¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal

Impact of a poly(ethylene glycol) corona block
on drug encapsulation during polymerization
induced self-assembly

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d4sm00654b

Guanrui Li, 2 Cassie Duclos® and Ralm G. Ricarte (2 *

Polymerization induced self-assembly (PISA) provides a facile platform for encapsulating therapeutics
within block copolymer nanoparticles. Performing PISA in the presence of a hydrophobic drug alters
both the nanoparticle shape and encapsulation efficiency. While previous studies primarily examined the
interactions between the drug and hydrophobic core block, this work explores the impact of the
hydrophilic corona block on encapsulation. Poly(ethylene glycol) (PEG) and poly(2-hydroxypropyl
methacrylate) (PHPMA) are used as the model corona and core blocks, respectively, and phenylacetic
acid (PA) is employed as the model drug. Attachment of a dithiobenzoate end group to the PEG
homopolymer - transforming it into a macroscopic reversible addition—fragmentation chain transfer
agent — causes the polymer to form a small number of nanoscopic aggregates in solution. Adding PA to
the PEG solution encourages further aggregation and macroscopic phase separation. During the PISA of
PEG-PHPMA block copolymers, inclusion of PA in the reaction mixture promotes faster nucleation of
spherical micelles. Although increasing the targeted PA loading from 0 to 20 mg mL™* does not affect

Received 30th May 2024, the micelle size or shape, it alters the drug spatial distribution within the PISA microenvironment.

Accepted 22nd August 2024 PA partitions into either PEG-PHPMA micelles, deuterium oxide, or other polymeric species — including
PEG aggregates and unimer chains. Increasing the targeted PA loading changes the fraction of drug

within each encapsulation site. This work indicates that the corona block plays a critical role in dictating
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Introduction

Polymerization induced self-assembly (PISA) offers a facile
approach for encapsulating biomedical cargo within block
copolymer nanoparticles. For aqueous PISA, a water soluble
polymer A is chain-extended by a second block B that is initially
water soluble but grows insoluble as the degree of polymeriza-
tion increases. Eventually, the growing chains nucleate into
spherical micelles in which the A and B blocks constitute
the hydrophilic corona and hydrophobic core, respectively.
PISA yields highly concentrated block copolymer nanoparticle
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solutions. Beyond spherical micelles, altering the relative ratio
of the corona and core block lengths generates cylindrical
micelles and vesicles."'® Because of the ease and versatility
of PISA, it serves as a potentially powerful platform for seques-
tering therapeutics - ranging from hydrophobic small molecule
drugs to large proteins.’® 2 In this work, we study the impact of
the corona block on drug encapsulation during PISA.

The presence of a hydrophobic drug within a PISA reaction
mixture impacts the final nanostructure and encapsulation
efficiency. As a seminal example, Cao et al. used PISA to
physically entrap curcumin within methacrylic block copolymer
nanoparticles. As the curcumin loading was increased from 0 to
0.5 mg mL ", the nanoparticle morphology shifted from sphe-
rical micelles — cylindrical micelles — vesicles.”” Li et al. used
poly(glycerol  monomethacrylate)-block-poly(2-hydroxypropyl
methacrylate) (PGMA-PHPMA) to sequester phenylacetic acid
(PA) with drug loadings ranging from 0 to 40 mg mL ™.
Consistent with Cao et al, the PGMA-PHPMA morphology
transitioned from spherical micelles — cylindrical micelles —
vesicles as the drug loading increased. The authors also used
"H nuclear magnetic resonance diffusion ordered spectro-
scopy ("H NMR DOSY) to evaluate the encapsulation efficiency
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of the drug. The drug loading had a significant effect, with the
encapsulation efficiency reaching a maximum at a targeted
loading of 32 mg mL*. The core block molar mass, however,
had virtually no impact. Based on this surprising result, the
authors hypothesized that some of the PA partitioned into
the corona of the PGMA-PHPMA nanoparticles, rather than
the hydrophobic core.”®

Although the concept of hydrophobic drugs binding to
nominally hydrophilic polymers may seem counterintuitive,
historical precedent supports this phenomenon. Johnson et al.
found that poly(N-isopropylacrylamide) (PNIPAM) synthesized
by reversible addition-fragmentation chain-transfer (RAFT)
polymerization enhanced and stabilized the solubility of the
hydrophobic drug phenytoin. This improvement stemmed
from the RAFT agent end groups of the polymer chains, which
induced the formation of PNIPAM aggregates. The drug readily
partitioned into the hydrophilic PNIPAM region of these
aggregates.”® Extending that idea, Li et al. sequestered hydro-
phobic drugs in the corona of PNIPAM-block-polystyrene spherical
micelles.®® Haider et al found that curcumin and paclitaxel
interacted with the corona of block copolymer spherical micelles
featuring poly(2-oxazoline) as the hydrophilic corona block. Minor
alterations of the alkyl moiety on the hydrophilic block altered the
affinity of the drug to the hydrophilic corona. High drug loadings
dehydrated the corona region, destabilizing the micelles and
causing colloidal aggregation.**

