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ABSTRACT: Interactions between drug molecules, nanocarrier
components, and surrounding media influence the properties and
therapeutic efficacies of nanomedicines. In this study, we
investigate the role that reversible covalent loading of a
hydrophobic drug exerts on intra-nanoparticle physical properties
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and explore the utility of this payload control strategy for tuning
smart nanomaterials. Glutathione sensitivity was controlled via e
altering the degree of hydrophobic payload loading of disulfide- e
. ) . . release rate response

creases in degrees of camptothecin conjugation (fcpr) decreased

aqueous accessibility and reduced glutathione-triggered release.

the highest fcpy resulted in a 5.5-fold improved selectivity against cancer vs noncancerous cells. This work represents an
advancement in drug carrier design by demonstrating the importance of controlling the amount of drug loading on the overall

b
the access of active agents and, thereby, the stimuli sensitivity of s

et
linked camptothecin-conjugated sugar-based nanomaterials. In- i
Although the lowest fpy gave the fastest camptothecin release, it resulted in the lowest camptothecin concentration. Remarkably,
payload and its availability.
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O ver the past two decades of development of the field of
nanomedicine, large bodies of work have sought to
improve the performance of therapeutic agents by using
nanoparticle carriers.' ¢ In general, emphasis has been on
maximizing the drug payload to achieve transport and
accumulation in a targeted tissue;” "> however, effects of the
properties and extent of drug loading are often neglected. Drug
loading may alter a nanocarrier’s physiochemical properties in a
loading-dependent manner, thereby influencing efficacy. For
instance, loading of hydrophobic drug molecules within an
amphiphilic nanoparticle framework may affect colloidal
stability, size, shape, flexibility, internal accessibility, and other
parameters,'> ' each of which are important attributes affecting
circulation time, clearance, biodistribution, and drug re-
lease.'” "' Covalent drug conjugates enable sustained delivery
without burst release during circulation, displaying minimized
systemic toxicity and increased accumulations in targeted
tissue.””'® Furthermore, stimuli-responsive properties provide
a preferable spatiotemporal control over payload release,
thereby improving therapeutic efficacy while reducing systemic
toxicity.”>”¥**** Therefore, a thorough knowledge of the role
that therapeutics play on the properties of nanomedicines as a
function of payload level is of great importance, and control over
drug-carrier-media interactions may provide an additional
opportunity to tune physicochemical characteristics and bio-
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logical performance of nanoformulations. As a proof of concept
in this study, hydrophobic drugs were conjugated via stimulus-
sensitive linkers along the hydrophobic backbone of amphiphilic
block copolymers and assembled into nanoscopic micelles to
investigate the importance of payload level on stimulus
accessibility, drug release, and therapeutic efficacy and selectivity
in vitro.

Glutathione (GSH) is an endogenous stimulus for redox-
responsive drug carriers, because [ GSH ], aceituar (2—10 mM) >
[GSH]extracellular (2_20 MM), and [GSH]tumor—tissue
[GSH]heahhy_ﬁssue.24_29 Since different drugs require different
optimal release profiles,**° controlling the sensitivity of GSH-
triggered payload release is essential for optimizing redox-
responsive carriers.”" Different strategies have been reported to
control the sensitivity of disulfide bonds,**™*° which undergo
reductive cleavage in a high-GSH environment and are
commonly incorporated into nanomaterials to bestow redox-
responsive properties.””’~** However, these modulating
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Scheme 1. Synthetic Scheme for the Preparation of CPT-Conjugated PEG-b-PGC
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strategies often require specific chemical structures to achieve
discrete GSH sensitivity, thereby elevating barriers for
optimizing GSH-responsive drug carriers. For instance, thiol—
disulfide exchange kinetics have been modulated by introducing
steric or charged groups adjacent to the disulfide bond via
precise sequence-controlled solid-phase peptide synthesis.”>**
The GSH responsiveness of polymeric nanomaterials can be
modulated by the placement of disulfide bonds in the
backbone,**~** side chains,***’ or cross-links,">>" as well as
by incorporating multistimuli-responsive properties.”> Alter-
natively, substituting disulfide-linkages for other redox-sensitive
linkages with different reductive potentials, such as Se—Se
bonds,”** can vary GSH sensitivity, yet this strategy is limited
by the number of unique redox-labile linkages and potential
toxicity of the elements involved.”>™>” Expanding facile
approaches to control the sensitivity of nanomaterials toward
GSH could be of paramount significance for the development
and optimization of redox-responsive drug carriers.

