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Introduction

The effect of comb length on the in vitro and in vivo
properties of self-assembled poly(oligoethylene
glycol methacrylate)-based block copolymer
nanoparticlest

Andrew Singh,? Andrew Lofts,® Ramya Krishnan,® Matthew Campea,® Lan Chen,”
Yonghong Wan® and Todd Hoare & *2

Comb copolymer analogues of poly(lactic acid)-polyethylene glycol block copolymers (PLA-b-PEG) offer
potential to overcome the inherent chemistry and stability limitations of their linear block copolymer
counterparts. Herein, we examine the differences between P(L)LAjox-b-PEGiox and linear-comb
copolymer analogues thereof in which the linear PEG block is replaced by poly(oligo(ethylene glycol)
methacrylate) (POEGMA) blocks with different side chain (comb) lengths but the same overall molecular
weight. P(L)LAjgk-b-POEGMA475,0x and P(L)LAjox-b-POEGMA2000,0k block copolymers were
synthesized via activators regenerated by electron transfer atom transfer radical polymerization (ARGET
ATRP) and fabricated into self-assembled nanoparticles using flash nanoprecipitation via confined
impinging jet mixing. Linear-comb copolymer analogues based on PLA-b-POEGMA yielded smaller but
still well-controlled nanoparticle sizes (88 + 2 nm and 114 + 1 nm respectively compared to 159 + 2 nm
for P(L)LAjok-b-PEGiok nanoparticles) that exhibited improved colloidal stability relative to linear
copolymer-based nanoparticles over a 15 day incubation period while maintaining comparably high
cytocompatibility, although the comb copolymer analogues had somewhat lower loading capacity for
doxorubicin hydrochloride. Cell spheroid studies showed that the linear-comb copolymers promoted
enhanced tumor transport and thus cell killing compared to conventional linear block copolymers. In
vivo studies showed all NP types could passively accumulate within implanted CT26 tumors but with
different accumulation profiles, with P(L)LAjgk-b-POEGMA2000,0x NPs showing continuous
accumulation throughout the full 24 h monitoring period whereas tumor accumulation of P(L)LA;ok-b-
POEGMAA475:0k NPs was significant only between 8 h and 24 h. Overall, the linear-comb copolymer
analogues exhibited superior stability, biodistribution, spheroid penetration, and inherent tunability over
linear NP counterparts.

responsive disassembly/degradation, and capacity to deliver
poorly soluble drugs within their hydrophobic core.*

Polymeric nanoparticles (NPs) have been used in a range of
biomedical applications including ocular and nutraceutical
drug delivery as well as oncologic diagnostics and treatments."
While many types of NPs can be fabricated, self-assembled NPs
based on amphiphilic block copolymers consisting of one
hydrophobic and one hydrophilic polymer block have attracted
particular interest due to their facile fabrication, tunable
surface chemistry and/or particle size, potential for stimulus-
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Among the many amphiphilic block copolymers assessed for
their potential for drug delivery, copolymers consisting of the
water soluble polymer poly(ethylene glycol) (PEG) and a water-
insoluble degradable polyester (e.g. poly(lactide) — PLA, poly(-
lactide-co-glycolic acid) - PLGA, or poly(caprolactone) - PCL) are
the most widely investigated.*'>'* The hydrophobic polyester
enables self-assembly of the block copolymers into NPs in
water, while the choice of polyester governs the hydrolytic half
life and thus the degradation time/stability of the nano-
particle.”> PLA is particularly widely used in biomedical appli-
cations due to it being relatively inexpensive, produced from
renewable resources, possessing low immunogenicity, and
being biodegradable under physiologically relevant conditions
into a common metabolic by-product (lactic acid).® Comple-
mentarily, the PEG hydrophilic block creates a hydrophilic
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interface for the NPs, reducing their detection by the immune
system, typically increasing circulation times, as well as
imparting favorable dispersibility in physiological media.** "¢
These benefits have led PEGylated NPs to be of interest in
applications including biosensing, bioimaging, chemotherapy,
and tissue engineering.'” Specific to drug delivery, both PEG
and PLA copolymers are approved for in vivo use in multiple
jurisdictions, with block copolymers thereof explored for the
delivery of proteins, genes, photosensitizers, small molecules,
and other therapeutics for ophthalmic, vaginal, oral, chemo-
therapeutic, and other drug delivery applications.*'*>!
Chemotherapeutic applications of such NPs have attracted
particular interest given that the size range and surface chem-
istry achievable with self-assembled NPs can overcome many of
the multiple physiological barriers toward drug transport to
tumors by exploiting their potential to evade immune detec-
tion and penetrate through trans-endothelial pathways and
ultimately into cancer cells.”> However, PEG-based block
copolymers also pose several limitations for the rational engi-
neering of drug delivery NPs in terms of their chain-end only
functionalization, limiting the degree to which a PEG-based
interface can be altered to customize delivery pathways. In
addition, reports of the presence of PEG antibodies (estimated
to be present in as many as 72% of the population®>*) may offer
an additional limitation to the wide-spread use of PEG-based
materials in drug formulation, although the existence and
ultimate importance of PEG antibodies remains a point of
debate in the literature.