Building upon our previous work,>® we investigate the role of
the hydrophilic corona block on drug encapsulation during
PISA. Poly(ethylene glycol) (PEG) - ubiquitous in pharmaceu-
tical formulations - serves as the model corona block, and
PHPMA acts as the model core block. PA, the model drug,
is sequestered using a PISA physical entrapment approach
(see Scheme 1). PA drug loadings are varied between 0 to
20 mg mL~"' so that spherical micelles are maintained,
thereby removing the impact of nanoparticle shape on encap-
sulation. Solutions of homopolymer PEG (prepared by direct
dissolution) and block copolymer PEG-PHPMA (prepared
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by PISA) are investigated using a combination of dynamic light
scattering, transmission electron microscopy, size-exclusion
chromatography, and 'H NMR DOSY. A macroscopic RAFT
(macro-RAFT) agent of PEG is prepared by attaching a
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPPA) end
group to the polymer. This hydrophobic moiety induces PEG to
form a small number of aggregates in deuterium oxide. The
addition of PA drives PEG to further aggregate and, eventually,
macrophase separate. For PEG-PHPMA PISA, the incorporation
of drug promotes micelle nucleation. While the targeted PA
loading does not affect the size and shape of the PEG-PHPMA
micelles, it significantly alters the partitioning of drug through-
out the PISA solution microenvironment. These findings estab-
lish the crucial role of the hydrophilic corona block in
controlling encapsulation during PISA.

Materials and methods
Materials

2-Hydroxypropyl methacrylate (HPMA) was purchased from
Thermo Fisher Scientific and purified by column chromatogra-
phy (basic aluminum oxide, Brockmann I, 2 X 10 cm column
dimensions) to remove inhibitor. Monomethoxy poly(ethylene
glycol) (PEG, M, = 6.14 kg mol ", P = 1.04) was purchased from
Fisher Scientific and used without any further purification.
4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPPA) was
purchased from Boron Molecular. 2,2’-Azobis[2-(2-imidazolin-
2-yl)propane]dihydrochloride (AIPD) was purchased from TCI
America. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
4-dimethylaminopyridine (DMAP), 3-(trimethylsilyl)propionic-
2,2,3,3-d, acid sodium salt, phenylacetic acid (PA), dichloro-
methane, dimethylformamide (DMF), and methanol were pur-
chased from Sigma-Aldrich. Dialysis bags (molar mass cut off =
3.5 kg mol™") were purchased from Spectrum Labs. Diethyl ether
was purchased from Oakwood Chemicals. Deuterium oxide (D,O)
was purchased from Cambridge Isotope Lasboratories.
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(A) Synthesis of PEG macro-RAFT agent. (B) Simultaneous PEG-PHPMA synthesis and PA encapsulation via PISA.

This journal is © The Royal Society of Chemistry 2024
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Synthesis of poly(ethylene glycol) (PEG) macro-RAFT agent

PEG macro-RAFT agents were synthesized using a standard
esterification protocol.>® To prepare the macro-RAFT agent,
PEG (10 g, 2 mmol) and CPPA (0.838 g, 3 mmol) were dissolved
in 56 mL of dichloromethane to form a solution with a total
solids concentration of 200 mg mL". The solution was trans-
ferred to a 250 mL round-bottom flask and degassed through
three freeze-pump-thaw cycles, followed by backfilling with
argon gas. After immersing the round-bottom flask in an ice
bath, EDC (0.383 g, 2 mmol) and DMAP (0.029 g, 0.24 mmol)
pre-dissolved in dichloromethane were added drop-wise to the
reaction mixture. The round-bottom flask then was removed
from the ice bath, and the esterification reaction proceeded at
room temperature for 48 hours. The resulting reaction mixture
was extracted with 2 x 750 mL of deionized water, concentrated
under reduced pressure, and precipitated in 500 mL of cold
diethyl ether. The polymer solid was re-dissolved in methanol,
transferred to a dialysis membrane (molar mass cutoff =
3.5 kg mol™"), and dialyzed against three 700 mL volumes of
methanol over a 24 h period. After dialysis, the solution was
concentrated under reduced pressure, precipitated in 500 mL
of cold diethyl ether, and dried for 18 h at room temperature
under reduced pressure. The molar mass and composition of the
PEG macro-RAFT agent was characterized using UV size-exclusion
chromatography and "H nuclear magnetic resonance spectroscopy
(*H NMR), respectively. See Section S2 of the ESI{ for PEG macro-
RAFT agent 'H NMR spectra and peak assignments.

Synthesis of poly(ethylene glycol)-block-poly(2-hydroxypropyl
methacrylate) (PEG-PHPMA) spherical micelles via
polymerization induced self-assembly (PISA)

PEG-PHPMA spherical micelles were prepared using PISA.
To achieve spherical micelle morphologies, a PHPMA degree
of polymerization (Npppma) Of 45 was targeted. PEG macro-
RAFT agent (0.2000 g, 0.0326 mmol), HPMA (0.2106 g,
1.4635 mmol) and AIPD (0.00035 g, 0.0109 mmol, [RAFT|[AIPD] =
3:1) were dissolved in D,O (3.727 g, 3.5 mL, 90 w/v%), and
transferred to a 10 mL Schlenk flask. The solution was sparged
with argon for 30 minutes and immersed into a silicon oil bath at
50 °C for 3 hours to reach ~100% HPMA monomer conversion.
The reaction was quenched by exposure to air. PEG-PHPMA
samples were stored at ambient temperature and pressure.
All PEG-PHPMA samples were characterized within 1 week of
synthesis. See Section S2 of the ESIt for PEG-PHPMA 'H NMR
spectra and peak assignments.

