and coworkers.'® Disappearance of the acrylate
peaks in the "H NMR spectra confirmed acrylate consumption
following the end-capping reaction (Fig. S1Ct). Of note, we
found both heating and/or longer end-capping reaction times
led to later SEC retention times, indicative of chain scission,
likely mediated by the excess nucleophilic amine (ESI section
S17). To minimize ester hydrolysis, the polymers were stored at
4 °C if not used immediately (Fig. S37).

Synthesis of net anionic PBAEs using thiol-yne click chemistry

Amine-terminated alkyne-functionalized PBAEs (ca. 1 g,
5 mmol alkynes, 1 mol eq.), MPS (4 mol eq.), and photo-
initiator (0.7 mol eq.) were dissolved in DMSO (200 mg reac-
tants per mL solvent) in a 50 mL round bottom flask. The
mixture was deoxygenated with Ny, for 30 min prior to
exposure to 365 nm UV light (Analytik Jena UVP Crosslinker,
CL-3000L) for 1 h, with stirring via a battery-operated stir plate
(Bel-Art H37017-0000). To encourage alkyne conversion, we
dosed the mixture with additional photoinitiator (0.35 molar

This journal is © The Royal Society of Chemistry 2023
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equivalents relative to alkynes) under Ny prior to exposure to
365 nm UV light for another 1 h with stirring.>” This dosing
procedure was repeated one additional time for a total photo-
initiator loading of 1.4 equivalents per alkyne and 3 h of UV
exposure in the thiol-yne functionalization (see ESI section
S2+ for more information).

To aid in polymer "H NMR spectra peak assignments, we
performed a model thiol-yne reaction under the same con-
ditions as the polymer functionalization with the small mole-
cules propargylamine and MPS (ESI section S27).

Purification

Unreacted MPS was removed from the functionalized polymer
following UV exposure using preparative SEC according to the
following procedure. Samples were passed through a 4" x 1”
P-2 Bio-gel size exclusion resin bed packed into a column with
a coarse frit (see ESI section S4} for column packing details).
Prior to loading onto the column, DMSO was removed from
the reaction mixture (the resin is not compatible with organic
solvents) by precipitation into cold acetone (5 mL reaction
mixture per ca. 40 mL acetone) and centrifugation for 5 min at
4816g. After decanting the solution, the pellets were dried over-
night in the fume hood. Dry pellets from two centrifuge tubes
were combined and dissolved in preparative SEC running
solvent (5 mL, 20 mM NacCl adjusted to pH 4 or pH 9 with HCI
or NaOH, respectively, vacuum degassed for ca. 30 min with
house vacuum line based on manufacturer’s instructions).
After the pellets were fully dissolved, the pH was readjusted to
4 or 9 and the mixture briefly degassed (ca. 5 min) under
400 mmHg vacuum. A serological pipette was then used to
transfer the solution dropwise to the column bed before
adding 100 mL running solvent to gravimetrically elute the
polymer. Sample collection was started shortly before the
colored polymer reached the bottom of the column (after ca.
20 mL had eluted from the column) and was stopped before
30 mL had eluted (the elution volume of MPS, see ESI section
S4t for elution volume determination details). The collected
polymer-containing fraction (ca. 10 mL) was immediately
frozen in liquid nitrogen and lyophilized.

Ellman’s reagent assay

Unreacted thiol remaining after SEC purification was quanti-
fied with an Ellman’s reagent assay according to the following
procedure, adapted from the manufacturer’s instructions. A
sample of lyophilized, purified, polymer was dissolved in
100 mM pH 8 potassium phosphate buffer at 1 mg mL™". This
solution (180 pL) was added to each of 6 wells of a 96 well
plate (Costar clear flat bottom black polystyrene 96 well plates).
Ellman’s reagent solution (20 pL, 4 mg mL~" in 100 mM pH 8
potassium phosphate buffer) was added to each of 3 of these
wells while buffer (20 pL, 100 mM pH 8) was added to each of
the remaining 3 wells as a blank. Absorbance at 405 nm was
read using a Biotek Synergy 4 plate reader. The triplicate
measurements were averaged and the difference in absorbance
between the Ellman’s reagent-containing and buffer samples
compared to a calibration curve of known concentrations of

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

MPS with Ellman’s reagent (Fig. S51) to calculate the mass
fraction of thiol remaining in the purified polymer samples.
Samples containing less than 4 wt% unreacted thiol were used
for further experiments.