As an alternative to PEG, amphiphilic brush or comb block
copolymers have recently been explored that can retain many of
the beneficial properties of linear PEG while providing a signif-
icant additional level of chemical and interfacial tunability.
Poly(oligoethylene glycol methacrylate) (POEGMA) is one such
comb PEG derivative that has a suite of attractive properties
including: (1) facile modification of interfacial properties by the
length of the oligo(ethylene glycol) side chains, enabling
responses ranging from thermoresponsive behavior at short
side chain lengths to highly protein-repellent behavior at longer
side chain lengths;***” (2) tunable PEG densities depending on
the mixture of OEGMA side chain length comonomers used;*”
and (3) facile polymerization via free radical or controlled free
radical techniques, enabling a broad range of potential func-
tionalization within the combs themselves (instead of only at
the chain ends) via judicious selection of functional comono-
mers that are also amenable to free radical polymerization. In
particular, controlled radical polymerization techniques such as
reversible addition-fragmentation chain-transfer (RAFT) and
atom transfer radical polymerization (ATRP) have both been
noted to enable POEGMA polymerization, with ATRP in partic-
ular leveraged to create well-defined POEGMA-based copoly-
mers with tunable molecular weights and side chain lengths/
functionalization.”” Such controlled/living radical polymeriza-
tion techniques bypass many of the challenges associated with
fabricating comb copolymers (e.g. steric bulk at graft from/to
sites that results in irregular comb densities or inconsistent
molecular weight growth) that can result in low degrees of
polymerization and high polydispersities in other types of comb
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polymers,*® thus enabling a systematic study of how the archi-
tecture of the combs influences drug delivery characteristics
(akin to previous studies on graft PEGylated polymers®**°) using
a more scalable and direct polymerization strategy. The
commercial availability of OEGMA monomers with different
side chain lengths also facilitates the fabrication of comb
polymers compared to other reported techniques in which
a secondary grafting step typically must be performed after the
initial polymerization reaction, offering a key translational
advantage relative to other reported comb polymer-based
nanoparticle vehicles. Furthermore, although the mechanism
remains unclear, POEGMA has been reported to avoid PEG-
related immunogenicity,®* potentially related to the steric
crowding around each oligo(ethylene glycol) side chain that
may inhibit immune cell recognition. As such, POEGMA is
a viable alternative to PEG in multiple applications but specif-
ically of interest in biological applications in which circulation
time is vital.

Herein, we directly compare the physical properties and in
vivo tumor model biodistribution properties of NPs self-
assembled from block copolymers with the same molecular
weight and same relative hydrophobic/hydrophilic block
lengths fabricated using PLA as the hydrophobic block and one
of three hydrophilic blocks: linear PEG (P(L)LA;ok-b-PEG;k),
POEGMA with n = 8-9 ethylene oxide repeat units in the side
chains (P(L)LA;ox-b-POEGMAA475,x) and POEGMA with n = 40
ethylene oxide repeat units in the side chains (P(L)LA;ox-b-
POEGMA2000,,k). The equivalent molecular weight of each of
the three block copolymers synthesized, both within each block
as well as overall, enables a direct assessment of the effect of the
comb architecture (i.e. the number of side-chains versus side-
chain length) of linear-comb copolymers on properties rele-
vant to nanoparticle-based drug delivery including particle size,
particle stability, anti-cancer drug encapsulation efficiency,
cytocompatibility, and biodistribution in a mouse tumor model.
We demonstrate that the comb copolymers offer the potential
for lower sizes, improved stability, prolonged circulation times,
enhanced spheroid penetration and thus killing, and improved
tumour localization without compromising cytocompatibility,
albeit at the cost of drug loading capacity.

Experimental
Materials

All reagents unless otherwise stated were purchased from Sigma
Aldrich and all solvents were purchased from Caledon Labora-
tories Ltd. Amine-terminated P(L)LA;x-b-PEG;ox and Cy5-P(L)
LA;ox-b-PEG ok were purchased from Ruixibiotech (Xi’an,
China). Cyanine5 NHS ester was purchased from Lumiprobe. All
monomers were purified using a basic alumina column to
remove inhibitors prior to use. NIH 3T3 cells were purchased
from ATCC: Cedarlane Laboratories.

Synthesis

P(L)LA;ok-b-POEGMA475,5x. ARGET ATRP was used to
synthesize P(L)LA;ok-b-POEGMA475,0x. 0.2 g (1 eq.) of 2-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bromoisobutyryl terminated poly(i-lactide) (average M, 10 000,
PDI = 1.1), 1.0 g (105 eq.) of OEGMA475, 5 mL of anisole, 1 mg
(0.22 eq.) of CuBr,, and 4.0 pL (7.5 x 10~> eq.) MegTREN were
mixed in a 25 mL round bottom flask, sealed, and degassed with
N, for 30 minutes. Following, 16.0 pL (2.47 eq.) of Sn(Oct), was
injected into the flask and the reaction mixture was heated to
70 °C and stirred for 35 minutes. The reaction mixture was then
exposed to oxygen, filtered through a basic alumina column,
and purified via dialysis (SnakeSkin™ Dialysis Tubing, 10 K
MWCO, 22 mm) in a methanol bath (6 x 6 hours). The purified
product was dried using a rotary evaporator followed by drying
under high vacuum for 8 hours or until dry.

P(L)LA;ok-b-POEGMA20004¢x synthesis. ARGET ATRP was
used to synthesize P(L)LA;ox-b-POEGMA2000, k. 0.2 g (1 eq.) of
2-bromoisobutyryl terminated poly(i-lactide) (average M, 10
000, PDI =< 1.1), 2.0 g of OEGMA2000 (50 eq.), 5 mL of anisole,
1 mg (0.22 eq.) of CuBr,, 4.0 pL (7.5 x 10> eq.) MegTREN were
mixed in a 25 mL round bottom flask, sealed, and degassed with
N, for 30 minutes. 16.0 puL (2.47 eq.) of Sn(Oct), was then
injected into the round bottom flask, and the reaction mixture
was heated to 70 °C and stirred for 10 minutes. The reaction
mixture was then exposed to oxygen, filtered through a basic
alumina column, and purified via dialysis (SnakeSkin™ Dial-
ysis Tubing, 10 K MWCO, 22 mm) in a methanol bath (6 x 6
hours). The purified product was dried using a rotary evaporator
followed by drying under high vacuum for 8 hours or until dry.

Functionalization of OEGMA blocks. To incorporate amine
functional groups in the POEGMA blocks, 5 mol% of the total
OEGMA monomer equivalents were replaced with (2-Boc-
amino)ethyl methacrylate. The polymerization was otherwise
conducted as previously described. Subsequently, to remove
nBoc groups and expose amine groups amenable to additional
functionalization, the polymers were dissolved in DCM followed
by the dropwise addition of trifluoroacetic acid to a final
concentration 37.5% v/v, after which the polymer was left to stir
for 4 hours at room temperature. The stopper of the reaction
mixture was then removed, and the solvent was left to evaporate
for 24 hours. The remaining crude product was then dissolved
in methanol and dialyzed (SnakeSkin™ Dialysis Tubing, 10 K
MWCO, 22 mm) in a methanol bath (6 x 6 hours).

