Open Access Article. Published on 21 February 2025. Downloaded on 12/2/2025 6:59:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC

Pharmaceutics

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: RSC Pharm., 2025, 2, 553

Received 15th December 2024,
Accepted 8th February 2025

DOI: 10.1039/d4pm00330f
rsc.li/RSCPharma

Polybasic nanogels for intracellular co-delivery of
paclitaxel and carboplatin: a novel approach to
ovarian cancer therapy+t

Angela M. Wagner,?® Olivia L. .Lanier,*b'c'd'e'f Ani Savk®® and
Nicholas A. Peppas () ¥2b.cahi

Ovarian cancer is one of the leading causes of cancer-related deaths in women, with limited progress in
treatments despite decades of research. Common treatment protocols rely on surgical removal of tumors
and chemotherapy drugs, such as paclitaxel and carboplatin, which are capable of reaching cancer cells
throughout the body. However, the effectiveness of these drugs is often limited due to toxic reactions in
patients, nonspecific drug distribution affecting healthy cells, and the development of treatment resis-
tance. In this study, we introduce a polybasic nanogel system composed of poly(diethylaminoethyl meth-
acrylate-co-cyclohexyl methacrylate)-g-poly(ethylene glycol) designed for the targeted co-delivery of
paclitaxel and carboplatin directly to ovarian cancer cells. These nanogel systems can respond to the cel-
lular microenvironment to achieve controlled, on-demand drug release, reducing off-target effects and
enhancing therapeutic uptake. Additionally, we investigated nanoparticle degradation and controlled drug
release as a function of various crosslinkers, including tetraethylene glycol dimethacrylate, bis(2-metha-
cryloyl)oxyethyl disulfide, poly(lactic acid)-b-poly(ethylene glycol)-b-poly(lactic acid)dimethacrylate, and
polycaprolactone dimethacrylate. Our results, using OVCAR-3 human ovarian cancer cells, demonstrated
that this dual-delivery system outperformed free drugs in inducing cancer cell death, representing a
promising advance in the field of nanoparticle-based therapies for ovarian cancer. By loading two che-
motherapeutic agents into a single, environmentally responsive particle, this approach shows the potential
to overcome common resistance mechanisms and achieve more effective tumor suppression. In
summary, by delivering chemotherapy more precisely, it may be possible to enhance therapeutic out-
comes while minimizing toxicity and nonspecific drug distribution, ultimately improving patient quality of
life.
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Ovarian cancer is the most lethal type of gynecological cancer
and ranks among the top five causes of cancer-related deaths
in women."? The International Agency for Research on Cancer
(IARC) estimated that in 2022, there were approximately
9.7 million cancer-related deaths and 20 million new cancer
cases around the world. By 2050, this number is predicted to
increase to 35 million new cancer cases based on projected
population growth.®> Despite having high mortality, no major
public health or medical organizations recommend routine
screening for ovarian cancer to the general public. This is due
to the potential for several benign conditions, such as endo-
metriosis, pregnancy, and liver disease, to cause elevated levels
of biomarkers such as CA125, resulting in a high rate of false-
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positive results.*® Additionally, the challenge of detecting
ovarian cancer at an early stage stems from its typically asymp-
tomatic nature in the early phases, which means that most
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patients are diagnosed only after the disease has progressed to
an advanced stage.® This late detection, combined with the
limitations of current screening methods, underscores the
need for improved therapies.

Current treatment plans for ovarian cancer include local
and systemic therapies. Local treatment options include surgi-
cal removal of tumors, which is the cornerstone of treatment,
and radiation therapy, which is less commonly used. Systemic
treatments involve the use of drugs that can reach cancer cells
throughout the body and include chemotherapy, which is typi-
cally administered after surgery, targeted drug therapy,
hormone therapy, and immunotherapy. These treatments may
be combined depending on the cancer’s type and stage, as well
as the patient’s general health and specific conditions.”
Emerging targeted delivery approaches further include gene
therapy, protein therapy, molecular therapy, dual-targeting
therapy, and photodynamic therapy.® However, chemotherapy
protocols lack the ability to differentiate between healthy and
cancerous cells, often causing severe side effects. Due to tox-
icity-related limitations in dosing, patients often face extended
intervals between treatments. During this time, cancer cells
that are affected but not eliminated by the drug may develop
resistance to the treatment.’

Nanoparticles as delivery systems have demonstrated poten-
tial in improving the systemic administration of chemotherapeu-
tic agents and addressing challenges associated with traditional
methods of delivery.'® By precisely targeting and regulating drug
release at the tumor site, these approaches can provide signifi-
cant benefits compared to conventional chemotherapy, reducing
toxicity to healthy cells and minimizing side effects for
patients.>'’ Among these, nanoscale hydrogel systems, also
called nano gels, represent a subclass of nanoparticles that are
three-dimensional hydrophilic polymer matrices through physi-
cal and chemical cross-linking. Such structures can be customiz-
able in size, bio-integration, and water affinity, allowing them to
hold a wide range of drugs and respond to the surrounding
environment such as pH, temperature, or biological agents.
Some of the advantages of nanoscale hydrogel systems include
high drug loading, biocompatibility, and the ability to deliver
both hydrophilic and hydrophobic drugs. Their environmental
responsiveness helps to minimize toxicity and improves thera-
peutic precision. However, these systems face disadvantages that
include premature drug per, low drug-loading efficiency, and
mechanical stability, which can limit their clinical application.

Although substantial research has been conducted on nano-
particle systems, there is only one FDA-approved nanoparticle-
based therapy for ovarian cancer: Doxil®. Approved in 1995,
Doxil® was the first FDA-approved nanodrug, however, it is not
recommended as the first-line treatment for ovarian cancer.
Doxil® is a PEGylated liposomal formulation of doxorubicin,
with a particle size of approximately 100 nm and a negative
surface charge, engineered to leverage the enhanced permeability
and retention (EPR) effect for passive drug targeting. This
mechanism allows the drug to accumulate in tumor tissues,
releasing its chemotherapeutic payload gradually to minimize
off-target effects and improving tolerability."*'* The PEGylation
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of Doxil® results in prolonged circulation time and the ability to
extravasate into tumor sites, which collectively improve its safety
profile by minimizing exposure to healthy tissues and reducing
systemic toxicity."> 7 However, the therapeutic efficacy of Doxil®
is still limited, providing only slight improvements over conven-
tional treatments.'® While Doxil represents a significant advance-
ment in nanoparticle-based therapy, there are still major chal-
lenges for nanoparticle systems, such as premature release,
limited drug-loading capacity, insufficient cellular uptake, and
nonspecific distribution.'®>!

In the last decade, clinical treatment with multiple pharma-
cologically active agents has shown success in enhancing the
treatment of many diseases. With these recent clinical successes,
focus has now been shifting towards nanocarrier-mediated com-
bination therapies. Combination therapies using nanoparticles
provide multiple benefits, such as ability to signal various path-
ways within cancer cells, enhancing treatment efficacy against
targeted areas, influencing distinct phases of the cell cycle, and
bypassing resistance caused by efflux mechanisms of resis-
tance.?” Further, it allows the pharmacokinetics and pharmaco-
dynamics (PK/PD) to be controlled by how nanoparticles are dis-
tributed and absorbed in vivo, rather than the physicochemical
characteristics of the free drugs, ensuring that each therapeutic
agent reaches the cytosol in an optimal synergistic ratio.”>>* In
ovarian cancer, there has been a strong history of clinical
success in using two different pharmacologically active agents;
most importantly, the combination of paclitaxel and carboplatin
has become the first line of treatment.”® Paclitaxel is a highly
lipophilic, water insoluble agent, and current FDA approved for-
mulations rely on Cremophor EL for solubilization which leads
to significant vehicle toxicities.”® Conversely, carboplatin is
hydrophilic and insoluble in common organic solvents used to
solubilize paclitaxel.