Absorbance measurements

Solution properties of the anionic PBAEs were evaluated as a
function of pH and time by measuring absorbance at 550 nm on
a Biotek Synergy 4 plate reader in different buffers (1 mg mL ™
polymer in 50 mM pH 4, 6, 7, 8, or 10 buffer) in a 96 well plate
(Costar clear flat bottom black polystyrene 96 well plates).
Solutions (200 pL) were added to each of 3 wells. Absorbance was
then measured at 550 nm at specified time points (1 h apart) and
reported as an average of the triplicate measurements.

PH titrations

To study the pH-responsive behavior after functionalization
with sulfonates and as a function of hydrophobicity, polymers
were titrated with HCI (0.5 M) using a Mettler Toledo EasyPlus
Titrator Easy pH instrument. Before titrating, samples (ca.
20 mg) were dissolved in RO water (15 mL) with NaOH (5 mL,
0.5 M). Samples were automatically titrated using the Easy pH
interface with control set to “normal” and samples were stirred
continuously during titration. See ESI section S15f for
additional experimental and analysis details.

NMR degradation studies

Net anionic PBAE degradation was monitored over 100 h in
basic aqueous conditions using "H NMR (800 MHz) spec-
troscopy according to the following procedure. Samples (20 mg
mL™") degraded in pD 10 carbonate buffer (500 mM) in D,0,
prepared by combining 2.3 mmol sodium bicarbonate and
2.7 mmol sodium carbonate with 10 mL of D,O. Solution pD
was estimated from the measured pH by:***

pD ~ measured pH + 0.4.

The estimated pD was adjusted to 10, as needed, immedi-
ately after samples were dissolved. The apparent solution pH
of the most hydrophilic sample was measured with a pH meter
(pH electrode InLab NMR, Mettler Toledo) prior to each time
point; we found negligible change in apparent pH occurred
over the timescale of the degradation experiments (ca. 100 h).
'H NMR spectra were then acquired at specified time points
on an 800 MHz Bruker Avance III NMR spectrometer equipped
with a 5 mm HCN cryoprobe. Chemical shifts were referenced
to the residual HOD peak at 4.79 ppm. The disappearance of
protons near the hydrolysable esters was tracked as done simi-
larly by Rydholm, Anseth, and Bowman.*® Ester hydrolysis was
monitored by the decrease in relative integration of the peak
corresponding to protons alpha to the ester carbonyl
(4.44-3.98 ppm). We tracked the percentage of esters remain-
ing intact at a given time by normalizing peak integration to
the initial peak integration by

integration,

- . x 100%
integration,

Esters remaining =
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where integration, is the initial integration of the peak at
4.0-4.4 ppm and integration, is the integration of that same
peak at time ¢.

Cationic peptide synthesis

To demonstrate the ability of net anionic PBAEs to complex
cationic cargo, we prepared an alternating glycine-arginine
peptide, (GR);o. The peptide was synthesized via standard
solid phase Fmoc methods on a Rink amide resin (0.5 mmol
g”' loading) using a CEM Liberty Blue microwave-assisted
peptide synthesizer. The peptide was deprotected and cleaved
from the resin using a solution of 92.5% trifluoroacetic acid,
2.5% 2,2'-(ethylenedioxy) diethanethiol, 2.5% triisopropyl-
silane, and 2.5% RO water (v/v). The peptide was precipitated
in cold diethyl ether, dried under vacuum, and lyophilized,
then stored at —20 °C until ready for use. "H NMR spectroscopy
(800 MHz, D,O): § = 4.48-4.20 (m, 10H, Arg-o-H), 3.83-4.03
(m, 20H, Gly-o-H), 3.16-3.25 (m, 20H, Arg-5-H), 1.75-1.95 (m,
20H, Arg-p-H), 1.59-1.74 (m, 20H, Arg-y-H). '"H NMR spectra
were referenced to the D,O residual at 4.79 ppm. Calculated m/z
for (GR)yo [M + H]": 2149.2, observed: 2149.3. See ESI section
S12 and Fig. S17-S19t for additional experimental details and
"H NMR, mass, and circular dichroism spectra of (GR)y,.