Fluorescent tagging of block copolymers. Polymers used for
in vivo studies were fluorescently labelled through the conju-
gation of a Cy5-NHS ester to amine residues (i.e. the terminal
group of P(L)LA;ok-b-PEG;ox or deprotected amines of P(L)
LA;ox-b-POEGMA). In a typical reaction, 200 mg of polymer,
1.6 mL of a 10 mM solution of Cy5-NHS ester in DMF, and 100
uL of triethylamine (TEA) were dissolved in 5 mL of DCM and
left to stir covered in foil for 4 hours. The solvent was subse-
quently blown off overnight, with the remaining crude product
dissolved in methanol and dialyzed (SnakeSkin™ Dialysis
Tubing, 10 K MWCO, 22 mm) in a methanol bath (6 x 6 hours)
at 4 °C to remove unbound Cy5-NHS ester.

Polymer characterization. Polymers were characterized using
"H-NMR and gel permeation chromatography (GPC). "H-NMR
spectra were acquired using a Bruker 600 MHz spectrometer
with samples dissolved in DMSO-d, and integrated based on the
multiplet (5.18-5.22 ppm) representing the lone proton on
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lactic acid repeating units. GPC data were acquired using
a Polymer Laboratories PL-50 GPC equipped with a Phenom-
enex Phenogel™ column (150 x 4.6 mm, 5 um; pore sizes: 100
A) at room temperature; DMF with 50 mM LiBr was used as the
eluent, with the instrument calibrated using linear PEG stan-
dards obtained from Polymer Laboratories. All samples were
filtered using a 0.2 um Teflon filter prior to analysis. Critical
micelle concentrations (CMC) were measured using a procedure
adapted from Ren et al.*> 0.2 mL of a 6 x 10 ® M pyrene solu-
tion in acetone was added to a scintillation vial and allowed to
evaporate, after which 2 mL of aqueous polymer solutions at
a range of concentrations were added to the scintillation vials
containing the pyrene residue. The resulting fluorescence of the
pyrene was measured using a BioTek Synergy HTX Multi-Mode
plate reader operating at an excitation range 300-360 nm and
an emission wavelength of 390 nm. The maximum intensity of
the pyrene peaks measured at 336 nm was plotted against the
logarithm of copolymer concentration, with the inflection point
observed in the plot recorded as the CMC (Fig. S17).
Fabrication of loaded and blank NPs. NPs were fabricated
using a confined impinging jet mixer (CIJ-M) device (see ESI
Fig. S27 for full dimensions of the CIJ-M device manufactured
in-house). 3 mL of a 10 mg mL " polymer solution dissolved in
either DMF or THF was loaded into a syringe attached to one
inlet of the CIJ-M, while a syringe containing 3 mL of a 1x PBS
solution was loaded into the other inlet. Fluorescently-labeled
NPs were fabricated by the same method but replacing the
unlabeled block copolymers with Cy5 fluorescently tagged block
copolymers. All polymer used for in vitro spheroid studies and in
vivo biodistribution studies were used from a single batch of
Cy5-labelled polymer to ensure consistency between different
experimental groups. For drug loading experiments, doxoru-
bicin hydrochloride was dissolved together with unlabeled
polymer in DMF at a concentration of 1 mg mL™" and subjected
to the same flash nanoprecipitation procedure, with the low
solubility of the drug in the 10 mM PBS used for impingement
driving co-precipitation of the drug with the block copolymer to
form drug-loaded nanoparticles. Dynamic light scattering (DLS)
to measure particle size and zeta potential measurements to
measure particle charge were performed using a Brookhaven
90Plus particle size analyzer operating at 25 °C and using a dust
filter cut-off at 20 nm (n = 3). NPs were suspended in 10 mM PBS
for DLS measurements and 2.5 mM NaCl solutions for zeta
potential measurements. For transmission electron microscopy
measurements, a 3 uL droplet of a 12 mg mL ™' nanoparticle
suspension in water was deposited onto a Formvar-coated grid
and allowed to air dry. The grid was imaged using a JEOL JEM
1200 EX TEMSCAN transmission electron microscope (JEOL,
Peabody, MA, USA) operating at an accelerating voltage of 80 kVv.
Images were acquired with an AMT 4-megapixel digital camera
(Advanced Microscopy Techniques, Woburn, MA).
Characterization of drug loading. Drug-loaded NPs were
filtered using a centrifugal filter device (Fisher Scientific,
MWCO 3Kk) at 3 x 600 rpm to remove unencapsulated doxoru-
bicin hydrochloride. The filtrate was removed, after which the
drug-loaded NPs were washed with 4 mL of methanol (drug
soluble, polymer insoluble) and again filtered at 3 x 600 rpm to
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ensure the removal of any remaining unencapsulated doxoru-
bicin hydrochloride. The methanol filtrate was then removed,
after which the drug-loaded NPs were washed with DMF (drug
and polymer soluble) at 3 x 600 rpm to disassemble the NPs
and release the encapsulated doxorubicin hydrochloride. The
DMF filtrate was analyzed using a BioTek Synergy HTX Multi-
Mode plate reader measuring absorbance at 490 nm, with
a calibration curve (R* > 0.99) used to measure the amount of
loaded doxorubicin hydrochloride.

Cytotoxicity. To assess cytotoxicity, a resazurin assay was
conducted. NIH 3T3 fibroblasts were plated at a density of 10
000 cells per well in 150 pL of DMEM containing 10% FBS and
1% penicillin/streptomycin and incubated (37 °C, 5% CO,) for
24 hours. Polymer samples were sterilized via filtration through
a non-pyrogenic Acrodisc® syringe filter (0.20 pm Supor®
membrane) and then added to the cell wells at concentrations
between 0.1-1 mg mL ™. After 24 h of incubation, the DMEM
solution was replaced with 150 uL of a DMEM/resazurin (10 pg
mL ") solution and incubated for 4 hours. Converted resorufin
was measured using a BioTek Synergy HTX Multi-Mode Reader
plate reader (Aexcitation = 575 £ 10 NM, Aemission = 600 £ 10 nm).
The results are presented as relative viabilities compared to
non-treated controls (i.e. cells plated at the same density but not
exposed to NPs), with the error bars representing the standard
deviations of the percent viability measurements (n = 6).