The polybasic nanoscale hydrogel (nanogel) system based
upon poly(diethylaminoethyl methacrylate-cyclohexyl methacry-
late)-g-poly(ethylene glycol) (P(DEAEMA-co-CHMA)-g-PEGMA)
developed in this work has been tailored to exploit multiple
environmental cues for the controlled, targeted, intracellular
delivery of multiple low molecular weight chemotherapeutic
agents. The nanogel molecular architecture is designed to sim-
ultaneously carry cargo with varying physicochemical pro-
perties, promote long circulation and increased cellular uptake,
and release the cargo only in response to intracellular environ-
mental cues. The objective of this study is to demonstrate the
utility of this nanogel system in co-delivering paclitaxel and car-
boplatin for the treatment of ovarian cancer. To achieve this,
multiple degradable crosslinkers—including tetraethylene
glycol dimethacrylate (TEGDMA), bis(2-methacryloyl)oxyethyl
disulfide (DisulfideMA), poly(lactic acid)-b-poly(ethylene
glycol)-b-poly(lactic acid) dimethacrylate (PLA-b-PEGDMA), and
polycaprolactone dimethacrylate (PCL-DMA)—were synthesized
and investigated to improve long-term biocompatibility and
enhance drug release through intracellular-triggered degra-
dation. This novel nanogel system aims to overcome the limit-
ations of conventional therapies and serve as a platform for the
co-localized delivery of drug combinations in cancer therapy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Experimental

Materials

Poly(ethylene glycol)methyl ether methacrylate (M, 2080, 50 wt%
in water), 2-(diethylamino)ethyl methacrylate (DEAEMA), tetra-
ethylene glycol dimethacrylate (TEGDMA), and cyclohexyl meth-
acrylate (CHMA) were acquired from Sigma-Aldrich (St Louis,
MO), along with myristyl trimethylammonium bromide
(MyTAB), chlorpromazine hydrochloride (98%), dynasore, and
wortmannin (98%). Irgacure 2959 came from Ciba Inc. (Basel,
Switzerland). Brij 30 and deuterium oxide (99.8% D) were
obtained from Acros Organics. Additionally, acetone, tetrahydro-
furan, 1x Dulbecco’s phosphate-buffered saline (DPBS), hydro-
chloric acid, sodium hydroxide, and fetal bovine serum
(Corning, Catalog 35010CV) were sourced from Thermo Fisher
Scientific (Waltham, MA). The 5-N,N-dimethyl amiloride was
supplied by Enzo Life Sciences (Farmingdale, NY), and Filipin
I was purchased from Cayman Chemical (Ann Arbor, MI).
OVCAR-3 cells (ATCC® HTB-161™) and RPMI-1640 medium
(ATCC® 30-2001™) were obtained from ATCC (Manassas, VA).
Insulin from bovine pancreas (10 mg mL ™" in 25 mM HEPES pH
8.2, Catalog 1-0516) was provided by Sigma-Aldrich. Deionized
water used in the experiments was obtained via a Milli-Q Plus
Ultrapure Water System (Millipore), fitted with a 0.22 pm in-line
filter, and all chemicals were utilized as received without further
modification.

Nanoparticle synthesis

Poly(2-diethylaminoethyl methacrylate-co-cyclohexyl methacry-
late)-g-poly(ethylene glycol methyl methacrylate) (P(DEAEMA-
co-CHMA)-g-PEGMA) nanoparticles were synthesized via UV-
initiated, aqueous emulsion free radical polymerization.>® For
nanoparticle synthesis, the pre-polymerization mixture was
prepared by mixing DEAEMA (71.0 mol%), PEGMA (7.8 mol%),
and CHMA (21.2 mol%) in deionized water using a round
bottom flask. To stabilize the emulsion, Brij 30 (a non-ionic
surfactant) and myristyl trimethylammonium bromide
(MyTAB, a cationic surfactant) were added at concentrations of
4 mg mL™" and 1.16 mg mL™", respectively. The free radical
initiator, Irgacure 2925, was added at 0.5 wt% relative to the
total monomer content.

Various crosslinkers were also investigated for the syn-
thesis, including tetraethlyene glycol dimethacrylate
(TEGDMA), bis(2-methacryloyl)oxyethyl disulfide
(DisulfideMA), poly(lactic acid)-b-poly(ethylene glycol)-b-poly
(lactic acid)dimethacrylate (PLA-b-PEG-DMA), and polycapro-
lactone dimethacrylate (PCL-DMA), as shown in Fig. 1.
Disulfide-DMS contains a disulfide bond that is degradable by
intracellular levels of glutathione (GSH) under reductive con-
ditions, and is of a similar molecular weight and length to the
non-responsive crosslinking agent used (TEGDMA). This
degradation facilitates the rapid release of encapsulated drugs,
ensuring effective intracellular delivery. We also synthesized
(see below methods for crosslinker synthesis) and evaluated
crosslinkers that degrade by carboxylesterase-triggered hydro-

lysis (PCL-DMA, PLA-PEG-DMA m = 2 and m = 5).
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Carboxylesterases are abundant in the intracellular environ-
ment of ovarian cancer cells, further enhancing the degra-
dation of nanogels and promoting controlled drug release.

The reaction was typically carried out at a pH range of
9.5-10.0. The reagents were ultrasonicated for 20 minutes to
create an oil-in-water emulsion, which was subsequently
purged with nitrogen to remove any free radical scavengers.
Finally, the emulsion was exposed to UV light (140 mW cm™?)
for 2.5 hours with constant stirring, using a BlueWave 200
Spot Lamp System (Dymax Corporation, Torrington, CT).

The particles were purified by four repeated cycles of collap-
sing and resuspending the ionomers to remove any remaining
surfactants and unreacted monomers. They were titrated to a
pH of 1.0 using 6 N HCI and stirred for at least 5 minutes.
Following this, the particles were diluted to 10% v/v using
either acetone or tetrahydrofuran (THF). For purification using
acetone, the suspension was centrifuged at 20 000g for about
5 minutes until a pellet was formed. When using THF, the sus-
pension was centrifuged at 3000g for approximately
10 minutes to achieve pellet formation. After removing the
supernatant, the nanoparticle pellets were resuspended in a
0.5 N HCI solution. Subsequently, the particles were dialyzed
against distilled water for 7-10 days, with the water being
replaced twice daily.