Herein, we describe an approach that uses the active drug
molecule directly, for both therapeutic effect and for alteration of
nanoparticle physicochemical characteristics that provides for
tuning of GSH sensitivity, thereby avoiding the incorporation of
extra non-bioactive components, and creating an atom
economical design of nanomedicines. To demonstrate this
approach, the hydrophobic cancer chemotherapeutic campto-
thecin (CPT) was used, which, upon release, binds to the DNA
topoisomerase I cleavage complex, thereby inhibiting DNA
religation and resulting in apoptosis.'”**™®" The degree of
payload loading was altered by covalent conjugation of CPT via
disulfide-linkages onto the backbone of poly(ethylene glycol)-b-
poly(glucose carbonate) (PEG-b-PGC) (Scheme 1). The PEG
block provides for hydrophilicity, whereas the sugar-based
poly(glucose carbonate) (PGC) was selected for its sustain-
ability, biocompatibility, degradability, multifunctionality for
coupling with CPT, and ability to self-assemble into versatile
nanostructures.””"® We hypothesized that GSH sensitivity
could be controlled via tuning the core hydrophobicity of the
nanomaterials. It was anticipated that increased CPT loading
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would result in increased hydrophobicity, thereby decreasing
aqueous accessibility and limiting the diffusion of water and
water-soluble molecules, leading to reduced access of GSH to
disulfide-linkages in the core of PEG-b-PGC-based nanocarriers
and lowered GSH sensitivity. The degree of CPT conjugation
(fcpr) is defined relative to the two carboxylic acids available at
each PGC repeat unit, with no, low, medium, and high extents of
CPT conjugation being targeted as f cpp =0, 0.15, 0.50, and 0.85,
giving 0, 3, 10, and 17 CPTs per PEG-b-PGC chain. Due to the
relatively high hydrophobicity of the PGC and CPT-PGC block
segments in comparison to that of PEG, we speculated that the
sugar segments would be primarily localized in the micelle cores,
whereas the PEG segments would dominate the exterior surface
of the nanocarriers in an aqueous environment."'"

The CPT-conjugated PEG-b-PGCs were prepared by
esterification between hydroxyl-functionalized CPT prodrugs
(CPT-xx-OH) and carboxylic acid-functionalized PEG-b-PGC
diblock copolymer (2). Polymer 2 was constructed by ring-
opening polymerization (ROP) of a cyclic glucose carbonate
monomer, followed by postpolymerization modification with
mercaptopropionic acid (Scheme 1). Briefly, the diblock
copolymer 1, PEG,;-b-PGC(EPC),,, was synthesized by
organocatalyzed ROP of the bicyclic glucose carbonate
methyl-2-0-ethyloxycarbonyl-3-O-propargyloxycarbonyl-4,6-
O-carbonyl-a-p-glucopyranoside (GC(EPC)) at —15 °C in
dichloromethane (DCM) with methoxy poly(ethylene glycol)
(mPEGy,3) as the macroinitiator and 1,5,7-triazabicyclo[4.4.0]-
dec-S-ene (TBD) as the organocatalyst (Figures S1—S3). The
carboxylic acid-functionalized polymer 2, PEG,;-b-PGC-
(COOH),,, was then prepared by postpolymerization mod-
ification of 1 via photoinitiated thiol—yne click reactions using
an excess of mercaptopropionic acid (>50 equiv relative to the
alkyne groups) with 2,2-dimethoxy-2-phenylacetophenone
(DMPA) as the photoinitiator (Figures S4 and SS). The CPT-
conjugated polymers 3 and 4, PEG;5-b-[PGC(COOH),-co-
PGC(CPT),,_,], were generated by postpolymerization mod-
ification of block copolymer 2 via 1l-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC) mediated cou-
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Figure 1. Morphological characterizations of the polymer assemblies using (a) DLS, (b) TEM, (c) AFM, and (d) AFM height profile. From top to
bottom: polymer 2 (fcpr = 0), polymer 3 (fcpr = 0.15), polymer 3 (fcpr = 0.50), and polymer 3 (fcpr = 0.85).