Transport of P(L)LA-PEG-based nanomaterials in 3D in vitro
tumor cell cultures

Spheroid growth via hanging drop method. CT26 spheroids
were cultured as previously described from our group.* Briefly,
10 uL of a 1 x 10° cells per mL stock suspension (final
concentration = 1000 cells per droplet, 9 droplets per dish) was
added to the lid of a Petri dish. Cells were inverted and cultured
in the hanging droplet for 14 days without agitation. Spheroids
were checked for symmetry, sphericity, and the presence of
a dense tumour-like core to ensure adequate formation with
light microscopy prior to utilization for testing.**

Fluorescently-labeled P(L)LA;¢k-b-POEGMA475,0x and P(L)
LA, ox-b-POEGMA2000,0x spheroid penetration via confocal
laser scanning microscopy. 7.5 mg mL ™" suspensions of Cy5-
labeled  P(L)LA,ox-b-POEGMAA475,5c  and  P(L)LA;qx-b-
POEGMA2000,,x were sterilized via filtration with a 0.22 pm
syringe filter. 1 pL of a nanoparticle suspension was added to
each spheroid droplet and incubated for 2 h. Z-stack confocal
images were then acquired at 10 pm depth intervals on an
Olympus FV1200 confocal microscope with the Cy5 channel
active (brightness = 565, gain = 2, offset = —1; TD brightness =
122, gain = 1.25, offset = 2), with n = 3 individual spheroids
tested per test group.

Toxicity of PLA-PEG nanomaterials in spheroids

The toxicity of DOX-loaded P(L)LA;ok-b-PEG;ok, P(L)LA;ok-b-
POEGMA475,0x, and P(L)LA,ox-b-POEGMA2000,o¢ NPs was
tested in CT26 spheroids cultured as described above. DOX was
loaded as described in the Fabrication of loaded and blank nps
section, after which 1 pL of the 7.5 mg mL™" drug-loaded
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nanoparticle suspension was added to spheroids in triplicate
and incubated for 72 h. Following, Invitrogen™ LIVE/DEAD™
Cell Imaging Kit (488/570) (10 pL of the mixed stock solution)
was added directly to each treated spheroid as well as untreated
spheroids (control) and incubated in the dark at room
temperature for 15 minutes. Z-stacks of the spheroids were then
collected using a confocal microscope at 10 pm depth intervals
using both the FITC (live cells; brightness = 400, gain = 2, offset
= —1; TD brightness = 105, gain = 1.25, offset = 2) and Texas
Red (dead cells; brightness = 350, gain = 2, offset = —1; TD
brightness = 105, gain = 1.25, offset = 2) filters. All z-stack
images in each channel were then projected onto a single
composite image using ImageJ and the average intensity was
projected. A circle was manually drawn to encompass the area
of each spheroid, with the area and IntDen (representing the
pixel density within the circle) calculated separately in each
channel for all spheroids measured. The IntDen/area ratio was
calculated in each or the red and green channels, after which
the ratio of greennpensarea: '€dmtpen/area Was calculated to
assess the ratio of live/dead cells within each spheroid. The
average =+ greeNppensarea : I€dintpen/area Was plotted for each
treatment group. One-way ANOVA was performed with Dun-
nett's post-hoc test to compare the DOX-loaded nanoparticle
results to control (untreated) spheroids.

Biodistribution studies

BALB/c mice (n = 5) were shaved and implanted intradermally
on the left flank with 1 x 10° CT26 tumor cells using a 30 pL
injection volume in PBS and allowed to grow into tumors for 10
days or until palpable (~200 mm?®). Following, to perform bio-
distribution studies, mice were injected via the tail vein with
200 pL of a 7.5 mg mL™~* Cy5-labelled nanoparticle suspension
and sacrificed at 2 h, 8 h, and 24 h post-injection. The mass
concentration of Cy5-labeled polymer was conserved between
all NPs; however, while both PLA-POEGMA polymers were
labeled with the same 5 wt% Cy5 content and prepared from the
same polymer batches, the Cy5-labeled P(L)LA;ox-b-PEG;ox is
a commercial product with a higher per gram fluorescence
value. As such, comparisons are restricted to relative fluores-
cence distributions within single treatment groups rather than
total fluorescence values between the different treatment
groups. The lungs, heart, spleen, liver, tumor, and kidneys were
excised and imaged using an ex vivo imaging system (Perki-
nElmer IVIS Spectrum CT, Aexcitation = 640, Aemission = 680 at
a height of 0.1 cm). Following, heart, spleen, lung, kidney, and
tumor tissues were collected into 2 mL Eppendorf tubes and
liver tissue was collected into a 15 mL Falcon tube, covered in
foil, and stored in a —80 °C freezer for further analysis.

Organ homogenization

Organs were briefly thawed at —4 °C before the experiment.
Each full organ (or a < 150 mg portion of the liver) was weighed
and placed in a 15 mL Falcon tube with 1x PBS to achieve
known tissue concentrations within the concentration range of
10-40 mg mL~ " (heart: 30 mg mL ™, liver: 20 mg mL ", spleen:
30 mg mL ™", lung: 40 mg mL™ ", kidney: 40 mg mL™ ", and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tumor: 10 mg mL ™ '); these concentrations were chosen in light
of the total mass of each tissue available to ensure all samples
had >1.5 mL total volume of PBS (maximum 6 mL). The tissues
were then homogenized (Kinematica Polytron, Blade: PT 10/35
Model: PCU-2-110, Brinkmann Instruments, New York) for
1 min, followed immediately by running the homogenizer probe
in 70% ethanol 30% MQW for 30 seconds for cleaning. The
organ mixture was vortexed and immediately pipetted into
black edged, clear bottom 96 well plates at a volume of 10-40 pL
(proportionate to the above concentrations listed for each
organ), after which PBS was used to dilute each well to a 200 puL
total volume containing 2 mg mL ™" tissue in each well. A PBS
control was used in addition to the control animal organs to
ensure there was no autofluorescence of any of the organ
homogenates in the excitation/emission range of Cy5. An exci-
tation wavelength of 640 nm was used for spectrum scanning
the liver (chosen given that it gave the highest signal from the
IVIS experiments) to determine the optimal excitation wave-
length (680 nm) and the optimal gain (150) to be used on the
remaining plates. Results correspond to tissue fluorescence
across n = 5 animals per group, with each plate scanned 3 times
for technical replication.