Synthesis of custom degradable crosslinking agents

To develop nanoparticles with hydrolytic degradability, ester
groups susceptible to breakdown were added along a PEGDMA
crosslinker chain. Methacrylate-poly(lactic acid)-b-poly(ethyl-
ene glycol)-b-poly(lactic acid)-methacrylate (PLA-b-PEG-DMA)
crosslinkers were synthesized following a two-step method
initially outlined by Hubbell et al®>” and further modified
based on Diederich et al.*®

Ring opening polymerization of p,L-lactide on PEG

The poly(ethylene glycol)-co-poly(lactic acid) copolymers, with
varying quantities of lactic acid units, were synthesized
through ring-opening polymerization of p,i-lactide onto PEG
chains. Diederich et al. demonstrated that approximately 70%
of the lactic acid units were successfully integrated into the
PEG backbone.?® For the incorporation of 4 and 10 lactic acid
units per PEG chain, 5.6 and 11.2 units of lactic acid were
used, respectively. To maintain a consistent crosslinker length,
PEG with a lower molecular weight was chosen for chains with
more lactic acid units. To achieve conjugation of 4 lactic acid
units per PEG chain (where m = 2), 0.0125 mol of PEG (MW =
400, 5 g) and 0.035 mol of p,i-lactide (5.045 ) were introduced
into a 50 mL round-bottom flask. The mixture was then
purged with nitrogen for 20 minutes to remove oxygen or other
oxidizing agents. The flask was placed in an oil bath and
heated to 140 °C. Afterward, 0.681 mL of a nitrogen-purged
SnOct, solution in toluene (10 wt%) was added to the flask to
achieve a molar ratio of 0.0012 mol SnOct, per mol p,r-lactide.
The reaction was allowed to proceed for 12 hours before being
cooled to 30 °C, and the product was dissolved in 7 mL of di-
chloromethane. To purify the product, it was reprecipitated in

RSC Pharm., 2025, 2, 553-569 | 555


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00330f

Open Access Article. Published on 21 February 2025. Downloaded on 12/2/2025 6:59:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Pharmaceutics

A o o
Hzo})ko{/vopo)kfcm
3

CHy

CHs

Tetraethylene glycol dimethacrylate
(TEGDMA)

B CHs

(o}
Hzc)\(O\/\S,S\/\OJ\(/CHz
(o}

CHs;

Bis(2-methacryloyl)oxyethyl disulfide
(DisulfideMA)

o o
c 0. o
o (o]

Poly(lactic acid)-b-poly(ethylene glycol)-b-
poly(lactic acid) dimethacrylate

(PLA-PEG-DMA, m=2 or 5)

D 0 0
)H(,O\/\/\)qﬁ)/\/o\/\op\/\/\/o%
0 0

Polycaprolactone dimethacrylate
(PCL-DMA)

Fig. 1 Structures of degradable crosslinking agents investigated. (A) A disulfide crosslinking agent that can be reduced in the presence of intracellu-
lar glutathione, and (B—D) three ester-liable crosslinking agents that can be degraded by the presence of intracellular carboxylesterase.

400 mL of cold diethyl ether (—80 °C) and allowed to sit for
6 hours. The product was redissolved in dichloromethane
(7 mL), followed by a second precipitation. The intermediate
was then dried under vacuum at 40 °C and 28 mmHg over-
night before being stored at 4 °C. The purified product was
analyzed by proton (*H) and carbon (**C) NMR in CDCl;, along
with ATR-FTIR spectroscopy for further characterization.

Dimethacrylation of PLA-b-PEG-b-PLA intermediate

After synthesizing and characterizing the PLA-b-PEG-b-PLA
intermediate, the dimethacrylation process was initiated.””
The dried intermediate was mixed with a 10-fold molar excess
of methacrylic anhydride in a 20 mL scintillation vial. The vial,
with the cap loosely attached, was placed in a microwave set to
full power for 5 minutes. Every 30 seconds, the vial was taken
out, the cap tightened, and the contents were vortexed for 30
seconds before the cap was loosened again, and the vial was
returned to the microwave. This cycle was repeated for the full
duration. After microwaving, the vial was left to cool down to
room temperature with the cap loosened. The methacrylated

556 | RSC Pharm., 2025, 2, 553-569

compound was then dissolved in 3 mL of dichloromethane,
followed by precipitation in 400 mL of hexanes at room temp-
erature for 6 hours. The precipitated product was collected
using a vacuum filtration system with a Buchner funnel and
then dissolved again in dichloromethane. After a second pre-
cipitation step, the product was vacuum-dried overnight and
stored at 4 °C. To verify the methacrylation, proton (*H) and
carbon (**C) NMR in CDCl;, as well as ATR-FTIR spectroscopy,
were conducted on the resulting crosslinkers.

Fluorescent polymer synthesis

Nanoparticles were fluorescently labeled by reacting their
primary amine groups with 7-chloro-4-nitrobenzo-2-oxa-1,3-
diazole (NBD chloride), which forms fluorescent NBD-amine
conjugates. Ethanol served as the reaction solvent. The fluo-
rescent tag was covalently attached to the nanoparticles by
including amino ethyl methacrylate (AEMA) during their syn-
thesis. The presence of the primary amine group was con-
firmed using both '"H-NMR and a fluorescamine assay after
the synthesis and purification processes. NBD chloride was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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added to the nanoparticle mixture at a 1:1 molar ratio to
AEMA, and the reaction was carried out under gentle stirring
in the dark for 6 hours. After the reaction was complete, excess
unreacted dye was removed from the labeled nanoparticles
through extensive dialysis in distilled water. The labeled nano-
gels were stored in a dark environment until further use.

Encapsulation and release profiles

Loading studies were completed with paclitaxel and carbopla-
tin across a variety of conditions to optimize the mass loading
and demonstrate the ability to achieve a ratiometric loading in
a repeatable fashion. Briefly, nanoparticles were loaded by
imbition at the specified conditions to allow the drugs to
diffuse into the swollen polymer network, then collapsed by
titration to pH 8.0. Non-loaded drug was separated by centrifu-
gal filtration (twice washed with 1x DPBS pH 8.0) and quanti-
fied by UV absorbance and/or HPLC. Analysis was calculated
against standard curves from known concentrations. The final
products were stored in at 4 °C for up to 1 week until use. To
obtain the release behavior and profile, the drug-loaded nano-
particles were incubated in 1x DPBS pH 7.4 (sink conditions)
for 4 hours. The solution was stirred continuously throughout
the release evaluation and samples were in closed containers
to minimize evaporation. Samples were taken every 1 hour,
and released drug was separated by centrifugal filtration (twice
washed with 1x DPBS pH 8.0) and quantified by UV absor-
bance and/or HPLC. After the 4 hours time point, the pH was
adjusted to 6.5 and diluted to low ionic strength through rapid
addition of hydrochloric acid in water, and addition of the
specified concentrations of enzyme for specified formulations
only.