Complexation with cationic peptide

Solutions of polymer and peptide (both 1 mg mL™") were pre-
pared separately in 50 mM pH 10 carbonate buffer. Solutions
(200 pL) of polymer, peptide, or their mixtures (1:1 by
volume, corresponding to a 1:1 charge ratio) were added to
each of 3 wells in a 96 well plate and absorbance was measured
and reported in the same manner as for the solution pro-
perties studies described above.

Additional experimental details, including buffer prepa-
ration, peptide synthesis details, and spectroscopic character-
ization, are provided in the ESL

Results and discussion
Net anionic PBAE synthesis

To generate net anionic PBAEs vig thiol-yne chemistry, we first
synthesized a suite of alkyne-functionalized PBAEs by polymer-
izing diacrylate monomers with propargylamine which were
later reacted with an anionic thiol-containing molecule via
radical thiol-yne chemistry (Scheme 1). As a tuning parameter
for solution and degradation behavior, we generated these
PBAEs with varied hydrophobicity by adjusting the ratio of
hydrophilic PEGDA and hydrophobic HDDA. Since thiol-yne
chemistry proceeds by a radical mechanism, the precursor
alkyne PBAEs need amine end-groups (as opposed to acrylates)
to avoid crosslinking or branching during the thiol-yne reac-
tion. The "*C NMR spectra of these polymers show peaks at
74.9 and 79.4 ppm (Fig. 1a and Fig. S11-S137), characteristic
of alkynes, while number-average molecular weight (M)
measured via SEC eluting in TFE relative to PMMA standards
are similar across the suite of polymers (Table 1 and
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Scheme 1 Net anionic PBAE synthesis.

Fig. S151). We attribute the higher dispersity of the alkyne
PBAE with 75% HDDA repeating units to aggregation in SEC
solvent (ESI section S11%). With the alkyne-functionalized
PBAEs in hand, we proceeded to our thiol-yne step with an
anionic sulfonate-thiol, MPS.

To install anionic groups on our polymers, we used thiol-
yne chemistry to attach two anionic thiols (MPS) to the alkyne
in each repeating unit. While step-growth polymerization of
PBAEs occurs without solvent, we added solvent in the post-
polymerization thiol-yne step to dissolve the sulfonate thiol
MPS and, as previously noted,”® to improve conversion by
increasing polymer mobility. Our choice of solvent was severely
limited by MPS solubility, as MPS is usually only soluble in
water or water-containing solvent mixtures, which we avoided
to prevent PBAE hydrolysis. We therefore narrowed down our
solvent selection to DMSO, in which MPS is soluble at
0.1 ¢ mL™" at room temperature, though we note that dis-

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 NMR spectroscopy characterization of alkyne-functionalized and net anionic PBAEs: (A) *C NMR (200 MHz) spectra of (top) the alkyne func-
tionalized PBAE (0% HDDA) and (bottom) the corresponding net anionic PBAE; and (B) *H NMR (500 MHz) spectra of (top) the crude alkyne functio-
nalized PBAE (0% HDDA) end-capped with excess amine (unreacted amine peaks are marked with a star; we attribute the d peak labeled with a tri-
angle to d protons near the chain ends) and (bottom) the corresponding net anionic PBAE. Disappearance of alkyne resonances and appearance of
resonances from MPS indicate successful modification of the alkyne PBAEs with MPS.

solution often took >1 h with stirring/vortexing. We used
excess MPS (2x) to further encourage alkyne consumption
which, along with the polymers, remained soluble in DMSO
throughout the thiol-yne reaction.