Results

P(L)LA-b-POEGMA block copolymers were prepared via ARGET
ATRP using a 2-bromoisobutyryl-terminated poly(i-lactide)

oy pp

P(L)LA Macroinitiator OEGMA
n=~137-138
m = ~8-9 or ~40

A
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]
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macroinitiator (Scheme 1). POEGMA polymers were prepared
using OEGMA monomers with either n = 8-9 repeat unit
(475 Da molecular weight) or n = 40 repeat unit (2000 Da
molecular weight) side chains, both of which are sufficiently
long to promote high protein repellency rather than thermor-
esponsive behavior;* indeed, that polymers fabricated with n =
2-3 repeat unit side chains were not colloidally stable at phys-
iological temperature due to the LCST behavior of short side
chain POEGMA polymers.

Table 1 summarizes the molecular weight properties of the
block copolymers produced as well as corresponding informa-
tion for the commercial P(L)LA-PEG polymer used as the linear
polymer control (see ESI, Fig. S4-S61 for full traces). Both
POEGMA-based blocks had number average molecular weights
(M,,) of ~10 kDa as measured via gel permeation chromatog-
raphy, comparable to the 10 kDa macroinitiator used and the 10
kDa PEG chain present on the P(L)LA-PEG commercial polymer.
As such, all three polymers tested have an equivalent hydrody-
namic radius, a parameter we anticipate to be most predictive of
nanoparticle assembly (given its direct correlation with polymer
geometry) and thus chosen for use as the basis for direct
comparisons between the samples. "H NMR analysis was also
conducted to calculate the M, by comparing the relative
amounts of both lactic acid and ethylene oxide repeat units
incorporated into the polymer (see ESI Fig. S5 and S6 and Table
S17). Based on the known 10 kDa molecular weight of the PLA
macroinitiator, the M, values of the POEGMA blocks for P(L)

Sn(Oct), Ml
CuBr, o] Br
0
MegTREN n X
o]
[
P(L)LA-b-POEGMA
Sn(Oct),
CuBr, o o
MesTREN n

o}

P(L)LA-b-P(OEGMA-c-Boc MMA)

P(L)LA-b-P(OEGMA-c-Cy5)

Cy5 NHS Ester

e ./\”

Scheme 1 General synthesis of P(L)LA-b-POEGMA (top) and Cy5-labelled P(L)LA-b-POEGMA (bottom) via ARGET ATRP.
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Table 1 Molecular weights of block copolymers measured using GPC and *H NMR (the latter based on the analysis shown in Table S1, ESI) for
POEGMA copolymers synthesized in this work and reported from the commercial supplier of P(L)LA-b-PEG)

Polymer M, (GPC) M, (‘"H NMR) M,, (GPC) P (GPC)
2-Bromoisobutyryl terminated poly(r-lactide) macroinitiator 10 000 7600 — <1.10
P(L)LA;ox-b-PEG ox 19 500 19300 23 000 1.18
P(L)LA x-b-POEGMA475 ¢ 19000 53300 20200 1.06
P(L)LA, ox-b-POEGMA2000; o 19 900 53500 21500 1.08

LA;ox-b-POEGMA4754x and P(L)LA;ox-b-POEGMA2000x were
both calculated to be ~45 kDa, significantly higher than the
GPC result and consistent with the compact comb structure of
the OEGMA-based blocks resulting in lower effective hydrody-
namic diameters at equivalent molecular weights. Of note, the
equivalent measured hydrodynamic diameters and molecular
weights of the two P(L)LA-b-POEGMA polymers facilitate highly
relevant direct comparisons between those samples. D values of
the synthesized polymers were also found to be consistently low
(<1.1), indicative of tight control over the polymerization
process using the ARGET ATRP protocol. Based on the equiva-
lent hydrodynamic diameters of both the P(L)LA and PEG-based
blocks among all three copolymers, the effects of comb length
can be assessed independent of the effects of block length in
subsequent experiments.

NPs were then fabricated via flash nanoprecipitation based
on each of the linear and comb copolymers fabricated using
a CIJ-M device. Each of the linear-comb copolymers maintains
a critical micelle concentration (CMC) < 40 mg L™ to ensure
facile nanoassembly (ESI Fig. S1t), although the longer comb
(and thus sterically bulkier) P(L)LA;ox-b-POEGMA2000;,x poly-
mer CMC is significantly higher than that of the shorter comb
P(L)LA, ox-b-POEGMA475,,x polymer or the linear-linear P(L)
LA;ox-b-PEG; ok polymer. Flash nanoprecipitation facilitates the
production of NPs within or very close to the targeted circula-
tion size range of ~100-150 nm for each of the three block
copolymers (Table 2), with TEM images showing that all NPs
showed spherical morphologies (Fig. 1A-C). However, NPs
fabricated from the linear-comb analogues were both initially
smaller (particularly those prepared with the shorter n = 8-9
side chains), exhibit lower polydispersity, and better main-
tained their size over extended incubation at 37 °C in a PBS

solution to emulate physiological conditions compared to the
linear-linear P(L)LA;ox-b-PEG ok copolymer (Fig. 1D and E).
Changing the solvent from THF to DMF significantly reduced
NP size for the linear-comb copolymer NPs by a factor of up to
~2 for the P(L)LA; ox-b-POEGMAA475,ox NPs but had little impact
on the size of the linear-linear copolymer NPs; the very high
solubility of the POEGMAA475 block in DMF can be correlated
directly to this result, with the longer PEG linear chain or the
longer comb length POEGMA2000 exhibiting still sufficient but
somewhat lower solubility. Correspondingly, the P(L)LA;ox-b-
POEGMA475,0x NPs fabricated in DMF retained high colloidal
stability over at least two weeks (Fig. 1E) without significant
alterations in the observed particle size distribution (ESI
Fig. S71) while NPs prepared with both the POEGMA2000 and
PEG hydrophilic blocks using DMF showed reduced stability
relative to their THF-fabricated counterparts consistent with the
potential for trace amounts of DMF to drive block copolymer
rearrangements/disassembly in suspension. The very low
particle size achievable with the shorter comb P(L)LA;ox-b-
POEGMA475,0x copolymers in DMF is notable for a rapid
nanoparticle  fabrication @ method such as flash
nanoprecipitation.*®