Cell culture

OVCAR-3 human ovarian cancer cells (derived from 60yo
patient of European  ancestry) grown in
RPMI-1640 medium, which was supplemented with insulin
from bovine pancreas (0.01 mg mL™") and 20% fetal bovine
serum (FBS). These cells, typically within passages 6 through
20, were washed using pre-warmed Dulbecco’s phosphate-
buffered saline (DPBS) lacking divalent cations to prepare
them for passaging. After washing, the cells were treated with
0.25% trypsin-EDTA at 37 °C to detach them from the culture
surface. The trypsinization process was stopped by adding
fresh, pre-warmed medium, and the cells were pelleted by cen-
trifugation. The pellet was resuspended in complete medium,
and cell numbers were determined using a TC20™ Automated
Cell Counter (Bio-Rad, Catalog 1450102) with trypan blue
staining to assess viability. The suspension was diluted as
needed and transferred to tissue-culture treated plates or
flasks. OVCAR-3 cells were regularly split at a 1:3 ratio, with
media changes every 2-3 days, and passaging was performed
approximately every 7 days. RAW 264.7 murine macrophages
(derived from adult male BALB/c) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10%
FBS. These cells were typically used between passages 9 and
16. For passaging, the cells were first washed with pre-warmed

were
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DPBS, then the medium was replaced with fresh, complete
medium. Cells were detached from the flask surface using a
25 cm cell scraper (BD Falcon, Franklin Lakes, NJ), and the
detached cells were then counted. After counting, they were
diluted and transferred to tissue-culture treated flasks or
plates. RAW 264.7 cells were usually passaged every 4 days,
with fresh media added every 2 days.

In vitro cytocompatibility and efficacy screening

A live cell assay to investigate nanogel in vitro cytocompatibility
using two commercially available cytotoxicity assays (MTS and
LDH) and in vitro efficacy using the MTS assay. Polymer solu-
tions were prepared in 1x DPBS without divalent cations,
titrated to pH 7.4. OVCAR-3 cells were cells were seeded in
96-well plates at a density of 30 000 cells per well and incubated
for 48 hours with 200 pL of complete medium. Media was aspi-
rated and cells were washed twice with 1x DPBS. Polymer stock
solutions at 10 times the final concentration were introduced
to the cells for designated exposure periods. After 2 or 24 hours
exposure time, the media and polymer were aspirated and
fresh complete medium was added. For MTS assays, the
CellTiter 96 AQueous one solution cell proliferation assay kit
(Promega Corp., Madison, WI) was used, which contains the
tetrazolium  salt  [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium]. This com-
pound is reduced to a purple formazan product in the presence
of viable cells absorbance was measured at 490 nm after a
4-hour incubation period. LDH assays were performed using
the CytoTox-ONE™ homogeneous membrane integrity assay
kit (Promega Corp., Madison, WI), which measures the release
of lactate dehydrogenase (LDH) from cells with compromised
membranes. For the LDH assay, cells were seeded in 96-well
plates and exposed to polymer solutions under the same con-
ditions as described. At specific time points, 50 puL of the
medium was aspirated and mixed with 50 pL of LDH assay
buffer in a black-walled 96-well plate. After a 10-minute room-
temperature incubation, fluorescence was measured using
530 nm excitation and 590 nm emission wavelengths. To deter-
mine the concentration of drug required for 50% growth inhi-
bition (ICs,) Graphpad Prism 5 software was used. The fraction
of cells affected (F,) by each drug concentration was calculated,
and for combination treatments, the combination index (CI)
was calculated using CompuSyn software based on the Chou
and Talalay method.>® The CI for binary drug combinations
was computed using the following formula:

CI = Dy/(Dx), + D,/ (Dy), (1)

where (D,); and (D,), represent the concentrations of each
drug individually that result in F, times 100% growth inhi-
bition. Conversely, D; and D, refer to the concentrations of
each drug when used in combination, achieving the same level
of inhibition. The CI values for the drug combinations were
plotted against F,. Typically, the CI values between F, = 0.1 and
F, = 0.9 are considered reliable. Moreover, a CI value below 0.9
indicates synergy between the drugs, while a value above 1.1
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suggests antagonism. CI values from 0.9 to 1.1 are interpreted
as additive, and values lower than 0.3 indicate a strong syner-
gistic effect.’***

"H-nuclear magnetic resonance (NMR) spectroscopy analysis

The nanogel composition was assessed using 'H-nuclear mag-
netic resonance (NMR) spectroscopy. Spectral data were
obtained at 25 °C using a 400 MHz NMR system, either the
Varian Direct Drive 400 or the Agilent MR 400. For compo-
sitional analysis, dried linear polymers were dissolved in deu-
terium oxide at concentrations ranging from 10 to 15 mg
mL™". The resulting spectra were processed using MestReNova
10.0 software, with integration of specific peaks for DEAEMA
(6 1.22, 6H), PEGMA2Kk (§ 3.55 ppm, 176H), and hydrophobic
monomer signals.

Attenuated total reflectance fourier transform infrared
(ATR-FTIR) spectroscopy analysis

Attenuated total reflectance fourier transform infrared
(ATR-FTIR) spectroscopy was utilized to examine lyophilized
crosslinked polymer nanoparticles. The analyses were carried
out using a Thermo Scientific Nicolet iS10, equipped with a
germanium crystal. Prior to analyzing each sample, back-
ground spectra were collected for subtraction purposes. The
final spectra, representing each sample, were averaged over 64

scans, with a data spacing of 0.482 cm™".

Dynamic light scattering (DLS) and zeta potential

The hydrodynamic diameter of the nanoparticles was
measured using dynamic light scattering (Zetasizer Nano,
Malvern) with a particle concentration of 0.5 mg mL™" in 1x
DPBS. For each formulation (n = 3), the readings were averaged
over at least 12 acquisitions, each lasting 10 seconds. Zeta
potential measurements were taken to assess the surface
charge, also using the Zetasizer Nano (Malvern). For this, a
0.5 mg mL™" concentration of nanoparticles was prepared in
5 mM sodium phosphate buffer (n = 3 per formulation). Both
the hydrodynamic diameter and the zeta potential were evalu-
ated as a function of pH.

Statistical analysis

The data are presented as an arithmetic mean + standard
uncertainty of the mean (n = 3), unless otherwise noted in a
figure caption. Differences between groups were examined for
statistical significance using two-tailed paired ¢test or two-way
ANOVA with Tukey test for multiple comparisons for a signifi-
cance level a = 0.05 using GraphPad Prism.

Results & discussion
Nanogel synthesis

The nanogel formulations were comprised of: (i) a hydrophilic,
cationic monomer 2-(diethylamino)ethyl = methacrylate
(DEAEMA), which provides pH responsiveness through the
ionization of amine pendant groups, (ii) a hydrophobic n-alkyl
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monomer cyclohexyl methacrylate that enables a tunable pH-
responsive profile and improves drug-polymer interactions,
(iii) crosslinker to improve drug retention and mechanical
stability over self-assembled counterparts (see Fig. 1), and (iv)
a poly(ethylene glycol)methacrylate (PEGMA) graft to enhance
stability in solution and in serum.

The poly(2-(diethylamino)ethyl methacrylate-co-cyclohexyl
methacrylate)-g-poly(ethylene glycol methyl methacrylate)
(P(DEAEMA-co-CHMA)-g-PEGMA) nanoparticles were syn-
thesized using a previously developed a novel, robust method
via UV-initiated  emulsion free  radical
polymerization.>®**"** This polymerization method allows the
hydrophobic cationic monomer to form the nanoparticle core,
with PEGMA grafted predominantly on the surface, ensuring
that the buffering properties of the polymer are not
compromised.

aqueous,

Preparation of drug-loaded nanogels

Loading studies were completed with paclitaxel and carbopla-
tin across a variety of conditions to understand the key process
parameters, maximize the achievable drug loading and
demonstrate the ability to achieve a ratio metric loading in a
repeatable fashion. Studies were performed by investigating
several factors, including: total ionic strength of the loading
solution, incubation time, incubation temperature, incubation
pH, the ratio of drug to polymer, and the ratio of organic
solvent (Table 1). For the organic solvent, ethanol was used as
carboplatin more readily degrades in DMSO and paclitaxel
more readily degrades in methanol.