pling reaction with (S)-4-ethyl-3,14-dioxo-3,4,12,14-tetrahydro-
1H-pyrano[3’,4:6,7indolizino[ 1,2-f]quinolin-4-yl (2-((2-
hydroxyethyl)disulfanyl)ethyl) carbonate (CPT-ss-OH) or
(S)-4-ethyl-3,14-dioxo-3,4,12,14-tetrahydro-1H-pyrano-
[3/,4":6,7]indolizino[ 1,2-$]quinolin-4-yl (6-hydroxyhexyl) car-
bonate (CPT-cc-OH), respectively (Figures S6—S12). The f cpr
values were calculated from the 'H nuclear magnetic resonance
(NMR) spectra via comparison of the integral of the methyl
protons originating from the ethyl carbonate side chain on the
PGC segment resonating at 1.1—1.2 ppm with that of methyl
protons from CPT at 0.91 ppm (Figures S7—S9 and S11). All
polymers were rigorously characterized by '"H NMR, *C NMR,
Fourier-transform infrared spectroscopy (FT-IR), thermogravi-
metric analysis (TGA), and differential scanning calorimetry
(DSC) (Figures S2—S15).

Polymer assemblies (0.5 mg/mL) were prepared by nano-
precipitation from DMSO into nanopure water and then
dialyzed against nanopure water for 24 h to remove organic
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solvent. The number-average hydrodynamic diameters
(Diy(number)) Of the polymer nanoconstructs were in the range
20—50 nm (Figure 1). Transmission electron microscopy
(TEM) and atomic force microscopy (AFM) analyses of
polymer nanoparticles showed globular structures with average
diameters in agreement with those obtained from dynamic light
scattering (DLS), independent of fpr.

However, polymer 3 assemblies exhibited significant fcpp-
dependent heights and diameter-to-height (D/H) ratios, with
number-average heights ranging from 2 to 10 nm and D/H ratios
ranging from 4 to 26 (Figure 1). At low CPT conjugation levels,
the polymer assemblies exhibited significantly lower heights and
greater D/H ratios, with fcpr of 0 and 0.15 having heights that
were ca. 4—5-fold lower and D/H ratios that were ca. 4—6-fold
higher than those of the polymer assemblies with fcpr of 0.50
and 0.85. These AFM data indicated that the nanomaterials with
lower fcpr deformed to a greater extent upon drop deposition
from aqueous solution onto the polar mica substrate, suggesting

https://dx.doi.org/10.1021/acs.nanolett.0c02319
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Figure 2. (a) "H NMR spectra for the assemblies from polymers 2 and 3 in D,0, highlighting the PEG methylene proton resonance (5 3.6 ppm, blue)
and the PGC ethyl carbonate methyl proton resonance (§ 1.2—1.1 ppm, green). (b) 'H NMR spectra for polymers 2 and 3 in DMSO-d,. (c) Integral

ratios (6 3.6 ppm/§ 1.2—1.1 ppm) in D,O vs DMSO-d,.

greater water plasticization of the nanostructures. In contrast,
the higher fepp counterparts remained as stable, globular
structures (Figure 1), suggesting greater rigidity provided by
exclusion of water from the more hydrophobic core domains.
As a measure of the local microenvironment within the
polymer nanoassemblies, solution-state "H NMR spectroscopy
was employed to monitor the mobility of the PGC chain
segments when packaged within nanoassemblies in D,O vs as
solvated polymer chains in DMSO-d, confirming that higher
fepr led to lower water accessibility. The previous literature has
reported the importance of the microenvironment adjacent to
disulfide bonds for controlling the thiol—disulfide exchange
kinetics.*”** The NMR signal corresponding to the PGC ethyl
carbonate methyl proton resonance (i.e., 1.2 ppm, highlighted in
green in Figure 2) was utilized to probe the microenvironment
adjacent to the disulfide-linkages in the assembly core. Poor
solvation of the relatively hydrophobic PGC segment in the
aqueous environment was made evident by the reduction of
intensity and broadening of the PGC-associated proton
resonances in D,0, in comparison to protons of the PEG
segments (Figure 2a). This phenomenon was quantified by the
ratio of the 'H NMR integrations between PEG-associated
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protons resonating at 3.6 ppm and PGC-associated protons
resonating at 1.2 ppm (Figure 2c). The relative change in NMR
signal intensity provides insights into the molecular micro-
environment. As f cpyr increased from 0 to 0.85, the integral ratio
(6 3.6 ppm/& 1.2 ppm) underwent an ca. 15-fold increase from
25 to 372 in D, 0, indicating reduced solvation of the disulfide-
containing PGC segment in aqueous media (Figure 2¢). At fcpr
> 0.50, minimal proton resonances from CPT and PGC were
observed in the 'H NMR spectra, indicating reduced chain
mobility caused by limited aqueous accessibility. CPT
influenced the chemical shifts of the methyl protons, presumably
due to intramolecular van der Waals interactions, resulting in a
slight upfield shift of the PGC ethyl carbonate methyl proton
resonance as f cpy increased (Figure 2b).°7%% The integral ratio
(6 3.6 ppm/5 1.2—1.1 ppm) remained constant at ca. 11 when
any of the four polymers was solvated in DMSO-d, (Figure 2b,c)
independent of f cpr. The lack of change for proton relaxation in
DMSO-d verified that the integral ratio changes in D,O were
due to differential solvation between PEG and PGC segments
with a lower aqueous accessibility of the core-forming sugar
segment (Figure 2).
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The higher aqueous accessibility led to an increase in the GSH a function of time (Figure 3). Calculations of the % disulfide