To assess the effect of the PEG block morphology on drug
loading, DMF was selected to as the solvent phase during flash
nanoprecipitation to facilitate the solubilization of doxorubicin
hydrochloride in the precursor organic solution. Both encap-
sulation efficiency (EE) and drug loading capacity (DLC) are
reduced by the introduction of a comb morphology in the PEG
block (Table 2), with only minimal reductions observed for the
shorter POEGMA475 hydrophilic block (n = 8-9 side chains,
~15% decrease) but significantly higher reductions observed
with the longer POEGMA2000 hydrophilic block (n = 40 side

Table2 Characterization of blank and drug-loaded NPs fabricated using flash nanoprecipitation in THF or DMF, respectively, from: (A) P(L)LA;ok-
b-PEGok (B) P(L)LA1gk-b-POEGMA475, (C) P(L)LA;ok-b-POEGMA200010k

Hydrodynamic

Zeta potential Drug loading Encapsulation

Solvent Polymer diameter (nm) Polydispersity (mV) capacity (%) efficiency (%)
THF P(L)LA, ox-b-PEG o 159 + 2 0.34 —4+1 — —
P(L)LA; ox-b-POEGMAA475, ¢ 88 + 2 0.27 1542 — —
P(L)LA;ox-b-POEGMA2000,0 114 + 1 0.21 —11+1 — —
DMF P(L)LA; ox-b-PEG ok 151+ 1 0.29 141 — —
P(L)LA,ox-b-POEGMA475, 5 43 +1 0.28 141 — —
P(L)LA; x-b-POEGMA2000, ¢ 81+3 0.39 141 — —
DMF +1mgmL™"  P(L)LAx-b-PEGiox 343+ 3 0.25 142 3.3+0.1 3341
Dox-HCI) P(L)LA; ox-b-POEGMAA475. ¢ 97 +3 0.33 1+4 2.5+ 0.1 2541
P(L)LA1ox-b-POEGMA2000, 102 % 5 0.37 141 1.4 4+ 0.2 14 +2
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Fig. 1 Particle size, morphology, and stability of linear-comb PLA-POEGMA copolymer nanoparticles compared to linear—linear PLA-PEG
nanoparticles: (A—C) transmission electron microscopy images of nanoparticles fabricated using (A) P(L)LAjok-b-PEGsok; (B) P(L)LAiok-b-
POEGMA475,ok; and (C) P(L)LA ok-b-POEGMA2000, (scale bars =200 nm); (D and E) DLS stability data for linear and comb block copolymer-
based nanoparticles fabricated using (D) THF or (E) DMF as a solvent via flash nanoprecipitation over a 15 day incubation time in PBS at 37 °C (n =
3, data points represent the mean values, error bars represent the standard deviation). Beyond day 3 in DMF (panel E, grey arrow) P(L)LAgk-b-
POEGMA2000,k exhibited large sizes and polydispersity values indicative of nanoparticle aggregation.

chains, >50% decrease). As such, while the introduction of
a comb morphology in the PEG block reduces the particle size
and improves the colloidal stability of the NPs, the concurrent
reduction in drug loading capacity must also be considered
depending on the required dose of therapeutic to be delivered.
Of note, doxorubicin loading significantly increased the particle
size of the linear-linear P(L)LA,;x-b-PEG;ox copolymer above
the particle size range typically cited to enable long-term
circulation (20-250 nm) while both comb copolymers exhibit
only small increases in particle size that keep the loaded
particle size of the NPs within the efficient circulation range
(~50-100 nm), suggesting another benefit of the comb copol-
ymer building blocks.?¢3*

The cytotoxicity of each NP type was assessed by conducting
a resazurin assay on 3T3 NIH mouse fibroblasts at concentra-
tion of up to 1 mg mL ™" for 24 hours. None of the NP formu-
lations displayed significant cytotoxicity in vitro at any tested
concentrations, using 80% cell viability as the threshold for
toxicity (Fig. 2). As such, NPs based on both the linear and comb
PEG block copolymers are non-cytotoxic to cells.

To assess the effect of the comb structure of the hydrophilic
blocks on tumor transport, P(L)LA;,k-b-POEGMA;,x NPs were

© 2024 The Author(s). Published by the Royal Society of Chemistry

®P(L)LAox-b-PEGyo«
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Fig. 2 Relative cell viability of NIH 3T3 fibroblasts as measured via
a resazurin assay over a 24 hour exposure time to various concen-
trations (n = 6, data points represent the mean values, error bars
represent the standard deviation) of P(L)LA;ox-b-PEGyqk, P(L)LAok-b-
POEGMA47510k, and P(L)LA;ok-b-POEGMA2000;0k NPs.
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fluorescently labeled with Cy5 and incubated with CT26 colon
carcinoma spheroids. Confocal laser scanning microscopy
taken after 2 hours of incubation (Fig. 3) show that NPs with
both comb lengths can penetrate effectively into the spheroids,
with significant fluorescence observable at least 60 um into the
spheroids. The effectiveness of DOX-loaded P(L)LA;ok-b-
POEGMA, x NPs in killing these spheroids was then assessed
via LIVE/DEAD staining, comparing to non-drug loaded

20 pm

0Opm
P(L)LAok -b-
POEGMAA475, 0«

P(L)LA1 -b-
POEGMA2000, 0,

40 pm

View Article Online

Paper

spheroid controls (Fig. 4A). Even in control (untreated) spher-
oids, a significant amount of dead cells is observed consistent
with the necrotic cores of in vivo tumors; however, treatment
with any DOX-loaded nanoparticle shows increased red fluo-
rescence compared to control spheroids. Comparing the live :
dead ratio (calculated by dividing green fluorescence by red
fluorescence in each treatment group in triplicate, Fig. 4B),
control spheroids had ~1: 1 live/dead cells, while higher ratios

60 ym  Z-Projection Brightfield

y

200 ym

Fig. 3 Penetration of Cy5-labeled P(L)LA;ox-b-POEGMA475,0, and P(L)LA;ox-b-POEGMA2000,k into CT26 tumor spheroids.