To explore each of these variables one by one, with three
levels (low, medium, and high) - also known as a full factorial
design - it would require more than 700 experiments. To
analyze this effect for both single agent loading and competi-
tive loading, it would require more than 2100 experiments.
Instead, this study was approached using a statistical design of
experiments (DoE). With a central composite design (CCD), it
is possible to create a map of the response surface and explore
any interactions between variables, while also minimizing the
number of experiments. With this design, only 63 experiments
were required, which is a much more manageable number and

Table 1 Variables, ranges, and outputs explored to maximize the
loading of paclitaxel and carboplatin into P(DEAEMA-co-CHMA)-g-
PEGMA nanogels with TEGDMA crosslinker

Inputs Input range tested ~ Outputs

Incubation time 24, 48, 72 hours Mass loading (ug API to
mg polymer)
Incubation Loading efficiency (%)
temperature
Incubation pH

Total ionic strength

22 °C, 30 °C, 37 °C

pH 3.5,4.5, 6.0
15 mM, 150 mM,

300 mM
Ratio of total API: 10:100, 50: 100,
polymer 100:100
Organic solvent 2.5 vIv%, 13 v/v%,
ratio 25 v/v%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be easily accomplished. The method was further stream-
lined through the use of plate-based filtration.

To aid in the DoE design and analysis, both the JMP and
SigmaPlot software were used. Briefly, the JMP software was
used to design the experimental arms and compute a power ana-
lysis. The data from the experiment was analyzed it in JMP,
which provides an effect summary (not shown). This effect
summary is a good visual cue to see which variables are impact-
ing the output the most, but it is not as useful for an in-depth
analysis. From here, a predictive model was established to fit the
experimental data of mass API loaded per mass of nanoparticle.
The predicted versus actual values of the mass loading of API per

A 200

150
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nanoparticle resulted in an R-square value of 0.98 (p < 0.0001)
(Fig. 2A). This fit then enabled the generation of a prediction
profiler (Fig. 2B) and 3D response surface maps (not shown).

The data in Fig. 2 is from the competitive agent co-loading
studies, illustrating the conditions that yield the maximum
output. Overall, with both therapeutic agents, the most promi-
nent changes were seen with the factors that increase the par-
ticle swelling and mesh size, and with the factors that create a
less favorable environment in the bulk solution or promote a
larger equilibrium concentration. By using this approach, we
were able to improve the achievable loading by over 2-fold over
what was observed initially.

ug Drug mg Polymer Actual
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Fig. 2 Summary of conditions to maximize the loading of paclitaxel and carboplatin into P(DEAEMA-co-CHMA)-g-PEGMA nanogels. Data was ana-
lyzed in JMP software. (A) Actual versus predicated values for mass of API loaded per mass of nanoparticle with an R-square value of 0.98 (p <
0.0001). (B) Resulting predication profiler showing maximal loading conditions.
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Synthesis of nanoparticles with glutathione degradable
crosslinkers (disulfide-DMA)

Polymers that respond to internal biological signals, such as
degradation triggered by the environment of specific body
regions or disease conditions (like the intracellular endosome),
are highly valuable for the development of advanced drug
delivery systems.*® The most effective approach is to design
biomaterials that are sensitive to changes in the physiological
or pathological environment, aligning with native biological
characteristics.

Oxidation-reduction responsive polymers react to environ-
mental changes by altering the oxidation state of redox-sensi-
tive groups.’® These materials often share design strategies
with pH-responsive polymers, which undergo acid-sensitive
cleavage or degradation.®® On a molecular level, these poly-
mers are often engineered with functional groups that have
multiple oxidation states (such as iron, selenium, and sulfur),
or with linkages like disulfide, diselenide, and
ditellurium,.23337-38

One effective strategy for degradation is the use of disulfide
linkers, which are cleaved by intracellular glutathione (GSH) at
concentrations ranging from 1 to 11 mM.*? By incorporating
disulfide-based crosslinkers or conjugates, degradation points
can be introduced into the polymer structure while maintain-
ing the material’s mechanical strength and desired macro-
scopic properties. To this extent, the crosslinking agent bis(2-
methacryloyl)oxyethyl disulfide (disulfide-DMA, Fig. 1) was
investigated for use in the P(DEAEMA-co-CHMA)-g-PEGMA
formulation.

Nanoparticles were successfully synthesized with the bio-
degradable disulfide-crosslinking agent without necessary
changes to the UV-initiated emulsion polymerization method.
The synthesis was conducted in identical fashion to the non-
degradable nanoparticles. Further, replacing the non-degrad-
able linker TEGDMA with disulfide-DMA had little to no effect
on the resulting nanoparticle physicochemical properties
(Fig. 3). There was a minor effect to the pH-dependent swelling
profile. There was no identifiable change to the effective
surface {-potential. Composition was confirmed via "H-NMR
and ATR-FTIR analysis (ESI Fig. S.1}), and demonstrated no
significant changes until exposure to 10 mM glutathione.

The degradation kinetics were analyzed by dynamic light
scattering, and is demonstrated by the change in relative count
rate, nanoparticle diameter, and polydispersity index over time
when maintained at conditions mimicking that of the intra-
cellular environment (pH 6.5, 37 °C, 10 mM glutathione, ESI
Fig. S.27). Nanoparticles fabricated with the disulfide-DMA
crosslinkers exhibit degradation behavior as compared to
those made with the non-responsive TEGDMA crosslinking
agent. It is important to note that degradation was not
observed that the levels of extracellular glutathione (1 mM).

During the first 2 hours, a notable decrease in the count
rate is observed, with the rate dropping by 50% within
90 minutes for particles made using the disulfide-DMA cross-
linking agent. Moreover, the particle formulations exhibited a
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continued decline in count rate over time, eventually stabiliz-
ing at a plateau after approximately 20 to 21 hours. Similarly,
the nanoparticle diameter and polydispersity index increased
dramatically over similar time periods.

The cytocompatibility of the intact particles was investi-
gated with an ovarian cancer cell line (OVCAR-3). The data in
ESI Fig. S.31 shows that there was minimal change to the cyto-
compatibility when compared to the non-degradable particles
over the concentrations tested. As with the prior section,
cumulative drug release was analyzed and compared with the
non-degradable particles.

While the current study provides cytocompatibility data for
OVCAR-3 ovarian cancer cells, we acknowledge the importance
of evaluating the toxicity of the polybasic nanogels in non-can-
cerous cells, such as ovarian epithelial cells or fibroblasts, to
ensure their safety and selectivity. We have previously tested
related polybasic nanogels for toxicity in Caco-2 cells*®*' and
L1929 mouse fibroblasts** and seen favorable cytocompatibility.
Future work should include a comprehensive toxicity profile
using a broader range of non-cancerous cell types to validate
the safety of these nanogels.