Encapsulation of phenylacetic acid (PA) in PEG-PHPMA
spherical micelles during PISA

Physical entrapment of PA in PEG-PHPMA spherical micelles
was achieved via PISA. PA loadings of 10, 16, and 20 mg mL "
and Npppma = 45 were targeted to maintain a spherical micelle
morphology. To sequester 16 mg mL " of PA in PEG-PHPMA,
PA (0.0552 g, 0.4053 mmol) and HPMA monomer (0.2106 g,
1.4635 mmol) were mixed in a 10 mL Schlenk flask. A solution
of PEG macro-RAFT agent (0.2000 g, 0.0326 mmol) and AIPD
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(0.00035 g, 0.0108 mmol, [RAFT]/[AIPD] = 3 : 1) dissolved in D,0O
(3.727 g, 3.5 mL, 90 w/v%) were added to the HPMA and PA
mixture. The solution was sparged with argon for 30 minutes
and immersed into a silicon oil bath at 50 °C for 3 hours to
reach ~100% HPMA conversion. The reaction was quenched
by exposure to air. PEG-PHPMA and PA PISA samples were
stored at ambient temperature and pressure. All PEG-PHPMA
and PA PISA samples were characterized within 1 week of
synthesis. See Section S2 of the ESIt for PEG-PHPMA and PA
PISA sample '"H NMR spectra and peak assignments.

PEG-PHPMA and PA PISA kinetics and molar mass evolution

HPMA monomer conversion and PEG-PHPMA molar mass
evolution during PISA were evaluated as a function of the
targeted PA loading. To study the PISA kinetics of PEG-
PHPMA spherical micelles with a targeted PA loading of
16 mg mL ™", PA (0.1104 g, 0.8106 mmol) and HPMA monomer
(0.4213 g, 2.927 mmol) were mixed in a 50 mL Schlenk flask.
A solution of PEG macro-RAFT agent (0.4000 g, 0.0650 mmol)
and AIPD (0.0070 g, 0.0217 mmol, [RAFT]/[AIPD] = 3:1) dis-
solved in D,O (7.4547 g, 6.9 mL, 90 w/v%) were added to the
HPMA and PA mixture. After the solution was sparged with
argon for 30 min, the side arm of the Schlenk flask was opened
to introduce a positive pressure of argon, the top glass stopper
was removed, and 0.2 mL aliquot of the reaction mixture was
collected. The flask was immediately resealed and submerged
in a silicone oil bath at 50 °C. Over a period of 2 hours, aliquots
of the PISA mixture were collected every 20 minutes. HPMA
monomer conversion was quantified by 'H NMR using
6 mg mL ™" of 3-(trimethylsilyl)propionic-2,2,3,3-d, acid sodium
salt as an internal standard, while the molar mass was deter-
mined using UV size-exclusion chromatography.

Size-exclusion chromatography (SEC) of PEG-PHPMA

SEC of PEG-PHPMA was performed using a Malvern Viscotek
VE 2001 GPCmax equipped with two successive Viscotek
T6000M columns (40 °C dimethylformamide and 0.05 M LiBr
mobile phase). The instrument also featured a pump, degasser,
autosampler, and thermostatted column chamber. Molar
masses were estimated using a Viscotek UV Detector 2600. UV
SEC traces were collected using a detector wavelength of 268 nm.
Molar masses are based on poly(ethylene oxide) standards. For
SEC traces that exhibited a bimodal distribution, the peaks were
deconvoluted using the procedure described in Section S8 of
the ESL

Transmission electron microscopy

PEG-PHPMA and PA PISA solutions were diluted 100-fold by
deionized water. 13 pL of solution were deposited onto a square
200 mesh copper grid with a 3-4 nm thick layer of amorphous
carbon film; the grid was pre-treated with 25 s of plasma glow
discharge to enhance surface energy. After 1 min, the grid was
blotted with filter paper to remove excess sample solution.
To improve image contrast through negative staining, 9 uL of
0.75 w/v% uranyl formate solution was added to the sample-
loaded grid. After 20 s, the grid was blotted with filter paper to
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remove excess staining solution. TEM grids were dried at ambient
temperature and pressure overnight. Bright-field TEM imaging
was conducted using a Hitachi HT7800 TEM at an accelerating
voltage of 120 kV. Spherical micelle radius R was determined
using the Image] open-source software.

Dynamic light scattering (DLS)

PEG and PA solutions - prepared by direct dissolution - were
stirred for at least 16 h, and then passed through 0.22 pm PTFE
hydrophilic filters into clean glass culture tubes. PEG-PHPMA
and PA solutions - prepared by PISA - were diluted 50-fold by
deionized water before passing through 0.22 pm PTFE hydro-
philic filters into clean glass culture tubes. Dynamic light
scattering was performed using an ALV/LSE-5004 light scatter-
ing instrument. g, autocorrelation functions were collected at
angles between 30° to 135° in increments of 15°. The scattering

vector (g) is defined as
4 0
q= f sin (5) (1)

where 0 is the collection angle and 4 = 633 nm is the wavelength
of the incident laser. g, data were analyzed using the Siegert
relation

2(q,7) — 1= plgi(g,7)|* + BG (2)

where g; is the normalized electric field autocorrelation function,
f is the optical coherence, and BG is a background term. For
the PEG and PA solutions, g; was described using a double
exponential model