40 um 60 pm

A 20 pm

Control

Live

P(L)LAox-b-
POEGMAA475,,

Dead

Live

P(L)LAok-b-
POEGMA2000, 0«

Dead

Z-Projection B

Live/Dead (%)

200 pm

Fig. 4 Spheroid toxicity at varying penetration depths using a LIVE/DEAD® assay and imaging live (green) and dead (red) cells using a confocal
laser scanning microscope. (A) Confocal images after incubating spheroids with either no DOX (control), or DOX-loaded P(L)LA;ok-b-PEGiok,
P(L)LA1ok-b-POEGMA475 0k, or P(L)LA;ok-b-POEGMA2000k for 72 h and staining with LIVE/DEAD®. (B) Ratio of green : red fluorescence (live :
dead ratio) within the z-projections for each spheroid. n = 3 per formulation tested, ns not significant, *p < 0.05.
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of dead cells were seen in P(L)LA; gx-b-PEG; ok (0.72 £ 0.06), P(L)
LA;o-b-POEGMA475,o  (0.58 + 0.05), and P(L)LA,ox-b-
POEGMA200040k (0.59 £ 0.08). Interestingly, while the DOX-
loaded linear-linear copolymer P(L)LA;ox-b-PEG;ox did not
induce a significantly lower live : dead ratio compared to the
control, both P(L)LA;ok-b-POEGMA,ox formulations did; we
attribute this result to the high penetration capacity of the P(L)
LA, ox-b-POEGMA, o formulations. Fig. 4A also shows increased
dead cells at deeper regions of the spheroid (60 pm) for both
P(L)LA;0x-b-POEGMAA475 5 and P(L)LA;ox-b-POEGMA2000, ¢
compared to P(L)LA;ox-b-PEG;ox as well as a thin veil of dead
cells at all penetration depths, likely indicative of dead cancer
cells breaking from the surface of the spheroid. As such, the
linear-comb  P(L)LA;ox-b-POEGMA475,ox and P(L)LA;ox-b-
POEGMA2000,0x NPs can both penetrate deep into tumor cells
and efficiently release DOX to enhance spheroid toxicity
compared to that observed with the linear-linear P(L)LA;x-b-
PEG, ok NPs.

To assess the differences in biodistribution achieved
according to the different sizes and colloidal stabilities of NPs
formed from linear-linear versus linear-comb block copolymers,

2h

P(L)LAok-b- ]
POEGMA475,5 | (L)LA10kb-PEG ok

P(L)LA ox-b-
POEGMA2000;
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Cys5-labeled NPs were injected in the tail vein of mice and the
biodistribution of the fluorescently labeled NPs was tracked
using both ex vivo imaging as well as fluorescence quantifica-
tion of homogenized tissue samples. Cy5 was incorporated in
sufficient quantities to maximize signal but to minimize any
interfacial changes in the nanoparticles that may impact cell-
nanoparticle interactions (<5 mol% total monomer residues
functionalized), consistent with or lower than approaches used
in other studies.**** Fig. 5 shows the ex vivo IVIS images of each
organ excised after 2 h, 8 h, and 24 h post-administration (refer
to ESI, Fig. S8f for the corresponding measured irradiance
values). P(L)LA;ox-b-PEG;ox showed high fluorescence in all
organs and the tumor (right-most column) even at the very short
2 hour time point that does not significantly change over the
subsequent 22 hours, indicating relatively rapid deposition of
the linear-linear NPs in organs; note that the Cy5 density is
higher on the commercial linear-linear block copolymer than
on the internally-synthesized linear-comb copolymers, such
that absolute fluorescence values cannot be compared between
the different samples but can be compared within single
samples at different timepoints. Conversely, a relatively lower

Fig. 5 Representative images of the biodistribution of fluorescently-labelled NPs (experimental groups n = 6, PBS groupn =5)2 h, 8 h,and 24 h
after intravenous injection the heart, liver, spleen, lungs, kidneys, and implanted tumors (left to right). A PBS control is displayed at the bottom of
P(L)LA1ok-b-PEGiok 2 h, P(L)LA1ok-b-POEGMA2000;0k 8 h, and all P(L)LA;gk-b-PEG;ok 24 h timepoints to confirm the absence of tissue auto-

fluorescence at this wavelength.
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Fig. 6 Biodistribution of Cy5-labeled polymer NPs in ground organs of BALB/c mice implanted with CT26 tumors as a function of time post-
injection: (A) P(L)LA1ok-b-PEG1ok; (B) P(L)LA1gx-b-POEGMA475,0k; and (C) P(L)LA1gx-b-POEGMA2000, 0k (n = 5, data points represent the mean

values, error bars represent the standard deviation).

fluorescence signal was noted for both linear-comb copolymers
at 2 h but continuing accumulation of the NPs (particularly in
the tumour) was observed over the full 24 hour period of the
circulation time experiment.

Homogenization of the organs to facilitate improved quanti-
fication of the fluorescence single yielded a similar trend (Fig. 6),
with the linear-linear P(L)LA,;x-b-PEG;ox copolymer showing
significant tumor accumulation at short times but little if any
additional accumulation over the subsequent 22 hours (Fig. 6A)
while significant increases in tumor fluorescence (both in

2496 | Nanoscale Adv,, 2024, 6, 2487-2498

absolute terms as well as in relative terms to the off-target
organs) were observed for both comb copolymer-based NPs
(Fig. 6B and C) over the full 24 hour period of the circulation time
test. Furthermore, at 24 h, a significantly larger percentage of the
total fluorescent signal (Fig. S91) was observed from the tumor
tissue with P(L)LA;ox-b-POEGMA475,0k (34.2 £ 0.5%) and P(L)
LA, ox-b-POEGMA2000; ok (28.5 + 2.8%) relative to the linear P(L)
LA, ox-b-PEG, g control (19.0 £ 2.1%) (p < 0.05 in both pair-wise
comparison), suggesting improved overall accumulation of the
NPs in the tumor with the comb copolymers.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Discussion