Synthesis of custom crosslinking agents

Two custom poly(lactic acid)-b-poly(ethylene glycol)-b-poly
(lactic acid) dimethacrylate crosslinking agents were syn-
thesized. After each synthesis step, the intermediate and final
products were characterized using 'H-NMR and ATR-FTIR
(Fig. S.4 and S.5%). This process was conducted to ensure that
the PLA units were successfully incorporated and that the
chain end groups were methacrylated.

In the control PEG and PEGDMA crosslinker samples, a
prominent peak at 3.6 ppm was observed, which is character-
istic of PEG units.*® The spectrum also displayed three distinct
peaks at 1.8, 5.7, and 6.2 ppm, corresponding to the methacry-
late ends. Additionally, a peak at 4.25 ppm, indicating a
carbon bond to the PEG repeating units, was detected.
Notably, this peak was absent in the non-methacrylated PEG
spectrum, suggesting its presence is due to the connection
between the repeating units and the methacrylate groups.
When analyzing the m = 2 and m = 5 custom degradable cross-
linkers, these same five peaks were observed, along with
additional peaks at 1.5 ppm and 5.2 ppm, which are indicative
of lactic acid units.

From the NMR data, it was noted that as the number of
degradable units on the crosslinker increased, the intensity of
the PEG peak decreased. This change was attributed to the use
of PEG with molecular weights of 400 for m = 2 and 200 for m
= 5, ensuring that the overall crosslinker length remained con-
stant. Additionally, the areas under peaks c and g grew larger
as the crosslinker transitioned from m = 2 to m = 5, due to an
increased number of lactic acid units.

Finally, the peaks corresponding to the methacrylate end
groups of the polymer chains were similar for all the custom
crosslinkers when compared to the PEGDMA control sample.
This similarity occurs because each crosslinker, regardless of
the number of lactic acid units or the length of the PEG chain,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Nanoparticle formulations synthesized with variations in crosslinking agent, disulfide-DMA and TEGDMA. (A) Hydrodynamic diameter and
polydispersity index in 1x phosphate buffered saline determined by DLS, and (B) nanogel effective surface {-potential as a function of pH as deter-

mined by zeta potential. Data represent mean + SEM (n = 3).

contains two methacrylate groups, one at each end.
Quantitative analysis of the NMR spectra confirmed that each
chain contains two methacrylate groups, with an average of 4.2
lactic acid units per chain for m = 2 and 10.5 lactic acid units

per chain for m = 5.

Nanoparticle degradation and release by carboxylesterases

Carboxylesterase-triggered hydrolysis of the nanoparticle cross-
linking agent was explored as a function of three ester contain-
ing crosslinkers (PCL-DMA, PLA-PEG-DMA m = 2 and m = 5)
(Fig. 1).

Carboxylesterases (CES) are major esterases that metabolize
a wide variety of compounds (including esters, thioesters, car-
bamates, and amides).**>* They are important in phase I
metabolism, significantly contribute to first-pass metabolic
hydrolysis, and are widely known to degrade prodrugs for acti-
vation. Further, they mediate the detoxification of many xeno-
biotic compounds.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mammalian carboxylesterases are primarily intracellular
proteins that are predominantly found in the cytoplasm and
within the microsomal fraction associated with the endoplas-
mic reticulum. In humans, there are three membrane-bound
CES isozymes—CES1, CES2, and CES3—that demonstrate
differences in their tissue distribution and substrate prefer-
ences. CES1 is expressed abundantly in organs such as the
liver, kidneys, lungs, and brain, as well as in macrophages, but
its expression is significantly lower in the gastrointestinal
tract. CES2 is mainly located in the intestines, kidneys, and
liver, while CES3 is found in the trachea, intestines, and
placenta.

CES2, in particular, is overexpressed in various cancers and
cancer cell lines, such as ovarian cancer, multiple myeloma,
thyroid papillary carcinoma, esophageal squamous carcinoma,
8,34 CES2 expression in tumor
tissues and cancer cell lines is strongly linked to the bioacti-

and kidney adenocarcinoma.

vation of several cancer prodrugs, including irinotecan and
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gemcitabine. These findings indicate that developing CES2-
bioactivated nanoparticles could offer a promising approach
for targeted cancer treatment.

To this extent, carboxylesterase-triggered hydrolysis of the
nanoparticle crosslinking agent was explored as a function of
three ester containing crosslinkers (PCL-DMA, PLA-PEG-DMA
m = 2 and m = 5). As with the disulfide-DMA crosslinker,
nanoparticles were successfully synthesized with all three of
the biodegradable crosslinking agents without necessary
changes to the UV-initiated emulsion polymerization method.
The synthesis was conducted in identical fashion to the non-
degradable nanoparticles. Composition was confirmed via
"H-NMR and ATR-FTIR analysis (Fig. S.61), and demonstrated
no significant changes until exposure to relevant levels of
CES2 (10 U mL™).

A 100
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Again, the degradation kinetics were analyzed by dynamic
light scattering, and was demonstrated by the change in rela-
tive count rate, nanoparticle diameter, and polydispersity
index over time when maintained at conditions mimicking
that of the intracellular environment (pH 6.5, 37 °C, 10 U
mL~" CES2, Fig. S.71). Again, nanoparticles fabricated with the
three ester-containing crosslinkers exhibited degradation be-
havior as compared to those made with the non-responsive
TEGDMA crosslinking agent.

Further, it is again important to note that degradation was
not observed that the levels of extracellular CES2 (estimated
maximal concentration of 2.5 U mL™", Fig. S.87). Fig. 4 demon-
strated the degradation of one nanoparticle (PLA-PEG-DMA m
= 5) with varying concentrations of CES2. Conversely, exposure
to CES1 showed no significantly degradation.

Relative Degradation
(Normalized Count Rate, %)
=

TEGDMA
Disulfide-DMA
PCL-DMA
PLA-PEG-DMA (m=2)
PLA-PEG-DMA (m=5)

bttt

0 325 650

975 1300

Time (minutes)

100

Relative Degradation
(Normalized Count Rate, %)
=

Time (minutes)

Fig. 4 Comparison of the degradation time-scale for all nanoparticles at intracellular relevant conditions on a single graph, (A) showing the full
time scale and (B) showing up to 120 minutes. Nanoparticles were synthesized with the non-responsive crosslinker (TEGDMA), the glutathione
responsive crosslinker (disulfide-DMA), and the three crosslinkers capable of ester-mediated hydrolysis (PCL-DMA, PLA-PEG-DMA m = 2,
PLA-PEG-DMA m = 5). Degradation occurred in the presence of either glutathione or human carboxylesterase 2 (CES2) at a relevant intracellular
conditions. Dynamic light scattering was measured sequentially (approximately every 3 minutes) for nanogels at 0.5 mg mL™* in 5 mM sodium phos-
phate pH 6.5, and the count rate normalized to initial.
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Compared to the disulfide-DMA crosslinking agent, all
three ester-containing nanoparticles degraded at significantly
faster time scales. This is ideal for ensuring maximal release
of the loaded cargo upon cell uptake and intracellular traffick-
ing. In the first 10 minutes, a significant reduction in the
count rate is observed, with the count rate reduced by half
within 11, 7, and 4.5 minutes for particles fabricated with the
PCL-DMA, m = 2, and m = 5 crosslinking agents, respectively
(Fig. 4). In addition, the particle formulations continued to see
a decrease in count rate over time and reached a plateau after
around 115, 32, and 25 minutes, respectively. Similarly, the
nanoparticle diameters and polydispersity indexes increased
dramatically over similar time periods.