sensitivity, as revealed by disulfide cleavage experiments in PBS cleavage were based on the free CPT concentrations in aliquots
solutions (pH = 7.4) at 37 °C in the presence of GSH (S mM) as collected at predetermined time points using high-performance
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liquid chromatography (HPLC).”” CPT was released from
polymer 3 assemblies upon exposure to GSH, with an initial
rapid release followed by sustained release (Figure 3a,c). Higher
fepr led to slower GSH-triggered disulfide cleavage and CPT
release. In the presence of 5 mM GSH, polymer 3 assemblies
underwent 30%, 20%, and 14% of the total CPT release in the
first 4 h with f cpr 0f 0.15, 0.50, and 0.85, respectively. After 72 h,
polymer 3 assemblies with fcpr of 0.15, 0.50, and 0.85 had
released 85%, 67%, and 45% of the total CPT, respectively
(Figure 3a). Although the lowest fcpr of 0.15 achieved the
fastest and greatest % CPT release, it resulted in the lowest CPT
concentration due to the limited overall amount of drug loaded
(Figure 3c and Table S1). As expected, minimal disulfide
cleavage occurred in samples without GSH (Figure 3b,d). As
control studies, assemblies of non-redox-responsive CPT-
conjugated polymer 4 exhibited minimal CPT release with or
without GSH over a period of 72 h (Figure 3). Interestingly,
polymer 3 assemblies with f cpr of 0.85 exhibited a similar CPT
release profile in comparison to the fcpr of the 0.50 counterpart
(Figure 3c,d), despite a greater drug loading that resulted in a
higher total amount of loaded CPT at the same 0.5 mg/mL
polymer concentration (Table S1). This phenomenon can be
explained as a result of a slower GSH-triggered drug release from
nanoparticles with a higher f-py. These findings indicate that a
higher conjugation of hydrophobic drug led to a lower stimuli-
responsive sensitivity against water-soluble stimuli (e.g., GSH).

The GSH sensitivity was also shown to significantly influence
the in vitro cytotoxicities of the redox-responsive CPT-
conjugated nanomaterials against OVCAR-3 ovarian cancer
cells (Figure 4 and Table S2). Ovarian cancer is the most lethal
gynecological cancer in the Western world, with ca. 75% cases
that were diagnosed at late stages (III/IV) having a S year
survival rate <50%.”° The polymer 3 with f py of 0.15 was most
efficacious against cancer cells with the lowest ICq, value (12
M) in comparison to fcpr of 0.50 (IC, = 34 uM) and fcpy of
0.85 (ICso = 27 uM) counterparts (Figure 4). When ICs, values
were determined based on polymer concentrations, rather than
CPT concentrations, polymer 3 with the highest fpr of 0.85
displayed the lowest IC;, value, i.e., the highest cytotoxicity
against OVCAR-3 cancer cells (Figure 4b and Table S2). The
observed in vitro outcomes can be attributed to the complex
interplay between nanocarriers and the environment; higher
hydrophobic payload reduced diffusion of GSH into and free
CPT out from the nanoparticle assemblies, thereby affecting
disulfide cleavage and the resulting CPT release kinetics.
Moreover, differences in fcpr for the initial polymer chains,
and the changing levels of f cpr during CPT cleavage, each could
contribute to variations in the polymer chain hydrophilicity,
thereby affecting the packing parameters and potentially leading
to variable extents of polymer chain assembly and disassembly.
Therefore, additional factors, such as slight differences in size,
morphologies, and polymer chain packings, could profoundly
impact the in vitro outcomes. The disulfide-linked CPT-
conjugated polymer 3 assemblies displayed reduced cytotox-
icities over the free CPT (IC5, = 2.1 uM), partly due to a
sustained release of CPT, where even after 3 days, polymer 3
assemblies with fcpp of 0.15, 0.50, and 0.85 only cleaved 85%,
67%, and 45% of the total conjugated CPT in the presence of 5
mM GSH in PBS, respectively (Figure 3a). Although having
high in vitro cytotoxicities, free CPT has poor aqueous solubility
and causes severe side effects that have resulted in limited
clinical usage.”" Polymers 3 displayed a significantly higher
cytotoxicity while maintaining good water solubility when
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compared to irinotecan (IR, ICsy = 236 uM), a water-soluble
CPT analogue that has received FDA-approval for treating
colorectal cancers and has been investigated as a candidate for
ovarian cancers in clinical trials.”'~”* Furthermore, the GSH-
responsive CPT-conjugated polymers 3 were 1 order of
magnitude more efficacious against ovarian cancer cells in
comparison to the nonresponsive CPT-conjugated polymer 4
(ICso = 287 M), demonstrating the essential role of the redox-
responsive disulfide-linkages in maintaining drug efficacy. It is
worth noting that polymer 2 (fcpr = 0) was noncytotoxic at the
tested concentration ranges (16—2000 pg/mL, Figure S16).