Linear-comb block copolymers can be synthesized via ARGET-
ATRP with low D values, allowing for full matching of both the
total and individual block molecular weights between a commer-
cial PLA-PEG linear polymer and the comb analogue copolymers
synthesized herein. Unlike conventional PLA-PEG linear polymers
that are challenging to functionalize aside from the chain ends
(and even then often requiring expensive initiators), using ARGET-
ATRP allows for facile incorporation of a comonomer in the
hydrophilic POEGMA comb block, as demonstrated herein using
(2-Boc-amino)ethyl methacrylate comonomers to generate func-
tional primary amine residues in the POEGMA block following
hydrolysis. Any polymerizable protected monomer compatible
with ARGET-ATRP at any desired comonomer ratio could be
incorporated using the same strategy, allowing for a plethora of
functional groups to be added in a manner that makes the linear-
comb block copolymers significantly more chemically tunable
than conventional linear-linear block copolymers.

NPs fabricated from linear-comb copolymers of comparable
length were significantly smaller than those fabricated using their
linear-linear counterparts. PEG comb copolymers have been re-
ported to present a more sterically stable interface due to the high
density of PEG repeat units covalently tethered in close proximity
within the comb structure, enabling the stabilization of more
surface area (i.e. smaller particle sizes).* When prepared in THF,
PEG ox-b-P(L)LA, ox demonstrated a significant change in size over
a 15 day period of incubation at 37 °C whereas neither P(L)LA;ox-b-
POEGMAA475k nor P(L)LA;ox-b-POEGMA2000,x showed signifi-
cant changes in particle size over the same time period; similarly,
when the NPs were prepared in DMF, the POEGMAA475 linear-
comb copolymer-based NPs exhibited good particle size stability
while the linear-linear copolymer-based NPs showed very high
size increases. These observations both also support the higher
degree of steric stabilization facilitated by the comb structure in
the hydrophilic block.** However, the linear-comb block copoly-
mers facilitated lower drug loading than the linear-linear block
copolymers, with the longer chain P(L)LA;ox-b-POEGMA2000;ox
block copolymer showing a particularly reduced drug loading. In
this context, we hypothesize that the same high comb density that
enables improved colloidal stability also hinders the tight packing
of the P(L)LA domains to reduce the size and/or packing density of
the P(L)LA domains within the self-assembled NPs, leading to
a reduced affinity and/or volume within the nanoparticle for
hydrophobic drug loading. As such, depending on the dose
required of a specific drug, the lower sizes and higher colloidal
stability of the linear-comb block copolymers may be most rele-
vant to apply with more potent drugs that require lower functional
doses to be effective, with the shorter side chain POEGMA475-
based NPs offering an appealing balance of both high colloidal
stability and still relatively high drug loading. However, both
POEGMA-based linear-comb block copolymers tested can enable
both highly effective penetration into spheroids (attributed to the
dense hydrophilic interface, higher nanoparticle stability, and
smaller nanoparticle sizes enabled by the comb POEGMA poly-
mer) as well as more efficient tumor killing, even compared to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PEG-based linear copolymer analogue that enables enhanced DOX
loading. Indeed, the observation that the POEGMA-based NPs
facilitate improved anti-tumor activity despite having lower drug
loading capacities shows the importance of the PEG architecture
in facilitating tumor transport, with shorter main chains and
longer/denser PEG comb lengths enabling improved transport
into tumors and thus improved tumor killing.

In vivo biodistribution experiments demonstrated significant
accumulation of all NPs in tumors (Fig. 5 and 6); however, comb
NPs displayed increased accumulation over a 24 hour time period
and continuous localization of the NPs in the tumor over the full
24 hour test window. Specifically, P(L)LA;k-b-POEGMA475, 0k
displayed a spike in NP concentration between the 8 and 24 hour
timepoints whereas P(L)LA;ox-b-POEGMA2000,0x displayed
showed continuous increases over all timepoints, in contrast to
P(L)LA;ox-b-PEG;ox  which did not show any significant
enhancement in tumor localization over the time period of the
test. Furthermore, the spleen was the only other organ to show
significant NP accumulation over time, specifically in the case of
P(L)LA;ox-b-POEGMA475, ¢ NPs (although the accumulation is
relatively low over the tested time window). Taken together, we
interpret these results as the linear-comb block copolymers
facilitating prolonged circulation times and thus continual
accumulation in the tumor relative to the linear-linear block
copolymer. While the precise mechanism leading to this result
would require further study (i.e. if PEG antibody interactions are
indeed suppressed by using POEGMA or if the brush structure
otherwise alters the interfacial hydration layer to suppress more
general opsonization), these results suggest potential advantages
of the linear-comb copolymers for passive tumor drug targeting
that can reduce the risk of off-target effects that are strongly
detrimental to the safety and efficacy of anti-cancer therapies.

Conclusion

The polymer architecture of the hydrophilic block of self-
assembled NPs can be engineered to regulate key nanoparticle
properties, specifically by replacing linear PEG with comb
POEGMA. ARGET-ATRP is shown to be a reproducible method
to synthesize such linear-comb block copolymers with relatively
low P values while providing a facile method to incorporate
comonomers in the hydrophilic block to allow for covalent
fluorescent labeling or affinity-based tuning of the nanoparticle
interface. Using POEGMA-based hydrophilic blocks enables the
fabrication of particles with significantly lower particle sizes
and higher stabilities as a function of time while maintaining
high cytocompatibility as well as enhanced tumor spheroid
penetration and killing capacity, although such benefits must
be balanced with the reduced drug loading capacities observed
particularly with longer comb length copolymers. The linear-
comb copolymers also accumulate in tumors following tail
vein injections in mice to a higher degree over significantly
longer time periods than observed with the conventional linear-
linear polymers at the same molecular weight, suggesting
a potentially improved capacity for passive tumor-targeted drug
delivery. Overall, the linear-comb block copolymer platform
described herein provides numerous options for tuning the
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size, chemistry, surface properties, colloidal stability, and thus
circulation properties of block copolymer-based self-assembled
NPs, opening new possibilities for designing nanoparticle-
based delivery vehicles.
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