The cytocompatibility of the intact particles was investi-
gated with an ovarian cancer cell line (OVCAR-3). As with the
prior section, cumulative drug release was analyzed and com-
pared the non-degradable particles.

Release studies

Cumulative release of paclitaxel and carboplatin was demon-
strated from dual-loaded nanogels made with the various
crosslinkers. To obtain the release behavior and profile, the
drug-loaded nanoparticles were incubated in 1x DPBS pH 7.4
(sink conditions) for 4 hours. Samples were taken periodically,
and released drug was separated by centrifugal filtration (twice
washed with 1x DPBS pH 8.0). After the 4-hour mark, the pH
was brought down to 6.5, and the solution was diluted to a low
ionic strength—mimicking the intracellular environment of
the early endosome—by quickly adding hydrochloric acid
diluted in water.

As shown in Fig. 5, the release of carboplatin and paclitaxel
generated distinctly different profiles as a function of time. For
both therapeutic agents, there was minimal release (less than
5%) at the pH of the bloodstream (pH 7.4). When the pH was
shifted to that of the early endosome after 4 hours, the particle
swelled in response to the acidic condition and resulted in the
controlled diffusion out of both therapeutic agents.

Carboplatin released at a faster rate than was observed for
paclitaxel. This makes sense as carboplatin is much more
hydrophilic than paclitaxel. The release of carboplatin pro-
ceeded at a relatively steady rate for 10 hours, and reached a
plateau around 65% in cumulative release after 18 hours.
Paclitaxel release was much slower, and did not demonstrate a
plateau in the release after 18 hours. However, only approxi-
mately 39% of the paclitaxel loaded was released at 24 hours.
Overall, the release of both components was slower than
expected. Ideally, both agents would release in the desired
ratiometric level across all time points. To achieve this, incor-
poration of intracellularly-targeted degradable crosslinking
agents was investigated. This step helps ensure complete drug
release within the cell to maximize its therapeutic effect while
also minimizing long-term nanogel toxicity and promoting its
clearance from the body after the cargo is delivered.

As shown in Fig. 5B, the release of carboplatin and pacli-
taxel again generated distinctly different profiles as a function
of time. Still for both therapeutic agents, there was minimal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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release (less than 5%) at the pH of the bloodstream (pH 7.4).
When the pH and ionic strength were shifted to that of the
early endosome after 4 hours, the particle swelled in response
to the acidic condition and resulted in the controlled diffusion
out of both therapeutic agents. Conversely to the non-degrad-
able nanoparticle, paclitaxel released at a much faster rate
than carboplatin. This observation can be explained by the
reactivity of the free drug. Carboplatin is stable at high API
and salt concentrations due to dimer formation. However, it
becomes much more reactive at dilute conditions and low
ionic strength. Hydrolysis to activate carboplatin occurs in low
salt solutions (inside cell), where water replaces chloride
leaving groups.

This hydrolysis is what enables carboplatin to be cytotoxic
and form DNA-adducts. However, once hydrolyzed, both carbo-
platin and cisplatin will react with nucleophilic molecules,
such as free thiols and thio-esters, to form adducts.
Additionally, it has been noted that cells develop resistance to
both carboplatin and cisplatin through intracellular mecha-
nisms, including enhanced drug detoxification by thiol groups
present in enzymes like glutathione.”®® Due to the weaker
interaction between platin-thiol adducts and DNA, the for-
mation of these complexes reduces the amount of drug avail-
able for DNA binding. By binding to thiol groups, the cell is
able to repair itself and increase its tolerance to nuclear
damage, which in turn leads to a reduction in apoptosis and
lower intracellular accumulation of carboplatin. To address
this limitation, degradable crosslinking agents activated by
carboxylesterase were explored.

As shown in Fig. 5C-E, the release of carboplatin and pacli-
taxel again generated relatively similar profiles as a function of
time, as compared to the TEGDMA and disulfide-DMA nano-
particles. Additionally, for both therapeutic agents, there was
minimal release (less than 5%) at the pH of the bloodstream
(pH 7.4). When the pH and ionic strength were shifted to that
of the early endosome after 4 hours, the particles swelled in
response to the acidic condition and resulted in the controlled
diffusion out of both therapeutic agents. Overall, the release of
both components was faster than expected, and resulted in
maximal release between 85 and 93% cumulative release. This
is ideal for intracellular-targeted delivery.

In vitro efficacy of nanoparticle-mediated dual-delivery

Currently the combination of paclitaxel and carboplatin has
become the first-line chemotherapy for ovarian cancer in
addition to many other types of cancer.>’"®' It has been shown
that paclitaxel acts in the cell cytoplasm to stabilize micro-
tubules, preventing replication and causing cell death by stop-
ping mitosis in the M-Phase. Carboplatin acts in the nucleus,
where it is activated to form reactive platinum complexes that
cause intra- and inter-strand DNA crosslinking. This inhibits
DNA synthesis in all phases of the cell cycle. Paclitaxel has
been shown to significantly increase the amount of carbopla-
tin-DNA adduct formation by preventing repair through
natural cell mechanisms.>®
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Fig. 5 Cumulative release of paclitaxel and carboplatin from dual-loaded nanogel. To obtain the release behavior and profile, the drug-loaded
nanoparticles were incubated in 1x DPBS pH 7.4 (sink conditions) for 4 hours. Samples were taken periodically, and released drug was separated by
centrifugal filtration (twice washed with 1x DPBS pH 8.0). After the 4 hours time point, the pH was adjusted to 6.5 and low ionic strength (to mimic
the conditions of the intracellular early endosome) through rapid addition of hydrochloric acid in water. Data represent mean + SEM (n = 3). (A)
TEGDMA NPs; (B) disulfide-DMA NPs, at 4 hours time point, the pH was adjusted to 6.5 and low ionic strength through rapid addition of hydrochloric
acid and 10 mM glutathione (GSH) in water. (C) PCL-DMA; (D) PLA-PEG-DMA; and (E) PLA-PEG-DMA, for (C—E) after the 4 hours time point, the pH
was adjusted to 6.5 through rapid addition of hydrochloric acid and 10 U mL™* CES2.

The in vitro efficacy of free drug was then compared to five
nanoparticle formulations using OVCAR-3 cells as determined
using the MTS assay. Analysis was carried out for paclitaxel
alone (all formulations), carboplatin alone (all formulations),
varying ratios of paclitaxel and carboplatin combination (free
drugs only), and finally with a constant ratio of paclitaxel and
carboplatin combined (all formulations).

Data compares the free drug; the original nanoparticle
composition, the optimized P(DEAEMA-co-CHMA)-g-
PEGMA nanoparticles synthesized with varying cross-
linking agents of TEGDMA and PLA-PEG-DMA m = 8; and
finally the optimized P(DEAEMA-co-CHMA)-g-PEGMA nano-
particles synthesized with TEGDMA crosslinking agent
and either non-CathepsinB responsively linked PEG grafts

564 | RSC Pharm., 2025, 2, 553-569

(PEG-Glycine-Glycine-Glycine-Glycine (GGGQ)) and
responsive PEG grafts (PEG-Glycine-Phenylalanine-Leucine-
Glycine (GFLG)).