21(9,7)]* = (forsexp(—T'17) + (1 — fous) exp(—1'7))?
(3)

where 7 is the delay time, fprs is the fractional intensity of the
first mode, I'; is the decay rate of the first mode, and I'; is the
decay rate of the second mode. For PEG-PHPMA and PA PISA
solutions, g; was described using a cumulant model

u 2
|g1 (q7 T)‘zz exp(—ZFr)(l +i‘62> (4)
u
PDI = ﬁ +1 (5)

where I' is the average decay rate, p is the variance of the I
distribution, and PDI is the polydispersity of the I" distribution.
For both models, diffusion coefficients (Dp.s) were calculated
by performing a linear regression between the decay rates
and g. The z-average hydrodynamic radius (R,) was estimated
using the Stokes-Einstein relationship

kT

= 6
611, DpLs (©)

h
where k& is the Boltzmann constant, T is temperature, and ¥ is
the solvent viscosity. Ry, distributions at a scattering angle
of 90° were obtained using the ALV-5000 software to perform
inverse Laplace transforms on the g, data.*
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'H nuclear magnetic resonance diffusion ordered spectroscopy
("H NMR DOSY)

Sample solutions in sealed 5 mm diameter NMR tubes were
characterized using a Bruker AVIII B600 nuclear magnetic
resonance spectrometer with a 600 MHz magnet and a 5 mm
BBO probe with a Z-gradient. Measurements were performed at
a temperature of 25.00 £ 0.01 °C. DOSY was conducted using
the ledbpgp2s pulse sequence (longitudinal eddy current delay
experiment acquired in 2 dimensions).

Diffusion coefficients for PEG, PEG-PHPMA, and PA were
obtained by collecting a series of one-dimensional spectra, each
an average of 8 scans. The pulse gradient strength (g) was
increased from 2 to 95% of the maximum strength using a 90°
pulse angle, 3 s relaxation delay, and 10 ppm chemical shift.
For all collected spectra, values of the gradient pulse A = 0.2 s,
pulse gradient length 6 = 0.005 s, and gyromagnetic ratio y =
4258 G cm™ ' were used.

For cases in which the DOSY echo decay signal exhibited a
single exponential decay, the data were analyzed using the
Stejskal-Tanner model

1
In (7) = —Dposyb (7)
0

b = 4?5 g*n? (A - g) (8)

where I is the peak intensity, I, is the peak intensity at zero
gradient strength, D is the diffusion coefficient, and b is the
diffusion parameter (s m~>). For cases in which a single
exponential decay was not observed, the data were analyzed
using a double exponential model

In (%) =In(/posyexp(—Dposy,15) + (1 —fposy ) exp(—Dposy.2b))
)

where fposy is the fractional intensity of the first decay mode,
Dposy,1 is the diffusion coefficient of the faster decay mode,
and D, is the diffusion coefficient of the slower decay mode.

Results

Effect of phenylacetic acid on poly(ethylene glycol) (PEG) self-
assembly

To understand how nominally hydrophilic polymers interact
with hydrophobic drugs, the solution behavior of the PEG
macro-RAFT agent in the presence of phenylacetic acid (PA)
was evaluated. Solutions of PEG and PA in D,0O were prepared
via direct dissolution. In this section, samples are labeled as
PEG Cpa, Where Cp, is the targeted PA loading in units of
mg mL .

Fig. 1 depicts solutions containing PEG with varying Cpa
values. While the hydroxy-terminated PEG (PEG-OH) solution is
clear, the PEG macro-RAFT agent solutions are pink due to the
4-cyano-4-(phenylcarbonothioylthio)pentanoic  acid (CPPA)
end group. The addition of phenylacetic acid (PA) alters the

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) Photograph and (B) DLS Ry, distributions at a 90° scattering angle of PEG and PA solutions.

turbidity. PEG 10 is transparent, but samples with Cps equal
to or greater than 16 mg mL ™" (the solubility of PA in D,0)*® are
opaque - indicating macrophase separation.

Fig. 1B plots the hydrodynamic radius (R;) distribution of
filtered PEG solutions, as measured at a scattering angle of 90°
by dynamic light scattering (DLS). PEG-OH has a monomodal
Ry, distribution. Fitting eqn (2) to the g, autocorrelation func-
tions produces a z-average Ry, of 2 & 1 nm (Fig. S2, ESIt). PEG 0,
in contrast, has a bimodal R, distribution (see Fig. S23, ESIt
for a magnified version of the PEG 0 R;, distribution). Fitting
eqn (3) to the g, autocorrelation functions yields two distinct Ry,
values. The smaller R, = 5 & 1 nm corresponds to individual
PEG unimer chains fully dissolved in D,O. The larger R, =70 £
1 nm corresponds to the presence of larger PEG aggregates. The
addition of PA alters the aggregate size. For PEG 10, the larger
Ry, is 54 + 2 nm. For PEG 16 and PEG 20, the larger R}, grows to
88 + 2 nm and 70 + 1 nm, respectively. Although the larger Ry,
peaks dominate the distributions depicted in Fig. 1B, the
number of aggregates in the PEG macro-RAFT agent solutions
is likely exaggerated by the DLS measurement. In general, DLS
is biased towards detecting larger structures because the scat-
tering intensity I ~ Rf. Consequently, larger structures will
be overrepresented in the Ry, distribution.®® At the same time,
however, structures larger than 200 nm are removed from the
analysis as DLS sample preparation requires filtration of the
PEG solutions.

To obtain a more accurate representation of the relative
species populations in PEG solutions, "H nuclear magnetic
resonance diffusion ordered spectroscopy ("H NMR DOSY) experi-
ments were performed. Because PEG and PA exhibit unique peaks
in '"H NMR spectra (see Section S2 of ESIt), their diffusion
behavior may be deconvoluted by DOSY measurements.