This journal is © The Royal Society of Chemistry 2023

Net anionic PBAE purification

Following the thiol-yne reaction, we needed to remove excess
unreacted thiol. Purification following similar post-polymeriz-
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Table 1 Alkyne-functionalized PBAEs and the corresponding net anionic PBAEs

Alkyne- Purified HDDA-containing repeat units
Target HDDA-containing functionalized Alkyne- anionic PBAE M,, ¢ in purified anionic PBAE?
repeat units [mol%| M,“[gmol™] functionalized B [g mol™] Purified anionic 5 [mol%]
0 5600 3.1 5300 2.7 0
50 4400 2.7 4300 2.3 48
75 4400 6.0° 3600 2.1 71
100 3700 3.3 4500 4.8 100

“ Estimated by SEC in TFE with 0.02 M NaTFAc relative to PMMA standards. ? Determined by 'H NMR spectroscopy from the relative integrations
of the peaks at 3.9-4.4 ppm in the PEGDA-containing repeating units and at 1.2-1.7 ppm in the HDDA-containing repeating units. ¢ The higher
dispersity is attributed to aggregation in SEC eluent as the high molecular weight shoulder is absent when run in tetrahydrofuran, discussed

further in ESI section S11.}

ation reactions commonly involves dialysis for extended times
in aqueous solution. However, even under acidic conditions
where PBAEs are generally stable,® analytical SEC elution time
increased after just 5.5 h of dialysis (Fig. S51), indicating
degradation had occurred. We then turned to another size-
based separation method common in protein engineering, pre-
parative SEC, which allows faster purification than dialysis
(minutes as opposed to days). In a further effort to reduce
hydrolysis during purification, we ran our columns in acidic
water (with 20 mM NacCl, adjusted to pH 4). To check for degra-
dation during purification, we used analytical SEC and found
similar retention times between even the most hydrophilic
alkyne-functionalized PBAE (0% HDDA) and the corres-
ponding purified net anionic PBAE in SEC, indicating minimal
hydrolysis during purification (Fig. S10f). To quantify the
efficacy of our purification, we used an Ellman’s reagent assay
to demonstrate >90% removal of the excess thiol from the
polymer. We do, however, note relatively low yields from this
purification method (ca. 40%) which likely could be improved
by optimizing column size, flow rate, and sample concen-
tration, though potentially at the cost of purity. For the struc-
ture-property relationships we describe next, the importance
of purity outweighed the cost of low yields, so we proceeded
with this purification method for subsequent polymers.

With a purification strategy established for the most hydro-
philic (0% HDDA) net anionic PBAEs, we moved to purifying
our more hydrophobic derivatives. We purified net anionic
PBAEs with 50% HDDA-containing repeating units similarly to
our 0% HDDA net anionic PBAEs and also found no change in
SEC elution time between the alkyne and sulfonate functiona-
lized PBAEs (Fig. S10t). Unlike the 0 and 50% HDDA polymers,
we found a loss of the high molecular weight shoulder after
purifying our net anionic PBAE with 75% HDDA. However,
upon closer inspection, we suspect this is due to aggregation
of the alkyne-functionalized polymer in the trifluoroethanol
SEC eluent, discussed further in ESI section S11,} and is not
indicative of degradation during purification, further sup-
ported by the absence of multiple carbonyl peaks in the
3C NMR spectrum (Fig. $121). For net anionic PBAEs with both
50 and 75% HDDA, we saw large reductions in thiol, similarly
to the most hydrophilic net anionic PBAE. When we attempted
to purify the 100% HDDA anionic PBAE, however, we noticed
the presence of precipitates under acidic conditions. These
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precipitates were unable to pass through the column and only
eluted after passing copious amounts (ca. 1 L) of 0.1 M NaOH
as a cleaning solution through the column. Since these hydro-
phobic polymers remain very soluble in basic aqueous solution
(pH > 9), we attempted a similar purification but eluting in
20 mM NaCl adjusted to pH 9 instead of pH 4, anticipating
that some degradation might occur under these alkaline con-
ditions. The analytical SEC chromatogram, however, showed
no change in elution time (Fig. 2B) while Ellman’s assay
revealed large reductions in thiol content, indicating that our
use of acidified water to slow degradation was likely unnecess-
ary and base can be used to improve solubility without trigger-
ing degradation on these short timescales.