As shown in Fig. S.8-S.11,1 three nanoparticle formulations
out-performed the free drug for both paclitaxel delivery alone
and carboplatin delivery alone. These three formulations were
(in order of lowest IC50 value): P(DEAEMA-co-CHMA)-g-PEGMA
nanoparticles synthesized with CathepsinB responsively linked
PEG grafts (PEG-GFLG), P(DEAEMA-co-CHMA)-g-PEGMA nano-
particles synthesized with PLA-PEG-DMA m = 8, and
P(DEAEMA-co-CHMA)-g-PEGMA  nanoparticles  synthesized
with TEGDMA. The original nanoparticle (without CHMA) per-
formed worse than the free drug alone in both cases. The non-
CathepsinB responsively linked PEG grafts (PEG-GGGG) nano-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Combination index (Cl) versus fraction of cells affected (F,) for in vitro efficacy of free drug paclitaxel and carboplatin combination at 1:1
(black), 1:2.5 (orange), 1:5 (red), 5:1 (green), and 2.5:1 (blue) ratios of the respective EC50 concentrations using OVCAR-3 cells as determined
using the MTS assay. Cl analysis based on the Chou and Talalay method was done using CompuSyn software. Generally, the Cl values between F, =
0.1 and F, = 0.9 are considered valid. Additionally, Cl values below 0.9 or above 1.1 suggest drug synergy and antagonism, respectively. Values
between 0.9 and 1.1 are generally regarded as additive, and values below 0.3 are considered strongly synergistic.
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Fig. 7 In vitro efficacy of free drug compared to 5 nanoparticle formulations with paclitaxel and carboplatin loaded at the 5: 1 ratio using OVCAR-3
cells as determined using the MTS assay. Data compares the free paclitaxel (black); the original nanoparticle composition (green); the optimized
P(DEAEMA-co-CHMA)-g-PEGMA nanoparticles synthesized with varying crosslinking agents of TEGDMA (purple) and PLA-PEG-DMA m = 8
(orange); and finally the optimized P(DEAEMA-co-CHMA)-g-PEGMA nanoparticles synthesized with TEGDMA crosslinking agent and either non-
CathepsinB responsively linked PEG grafts (PEG-GGGG, blue) and responsive PEG grafts (PEG-GFLG, red). Two-way ANOVA was used to test signifi-
cance at each concentration of various nanoparticles compared to free drug. Significance represents ** < 0.025, **** < 0.0001.
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particle also performed significantly worse than all formu-
lations and free drugs.

Fig. 6 shows the combination index (CI) versus fraction of
cells affected (F,) for in vitro efficacy of free drug paclitaxel and
carboplatin combination at 1:1 (black), 1:2.5 (orange), 1:5
(red), 5:1 (green), and 2.5:1 (blue) ratios of the respective
EC50 concentrations using OVCAR-3 cells as determined using
the MTS assay. CI analysis based on the Chou and Talalay
method was done using CompuSyn software.”® Generally,
between F, = 0.1 and F, = 0.9 is considered valid. CI values
below 0.9 or above 1.1 suggest drug synergy and antagonism,
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Fig. 8 In vitro efficacy of free drug compared to 5 nanoparticle formu-

lations paclitaxel and carboplatin loaded at the 5:1 ratio alone using
OVCAR-3 cells as determined using the MTS assay. (A) Data compares
the free paclitaxel (black) with the original nanoparticle composition
(green) and the optimized P(DEAEMA-co-CHMA)-g-PEGMA nano-
particles synthesized with TEGDMA crosslinking agent. (B) Data com-
pares the free paclitaxel (black) with the optimized P(DEAEMA-co-
CHMA)-g-PEGMA nanoparticles synthesized with varying crosslinking
agents of TEGDMA (purple) and PLA-PEG-DMA m = 8 (orange). (C) Data
compares the free paclitaxel (black) with the optimized P(DEAEMA-co-
CHMA)-g-PEGMA nanoparticles synthesized with TEGDMA crosslinking
agent and either non-CathepsinB responsively linked PEG grafts
(PEG-GGGG, blue) and responsive PEG grafts (PEG-GFLG, red).
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respectively, values between 0.9 and 1.1 are generally regarded
as additive, and values below 0.3 are considered strongly
synergistic.>**' The 1:2.5 and 1:5 ratios exhibited strong
synergy across a wide F, values. The 1: 5 ratio was then used to
test the efficacy of the nanoparticle formulations.

As shown in Fig. 7 and 8, three nanoparticle formulations
again out-performed the free drug for paclitaxel and carbopla-
tin dual-delivery. Again, these three formulations were (in
order of lowest IC50 value): P(DEAEMA-co-CHMA)-g-PEGMA
nanoparticles synthesized with CathepsinB responsively linked
PEG grafts (PEG-GFLG), P(DEAEMA-co-CHMA)-g-PEGMA
nanoparticles synthesized with PLA-PEG-DMA m = 8, and
P(DEAEMA-co-CHMA)-g-PEGMA  nanoparticles synthesized
with TEGDMA. The original nanoparticle (without CHMA) per-
formed worse than the free drug until 10 pM, and the non-
CathepsinB responsively linked PEG grafts (PEG-GGGG) nano-
particle also performed significantly worse than all formu-
lations and free drugs at concentrations >2 pM.

Finally, it is important to note that in vivo studies with
nanoparticles containing amphipathic esters should be con-
ducted with caution in rodent models. It has been demon-
strated that their esterase-rich plasma will alter biodistribu-
tion.®> However, this limitation may be overcome to an extent
through the generation or use of a carboxylesterase-deficient
mouse model.

Conclusions

The polybasic nanoscale hydrogel (nanogel) system based
upon poly(diethylaminoethyl methacrylate-cyclohexyl meth-
acrylate)-g-poly(ethylene  glycol)  (P(DEAEMA-co-CHMA)-g-
PEGMA) developed in this dissertation has been tailored to
exploit multiple environmental cues for the controlled, tar-
geted, intracellular delivery of multiple low molecular weight
chemotherapeutic agents.

The utility and application of this nanogel system was suc-
cessfully demonstrated to co-deliver paclitaxel and carboplatin
for the treatment of ovarian cancer. To the best of our knowl-
edge, this study will represent the first time that paclitaxel and
carboplatin are formulated and delivered together in a polyba-
sic polymeric nanoparticle for the treatment of ovarian cancer.
Further, multiple degradable crosslinking strategies were care-
fully investigated and developed to both improve long term
biocompatibility and improve drug release through intracellu-
lar-triggered degradation.

Ultimately, in vitro studies revealed that the co-delivery of
paclitaxel and carboplatin via P(DEAEMA-co-CHMA)-g-PEGMA
nanogels could induce a potent anticancer effect and out-
perform the free drug (single or in combination) and single
drug-loaded nanogels. These results further demonstrate the
potential of the engineered polybasic nanogels as a novel drug
delivery system for the co-localized delivery of drug combi-
nations in cancer therapy. Future studies should expand on
these findings by performing comprehensive safety evaluations
in non-cancerous cells, conducting detailed imaging studies,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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evaluating long-term stability under various storage con-
ditions, and exploring in vivo models to further validate the
clinical potential of this system.
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