Fig. 2A features echo decays of unfiltered PEG solutions.
Tables S1-S3 (ESIt) contain estimated diffusion coefficients,
while Tables S10 and S11 (ESIt) detail the estimated hydro-
dynamic radii and diffusing species. The diffusion behavior
of the polymer was evaluated by tracking the echo decay of the
methylene signal (Peak B in Fig. S7, ESIf). For PEG 0, the
polymer echo decay may be described by a double exponential

This journal is © The Royal Society of Chemistry 2024

expression (eqn (9)), indicating two diffusive modes. Based on
fitting eqn (9) to the data, the faster diffusion mode corre-
sponds to Dposy1 = (6.5 £0.1) x 107" m> s~ " and R, = 3.0 &
0.1 nm, consistent with the unimer peak identified in DLS.
Conversely, the slower diffusion mode has Dposy, & 1 X
107" m”* s~'. This small diffusion coefficient suggests the
presence of aggregates in solution, though the lack of a con-
stant slope at high b inhibits precise calculation of Dpogy,s.
Nevertheless, the fractional intensity of the fast diffusion mode
foosy = 0.99 £ 0.01, showing that aggregates constitute a
negligible portion of the species population.

The addition of PA to the PEG solution impacts the polymer
phase behavior. For PEG 10, the fast diffusion mode Dposy and
Ry, are comparable to PEG 0. fosy, however, decreases to 0.84 £+
0.01, signaling that the number of aggregates increased. For the
slower diffusion mode, Dposy,» = (3.1 £ 0.1) x 10 " m*s ' and
R, =7.0 £ 0.2 nm.

Fig. 2A also illustrates the PEG 10 echo decay of the drug,
determined from Peak G. The spectral noise baseline was
subtracted from the echo decay signal. For PEG 10, the drug
exhibits a single exponential decay that may be described by
eqn (7). The corresponding diffusion coefficient Dposy = (4.9 +
0.1) x 10 ' m? s is smaller than the diffusion coefficient of
PA in D,0 without polymer (Dpa pzo = (6.7 £ 0.1) x 10~ °m*s ™).
This discrepancy is not due to changes in the bulk viscosity, as the
residual H,O diffusion coefficient is unaffected by PEG and PA
(Table S7, ESIt). Rather, the observed Dpogy represents the
weighted average of the diffusion of PA freely dissolved in D,O
and drug bound to PEG aggregates. The appearance of a single
decay mode indicates that the time scale of PA exchange between
the two phases (tex) is faster than the diffusion time of the
measurement, ie., Tex < A.**?% The fraction of PA bound to the
PEG aggregates (p,g,) may be estimated by

(Dposy — Dags)

Pagg =1 — ( (10)

DpA 20 — Dage)

where D, is the PEG aggregate diffusion coefficient (see ESI}
for the eqn (10) derivation). Assuming that D,g, is equal to the
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Fig. 2 *H NMR DOSY echo decays for (A) PA 16 mg mL™, PEG 0, and PEG 10, and (B) PEG 16 solutions. (C) *H NMR spectrum of PEG 16.

diffusion coefficient of the slow decay mode of the polymer
(i.e., Dagy = polymer Dposy,), a value of pug, = 0.29 + 0.1 is
estimated for PEG 10.

Fig. 2C and Fig. S10 (ESIt) depict the 'H NMR spectra of PEG
16 and PEG 20, respectively. In addition to the PEG methylene
peaks also seen in other samples (Peak B), a second set of
methylene peaks appears slightly upfield (Peak B’). Because
these samples are macrophase separated, Peak B and B’ repre-
sent PEG chains within D,O rich and D,O poor regions,
respectively. The variance in chemical shifts between the two
peaks results from the different magnetic susceptibilities of
the macrophases.®® Comparison of the peak area integrations

Soft Matter

suggests that 12 and 17 mol% of the total PEG chains reside in
the D,O poor regions of PEG 16 and PEG 20. Filtering the
solutions removes the B’ peak completely (Fig. S9 and S11,
ESIY), further supporting the idea that this signal corresponds
to PEG chains within the D,O poor macrophase.

Fig. 2B and Fig. $18 (ESIT) detail the "H NMR DOSY echo
decays for PEG 16 and PEG 20, respectively. While the echo
decays of polymer in the D,O rich macrophase are similar to
the polymer decays observed for lower drug loadings, the echo
decays of polymer in the D,O poor macrophase are markedly
different. Fitting eqn (9) to the Peak B’ echo decays produces
two apparent diffusion coefficients. For both PEG 16 and

This journal is © The Royal Society of Chemistry 2024
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PEG 20, the fast diffusion mode renders Dposyy =~ 6 X
107" m”> s7". The slow diffusion mode generates Dposy,, =
1.4 x 10 m*s .

For PEG 16 and PEG 20, macrophase separation creates two
sets of PA peaks corresponding to drug in D,O rich and D,O
poor regions (Peak G and G’). Based on the peak areas, 22 and
31 mol% of the total PA inhabit the D,O poor regions of PEG 16
and PEG 20. The single exponential Peak G echo decays,
comparable to that of PEG 10, produce p,g; = 0.30. The Peak
G’ echo decays, however, decay much more slowly, and their
double exponential shapes produce Dpogy; ~ 2.4 x 107 '° and
Dposy, & 1.4 x 107" m* s~

To summarize, DLS and 'H NMR DOSY were used to
evaluate the solution behavior of PEG and PA solutions. PEG
macro-RAFT agent forms a small number of aggregates in D,O.
Addition of PA induces more PEG aggregation and, at high
concentrations, macrophase separation. For PEG 10, the PA
echo decays suggests that some drug binds to PEG aggregates.
For PEG 16 and PEG 20, drug within D,O rich regions also
binds to PEG aggregates. Drug within D,O poor regions, how-
ever, exhibits more complex diffusion behavior.