Net anionic PBAE spectroscopic characterization

After purifying our suite of net anionic PBAEs, we used NMR
and IR spectroscopy to confirm the consumption of alkynes
and installation of anionic groups. The disappearance of the
characteristic alkyne peaks at 74.9 and 79.4 ppm in the
3C NMR spectra (Fig. 1A) and 3280 cm™" in the IR spectra
(Fig. S97) after the thiol-yne reaction and purification indicate
quantitative alkyne consumption. Since Ellman’s assay showed
minimal remaining thiol after purification, the appearance of
MPS associated peaks indicates successful thiol-yne
functionalization. To quantify thiol attachment efficiency, we
compared the relative integration of the MPS peak at 1.83 ppm
in the "H NMR spectra to the integration of the protons alpha
to the ester (labeled n and a in Fig. 1B, respectively) and found
70-95% functionalization among all our reactions. Altogether,
the spectroscopic evidence points to successful functionali-
zation of our PBAEs into net anionic, sulfonated PBAEs (see
Fig. S7-S14F for spectra of 50, 75, and 100% HDDA net
anionic PBAEs).

Solution behavior

As our net anionic PBAEs are polyampholytes with both posi-
tive and negative charge, we expected them to have different
solution behavior compared to their parent cationic PBAEs.
Traditional cationic PBAEs have a fairly straightforward
relationship between solubility and pH; as pH decreases and
more backbone amines protonate, the polymers becoming
increasingly soluble in aqueous media.®*® Similar to cationic
PBAEs, our net anionic PBAEs have a pH-dependent protonata-

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2py01319c

Published on 21 December 2022. Downloaded on 11/6/2025 1:13:45 PM.

Polymer Chemistry

A
0.5 +
2 o047
(3]
£3503 4
SS9
£go024
o ®©
e (7]
é 0.1 +
0 I
Theoretical Purified
remaining after polymer
reaction
B
— Alkyne PBAE
= Net anionic PBAE
: : : : :
5 10 15 20 25

Elution time [min]

Fig. 2 Purification of net anionic PBAE by preparative SEC: (A) the
reduction of thiol content averaged across all samples, measured by
Ellman’s assay, after preparative SEC purification, the error bar rep-
resents standard deviation (n = 7); and (B) differential refractive index
analytical SEC chromatogram of the 100% HDDA alkyne functionalized
PBAE and the same polymer after thiol-yne functionalization and pre-
parative SEC under basic (pH = 9) conditions.

ble amine but, unlike traditional PBAEs, have two anionic
groups that remain charged across the pH range tested here
(pH = 4-10). To learn how the installation of these anionic
groups changes PBAE solution behavior, we monitored pH-,
hydrophobicity-, and time-dependent absorbance (at 550 nm)
of our net anionic PBAEs in addition to visual assessments
(photos in Fig. S197). Over the conditions examined here (pH
4-10), the hydrophilic 0% HDDA net anionic PBAE remained
very soluble with minimal variation in absorbance across the
entire pH range. The net anionic PBAEs with more hydro-
phobic units meanwhile, displayed pH- and hydrophobicity-
dependent solution behavior. When PBAE backbone amines
are largely deprotonated at pH 10, all of the net anionic
PBAEs, including the most hydrophobic derivative (100%