Impact of PA on PEG-PHPMA PISA kinetics, molar mass
distribution, and spherical micelle nanostructure

PEG-PHPMA spherical micelles loaded with PA were prepared
using PISA. All measurements were conducted at room tem-
perature, below the glass transition temperature of water-
swollen PHPMA (47 °C). For this reason, all observed PEG-
PHPMA morphologies are assumed to be kinetically trapped.’”
Samples are labeled as PEG-PHPMA Cp,, where Cp, is the
targeted PA loading in units of mg mL "

Fig. 3 depicts the PEG-PHPMA PISA solutions before and
after polymerization. Prior to PISA, the solutions are similar in
appearance to their PEG-only counterparts; i.e., PEG-PHPMA
0 and 10 are transparent, while PEG-PHPMA 16 and 20 are
turbid. After PISA, however, all solutions have similar trans-
parent appearances.

Fig. 4A and Table S8 (ESI{) detail the molar mass charac-
terization of PEG-PHPMA 0, which does not contain any drug.
In the UV SEC trace, the peak centered around a retention time

(G
PEG-
PHPMA

PEG-
PHPMA

PEG- PEG-
PHPMA PHPMA

l

i
J

-

3
Ee

Fig. 3 PEG-PHPMA solutions (A) before and (B) after PISA.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

of 19.8 min represents the PEG-PHPMA chains produced
during the PISA reaction. The smaller peak centered around
20.5 min is due to unreacted PEG macro-RAFT agent. The
appearance of this peak in the UV SEC trace indicates the
chains possess the CPPA end group, rather than the hydrogen
end group expected for chains that have undergone termina-
tion by disproportionation. Additional experiments also sug-
gest that the small peak does not represent terminated chains
(see Section S12 of ESIt). Deconvolution of the PEG-PHPMA 0
trace estimates that approximately 10 mol% of the PEG macro-
RAFT chains are unreacted (Fig. S20 and Table S8, ESIT).

Fig. 4B and C characterize the PISA kinetics for PEG-PHPMA
16. For this sample, the polymerization reaches quantitative
conversion after 120 minutes. An inflection point occurs near
60 min due to an acceleration in the polymerization rate.
Commonly observed during PISA,**° this acceleration corre-
sponds to the time at which PEG-PHPMA nucleates into sphe-
rical micelles (¢,uc). Fig. S21 (ESIt) depicts PISA kinetics for the
other PEG-PHPMA samples.

Fig. 4D plots PEG-PHPMA t,,. as a function of Cpa. fnye
decreases as Cp, increases, demonstrating that the presence of
the drug prompts faster PEG-PHPMA micelle nucleation. As seen
in Fig. 3A and Table S8 (ESIt), PEG-PHPMA 20 retains a higher
fraction of unreacted PEG macro-RAFT agent during PISA.

Fig. 5 features the nanostructure characterization of the
PEG-PHPMA micelles. Dry-state TEM reveals that all samples
have similar morphologies and particle radii R, & 15 nm (see
Fig. S25 (ESIf) for histograms). For diluted samples, DLS
demonstrates that the PEG-PHPMA micelles have R;, ~ 12 nm.

To summarize, prior to polymerization the addition of PA
alters the turbidity of the PEG-PHPMA PISA solutions. After-
wards, the solutions contain a mixture of PEG-PHPMA block
copolymers and unreacted PEG chains. The addition of PA
induces earlier nucleation of PEG-PHPMA micelles. The size
and shape of the micelles, however, remain essentially constant
between Cps = 0 to 20 mg mL .

'H NMR DOSY of PEG-PHPMA micelle and PA PISA solutions

Fig. 6A depicts "H NMR DOSY echo decays of PEG-PHPMA
(Peak B). Tables S4-S6 (ESIt) contain estimated diffusion

(B)

PEG-
PHPMA
0

!
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(A) UV SEC traces of PEG and PEG-PHPMA samples with varying targeted PA loading. The UV detector was set to a wavelength of 268 nm.

(B) HPMA monomer conversion vs. time and (C) first order kinetics plot of PEG-PHPMA PISA reaction. (D) Spherical micelle nucleation time (t,yc) vs.

targeted PA loading.

coefficients, while Table S12 (ESIt) details the estimated hydro-
dynamic radii and diffusing species. Due to the double expo-
nential shape, eqn (9) was fit to each echo decay (see Table S4
(ESI{) for fit parameters). For the fast diffusion mode, Dposy,1
ranges from 2.5 x 107" to 3.7 x 107" m” s, which agrees
with the spherical micelle diffusion coefficient determined by
DLS. fposy hovers around 0.60. However, the addition of PEG-
OH to the PEG-PHPMA 0 solution increases fposy to 0.90 (see
Fig. S23 and Table S9, ESIt). This effect suggests that the fast
diffusion mode observed by "H NMR DOSY describes not only
PEG-PHPMA micelles, but also unimers (PEG, PHPMA, and
PEG-PHPMA) and PEG aggregates. The slow diffusion mode
generates Dposy, & 1 x 107 m*s™".

Fig. 6B details the echo decays of PA (Peak G). Compared to
the polymer signal, the PA echo decays are noisy because Peak
G is relatively lower in intensity compared to Peak B. For all
PISA samples containing PA, the echo decays exhibit bimodal
diffusion behavior well-described by eqn (9). If foosy, Dposy,1s
and Dpogsy,, are all treated as adjustable parameters, fitting
eqn (9) to the PA echo decay produces a PA Dposy,, & PEG-
PHPMA Dposy: (see Table S5, ESIf). This suggests that
the slower diffusion mode of PA correlates to drug bound to
PEG-PHPMA micelles. In this case, a second diffusion mode is

Soft Matter

observed because the drug is tightly bound to the micelles,
such that 7., > A. To push this idea further, eqn (9) was re-fit to
the PA echo decays, treating only fhosy and Dposy,1 as adjus-
table parameters. For each sample, the PA Dpogy,» Was set equal
to the corresponding PEG-PHPMA Dpsy,; value.

The solid lines featured in the Fig. 6B inset and Fig. S19A-C
(ESIT) represent the eqn (9) fits that employed the PA Dpogy,» =
PEG-PHPMA Dposy,; constraint. This approach produces frosy
values that decrease as Cp, increases (Table S6, ESIt), hinting
that more PA binds to PEG-PHPMA micelles at higher drug
concentrations. The model analysis also produces PA Dposy,1
values that increase from 2.2 x 107 °m?s ' t03.0 x 10 " m?*s™*
as Cp, increases. Even after accounting for the relatively high bulk
solution viscosity (see Section S7 of ESI}), the measured Dposy,1
values were lower than expected for drug fully dissolved in D,O.
Similar to the case for the PEG and PA solutions, this inequality
was interpreted as evidence that the fast diffusion mode repre-
sents the exchange of drug between D,O and polymeric species
that are not PEG-PHPMA micelles (ie., PEG aggregates and
unimers of PEG, PHPMA, and PEG-PHPMA). This interpretation
is further evaluated in the Discussion section.

To summarize, both the PEG-PHPMA and PA echo decay
curves exhibit bimodal diffusion behavior. The fast diffusion

This journal is © The Royal Society of Chemistry 2024
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mode of the polymer and slow diffusion mode of the drug are
correlated to one another, suggesting that PA binds to the PEG-
PHPMA micelles. The fast diffusion mode of PA represents the
weighted average of drug either dissolved in D,O or bound to
other polymeric species that are not PEG-PHPMA micelles.

Discussion
PEG macro-RAFT agent self-assembly

PEG and its longer-chain analogue poly(ethylene oxide) are
the primary polymers of choice for therapeutic delivery

This journal is © The Royal Society of Chemistry 2024

applications because they are biocompatible and commercially
available in a wide range of molar masses.’*** While PEG has
the reputation of being hydrophilic, its aqueous phase behavior
actually hinges on its end group chemistry, even at biologically
relevant temperatures. Specifically, PEG with hydroxyls at the o
and o end group positions forms hydrogen bonds with water,
resulting in a relatively large second virial coefficient with
aqueous solvent. Replacing one or both hydroxy end groups
with methoxy moieties disrupts hydrogen bond formation and
reduces the second virial coefficient.**® Consequently, water is
essentially a theta solvent for dimethyl PEG,*” while longer alkyl
end groups cause PEG to aggregate.*®*° Homopolymer micelle
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formation may even result from the addition of a RAFT end
group, especially for those containing aromatic components.*>>"
Thus, the aromatic CPPA end group likely drives the PEG macro-
RAFT agent aggregation observed in this study.

The addition of the aromatic drug PA clearly alters the PEG
solution behavior, both in size and number of aggregates.
Based on the p,g, values estimated from 'H NMR DOSY,
PEG aggregates are only able to absorb ~ 30 mol% of the total
available drug in solution. Cpy, > 16 mg mL ' not only
saturates the aggregates, but also destabilizes the entire
solution such that D,O rich and poor macrophases form.
Within the D,O poor region, PA exhibits bimodal diffusion
behavior. The fast diffusion mode exhibits Dposy,1 < Dpa p20-
In this case, however, we do not interpret Dposy,; as the
weighted average of Dpspro and D, (see eqn (10)), as the
D,0 poor nature of this macrophase probably inhibits diffusion
due to a higher viscosity. Instead, the bimodal diffusion
is reminiscent of restricted diffusion within heterogeneous
systems. In this type of scenario, the Dpogy,s and Dposy,. for
PA represent the diffusion of drug in the interior and exterior of
some sort of PEG aggregate within the D,O poor region.>>™>*
However, precise elucidation of diffusion in macrophase sepa-
rated systems lies outside the scope of this manuscript.

Polymer and drug self-assembly in PEG-PHPMA PISA solutions

Similar to the PEG solutions, the addition of PA greatly affects
the turbidity of the PEG-PHPMA solutions prior to PISA. After
PISA, however, the solutions have similar appearances. The
PEG-PHPMA solutions produced by PISA contain both spherical
micelles of block copolymer and a significant fraction of
unreacted PEG macro-RAFT agent. As demonstrated in Section
S11 of the ESI, these chains are not “dead” as they still possess
the CPPA end group. Unreacted macro-RAFT agent is com-
monly observed in other PISA systems and emulsion polymer-
izations involving PEG.>>~>” While the origin of this impurity is
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not well understood, we speculate that the presence of
unreacted macro-RAFT agent is related to the tendency of the
CPPA end group to aggregate in solution. The steric bulk from
this aggregation possibly prevents degenerative chain transfer
between chains from occurring. As suggested by the increase
in unreacted PEG chains as Cp, increases, the fraction
of unreacted macro-RAFT agent potentially correlates to the
number of aggregated chains. The decrease in t,,. potentially
may be related to macro-RAFT agent aggregation, as well.
Additional studies, however, are needed to fully examine this
hypothesis.