This journal is © The Royal Society of Chemistry 2023
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HDDA), had very low absorbance indicating they were soluble
under these alkaline conditions (Fig. 3A). At pH 8, where
some backbone amines begin to protonate, the solutions of
net anionic PBAEs with hydrophobic HDDA units (50, 75, or
100% HDDA) were more turbid than at pH 10. When we
lowered the pH further to 7, we were unable to suspend the
polymers with HDDA units (a portion of the polymer
remained stuck to the vial making absorbance measurements
unreliable). Further acidifying the solution to pH 6, allowed
the net anionic PBAEs with intermediate hydrophobicity (50
and 75% HDDA) to disperse and form a turbid suspension
(Fig. 3A). Meanwhile, the 100% HDDA PBAE remained stuck
to the side of the vial at pH 6. Lowering the pH to 4, where
most PBAE amines are protonated, the 50 and 75% HDDA net
anionic PBAEs were quite soluble with absorbances matching
pH 10 conditions. Based on our purification method develop-
ment, we had already suspected our most hydrophobic
anionic PBAE (100% HDDA) would have low solubility in pH 4
solution and indeed, we were unable to suspend the 100%
HDDA net anionic PBAE in pH 4, 6, or 7 buffers. However,
when titrated with HCI, the 100% HDDA net anionic PBAE
looked visually dissolved once the pH was below ca. 3
(Fig. 3D). These net anionic PBAEs with hydrophobic units
display non-monotonic solution behavior where they readily
dissolve at low and high pH but form turbid suspensions or
cannot suspend in more neutral pH solutions (pH 6-8). Over
time, the measured absorbance of all the polymers that aggre-
gated decreased as the polymer degraded and the aggregates
broke apart (Fig. 3B).

We suspect these behaviors are explained by two oppos-
ing phenomena: like-charge repulsion that extends polymer
chains and promotes solubility at high pH and increased
charge density at low pH increasing solubility, together,
creating a scenario at moderate pH where hydrophobic
interactions dominate (Fig. 3C). When the pH is high (pH =
10), PBAE backbone amines are mostly deprotonated (based
on both published titration curves'®*”*® and our own titra-
tion curves in Fig. 3D and S21}) and the PBAE is a polya-
nion with two anionic charges per repeating unit. To reduce
the proximity of these like-charges, we suspect the chains
stretch out, preferring to interact with surrounding water
than other polymers, known as the polyelectrolyte effect.>™**
At lower pH (pH = 6-8) some of the backbone amines pro-
tonate and the polymers are now polyampholytes with both
cationic and anionic charge. The cationic charge along the
backbone reduces the repulsion of anionic units along the
chain, reducing the level to which the chains extend.*’****
At the same time, reduced neighboring chain repulsion
allow more intermolecular interactions.*” This then allows
the polymers with hydrophobic portions to interact and
create larger structures that result in the turbid solutions we
observe.*® In acidic pH (pH = 4) most amines protonate and
we suspect the increased charge density (a net charge of —1
per repeating unit) compared to the neutral pH range where
only some amines are protonated makes the polymer more
hydrophilic and thus, more soluble, as evidenced by the
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Fig. 3 Solution behavior of net anionic PBAEs: (A) absorbance at 550 nm immediately after dissolution in pH 4, 6, 7, 8, or 10 buffer. Lines between
data points are drawn as guides to the eye. The standard deviation between triplicate measurements (of the same solution) is smaller than the height
of the data points presented here. (B) 3D plot of absorbance measurements at 550 nm as a function of time, where the initial time points are the 2D
data presented in part A; (C) schematic of net anionic PBAE charge states at various pH, which we suspect creates a regime at neutral pH that allows
hydrophobic interactions to dominate; and (D) a titration of the 100% HDDA net anionic PBAE with HCl with photographic insets at pH 10, 7, and 3

to demonstrate solubility changes as a function of pH.

lower absorbance at pH 4 for 50% and 75% HDDA net
anionic PBAEs relative to pH 6 and 8. While the hydro-
phobic 100% HDDA PBAE remains insoluble at pH 4,
further lowering the pH to ca. 3, as in the titration
(Fig. 3D), triggers dissolution and shows this polymer to
display the same non-monotonic solution behavior as the
less hydrophobic 50% and 75% HDDA derivatives. The
tunable pH- and hydrophobicity-dependent behavior of
these materials provides opportunities for designing thera-
peutic carriers and pH-responsive materials.