In addition to PEG homopolymer, PHPMA homopolymer
and PEG-PHPMA unimers also exist in solution.’®® Thus, the
PISA mixture offers several potential encapsulation sites for PA.
Based on the 'H NMR DOSY echo decays of PA in the PISA
mixture, the encapsulation sites may be organized broadly into
three categories (see Fig. 7A): (I) PEG-PHPMA miicelles, (II) D,O,
and (III) everything else (PEG aggregates and unimers of PEG,
PHPMA, and PEG-PHPMA). Quantifying the partitioning of a
drug among various encapsulation sites is crucial for pharma-
ceutical applications, as each site releases the drug at a differ-
ent rate.®

To estimate the mass concentration of PA within each site
(i.e., Cy, Cy, and Cyy), we apply the following analysis. C; is
estimated directly from the slow diffusion mode of the PA echo
decays depicted in Fig. 6B, i.e., C; = Cpa(1 — fposy) corresponds
to the amount of tightly drug bound to the micelle. Conversely,
Cq, and Cyyy are estimated from the fast diffusion mode:

(DDOSY.I - ngg>
Cn = Cpa fDOSY<— (11)

* *
DPA,DZO - Dagg)

<DDOSY.1 - DZgg>

(D]*’A,DZO - ngg) (12)

Cm = Cpa foosy | 1 -

O - HOH

LIS S S S S S B S B L
e b by by Loy Lo

10 12 14 16
CPA (mg/mL)

(A) Schematic of drug partitioning throughout PEG-PHPMA PISA solution. Green triangles represent PA molecules. For the PEG-PHPMA micelle,

the core is composed of PHPMA. For the PEG aggregate, the core is composed of the CPPA end group. Schematic is not drawn to scale. (B) Estimated

concentration of PA in encapsulation sites |, II, and IlI.
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where Dy, oo and D}, are the diffusion coefficients of PA in

D,O without polymer and PEG aggregates, each adjusted for the
increase of bulk viscosity in the PISA solution (see eqn (S1) and
(S2) in the ESI¥).

Fig. 7B illustrates Cy, Cyy, and Cyyy vs. Cpa. Over the evaluated
Cpa range, the amount of drug bound to PEG-PHPMA micelles
(Cy) or dissolved in D,O (Cy) increases. In contrast, the concen-
tration of drug bound to other polymeric species (Cyy) plateaus
at approximately 5 mg mL™", implying that they are saturated
with drug. The trends observed for Cy, Cp, and Cy; demonstrate
that the PISA microenvironment significantly impacts encapsula-
tion, as the drug may partition among several competing sites.

Conclusion

We investigated the role of the PEG corona block in governing
drug encapsulation and phase behavior during aqueous PEG-
PHPMA PISA. The PEG macro-RAFT agent partially aggregates
in deuterium oxide. The addition of PA drug promotes further
aggregation and macrophase separation. During PEG-PHPMA
PISA, a minor fraction of the PEG macro-RAFT agent remains
unreacted. The presence of PA in the reaction mixture prompts
faster nucleation of spherical micelles. Within the PISA micro-
environment, '"H NMR DOSY measurements reveals that the
drug partitions among three encapsulation sites: (I) PEG-
PHPMA micelles, (II) D,O, and (III) other polymeric species -
including PEG aggregates and unimers of PEG, PHPMA, and
PEG-PHPMA. As the targeted PA loading increases, the amount
of drug in sites (I) and (II) grows while the concentration in (III)
remains constant.

This work illustrates that drugs in a PISA microenvironment
not only bind to block copolymer nanoparticles, but also
interact with other polymeric species in the solution. This
finding has important implications for the use of drug-loaded
PISA formulations in biological media - rich in macromole-
cular and colloidal species - as the competition between
encapsulation sites will intensify. Subsequent release behavior
from a PISA formulation will depend on the spatial distribution
of drug within the solution, underscoring the need to further
resolve the molecular principles that control drug partitioning.
Future efforts should pinpoint the specific interactions among
the drug, hydrophilic corona block, and hydrophobic core
block. These same interactions also will dictate whether the
drug binds to the corona, core, or corona-core interface of the
nanoparticles. In the PEG-PHPMA and PA systems described
in this study, potential mechanisms for drug binding to the
polymer include hydrogen bonding between the carboxylic acid
of PA and the polyether backbone of PEG, as well as possible
n-n stacking interactions between the PA and the PEG RAFT
agent end group. Additionally, exploring the encapsulation of
drugs more hydrophobic than PA is especially important,
as many pharmaceutical actives have solubilities well below
16 mg mL~.°" Further studies on other block copolymer and
drug pairings are needed to identify the important interactions
that govern encapsulation in PISA formulations. Finally, identifying

This journal is © The Royal Society of Chemistry 2024
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the consequences of the solution morphology prior to polymeriza-
tion on the drug spatial distribution in the final PISA mixture
remains a critical goal. A deeper understanding of encapsulate
behavior during PISA is crucial for designing effective block
copolymer therapeutics.
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