Degradation monitored by "H NMR spectroscopy

While we anticipated the hydrolytically cleavable nature of
PBAE esters would extend to our net anionic PBAESs, asses-
sing degradation behavior of these materials by SEC pre-
sented challenges as the polymers are insoluble or degrade
in most common organic SEC solvents. Therefore, we evalu-
ated anionic PBAE degradation by monitoring changes in the
'H NMR spectra as a function of time in 500 mM pD 10 car-
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bonate buffer. We selected basic conditions, where we
expected ester hydrolysis to be faster than in more acidic con-
ditions.® We found several signals to increase, decrease, and/
or shift in the "H NMR spectra over the 100 h experiment,
but the disappearance of the signal corresponding to protons
adjacent to the ester (a in Fig. 1B) provided the most straight-
forward way to monitor hydrolysis, as the peak was well sep-
arated from other peaks and decreases in intensity as the
polymer hydrolyzes (Fig. 4). Though degradation occurred on
a similar timescale for all of our net anionic PBAEs, the
hydrophilic PBAEs hydrolyzed faster than more hydrophobic
derivatives, consistent with reports of hydrophobic units
slowing degradation in PBAEs.>"*® For example, after 22 h in
carbonate buffer, 93% of the esters were intact in the 100%
HDDA-containing net anionic PBAEs while only 52% of the
esters remained in the more hydrophilic 0% HDDA derivative
after the same time period. While the degradation data
reported here are the result of one experimental run, we
repeated degradation experiments for two polymers (50 and

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Net anionic PBAE degradation: (A) net anionic PBAE degradation
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PBAEs with 0, 75, or 100% HDDA-containing repeating units at a 1:1
charge ratio.

75% HDDA) and found very good agreement between the two
runs (Fig. S20%). The ability to control hydrolysis rate by
simply adjusting the feed ratio of monomers during PBAE
synthesis will be critical as we start to examine these
materials for applications such as releasing active drug mole-
cules commensurate with patient healing.
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Complexation with model peptide

To gauge the ability of these net anionic PBAEs to complex
and release cationic species, we mixed polymer solutions with
a model cationic peptide, (GR)4¢, in pH 10 solution, where the
net anionic PBAEs are soluble and have the highest anionic
charge density, giving them the best chance at complexing
(GR)10.* Solutions of polymer and peptide alone were both
visually clear at 1 mg mL™" in 50 mM pH 10 carbonate buffer
and mixtures of the most hydrophilic net anionic PBAE (0%
HDDA-containing repeating units), and (GR),, solutions at a
1:1 volume ratio (corresponding to a 1:1 charge ratio) also
remained clear. However, when we mixed solutions of hydro-
phobic net anionic PBAE and (GR),, they became visually
turbid. We quantified turbidity by monitoring absorbance as a
function of time and polymer hydrophobicity (Fig. 5). We
found complexes made from 75% and 100% HDDA net
anionic PBAEs had higher absorbance than hydrophilic 0%
HDDA derivatives, even though the polymer solutions alone
were all very clear with minimal absorbance. As time pro-
gressed, the absorbance of these hydrophobic net anionic
PBAE-peptide complexes decreased, reaching a plateau after
ca. 5 h at which point all mixtures showed the same absor-
bance as that of the starting polymer or peptide alone. These
preliminary complexation experiments demonstrate the poten-
tial for PBAEs, a versatile class of polymers used for anionic
therapeutic delivery, to act as carriers for cationic therapeutics
and degradable polyanions, greatly expanding their use.

Conclusions

Through post-polymerization modifications and chromato-
graphic purification, we access PBAEs with previously
restricted functionality: net anionic charge. While cationic
PBAE solubility improves in acid, the net anionic versions are
quite soluble in basic conditions and exhibit complex solution
behavior that varies non-monotonically with solution pH. We
suspect this solution behavior results from the balance
between like-charge repulsion and charge density changes
allowing hydrophobic interactions to dominate at neutral pH.
The pH-responsive behavior and hydrophobicity-dependent
degradation of these polymers enable user-tuned properties
that evolve over time as the polymers degrade. For example,
these polymers form complexes with a cationic peptide that
disintegrate as the polymer hydrolyzes. Therefore, we envision
these polymers as delivery vehicles for sensitive cationic thera-
peutics, including antimicrobial peptides, and as degradable
net anionic constituents in polyelectrolyte complexes.
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