We further investigated the effect of GSH sensitivity of the
redox-responsive CPT-conjugated nanomaterials on the differ-
ential cytotoxicity between cancerous and healthy cells (Figure 4
and Figure S17). Although chemotherapeutic agents help
combat cancers, off-site toxicities for healthy tissues cause
adverse effects; for instance, toxicity against bone marrow
increases the risks of developing hypoplastic anemia and
myelodysplastic syndrome.”>~"" Osteoblasts regulate hemato-
poietic stem cell niches and are essential for the hematopoietic
cell repopulation after chernotherapies.78 Therefore, the ideal
anticancer agents should spare osteoblasts while attacking
cancer cells. For this reason, OVCAR-3 ovarian cancer cells and
MC3T3-E1 osteoblast progenitor cells were selected to
represent cancerous and healthy cells, respectively. The
selectivity was calculated as the ratio of the ICs, values against
noncancerous MC3T3-E1 vs cancerous OVCAR-3
(ICso-(mcat3-1)/1Cs0-(ovcar3)) in order to quantify the differ-
ential cytotoxicity. A higher selectivity value (ICsy (vc3rss1)/
ICso.(ovcar-3)) suggests a wider therapeutic window for the
formulation. Polymers 3 with fcpp of 0.15, 0.50, and 0.85 had
selectivity values of 13, 53, and 72, respectively: higher than
those of nonresponsive polymer 4 (selectivity value = 10) and IR
(selectivity value = 7) formulations (Figure 4 and Figure S17
and Table S2), indicating a better safety profile for the GSH-
responsive CPT-conjugated nanomaterials. The differential
cytotoxicities of polymer 3 assemblies possibly arose from
higher GSH concentrations in cancer cells vs healthy cells.”**” A
similar trend was observed among polymer 3 assemblies when
selectivity values were calculated based on polymer concen-
trations: a higher fepr led to a greater cancer-selective
cytotoxicity (Figure S18). Although the highest fcpr of 0.85
resulted in reduced cytotoxicity, it led to a ca. 5.5-fold increase in
the differential cytotoxicity against ovarian cancer cells in
comparison to the f -pp of the 0.15 counterpart (Figure 4, Figure
S18 and Table S2). The differences in GSH sensitivities resulted
in significant variations in the cancer selectivity, demonstrating
the importance of controlling the stimuli sensitivity of smart
drug carriers. With the improved differential cytotoxicity, our
redox-responsive CPT-conjugated sugar-based polymeric nano-
materials showed great promise for treating ovarian cancers and
associated metastatic diseases.

In summary, we demonstrated the impact of hydrophobic
drug conjugation on the complex interplay between the level of
drug loading on the polymer nanoparticle physicochemical
characteristics and the resulting access of molecular stimuli to
the internal compartments and subsequent triggered drug
release, with a focus on GSH sensitivity of disulfide-linked CPT-
conjugated PEG-b-PGC nanomaterials. The hydrophobic
payload increased the core hydrophobicity, which negatively
influenced the aqueous accessibility, lowered the GSH
sensitivity, and consequently slowed down the GSH-triggered
drug release. Importantly, when compared to the low CPT
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loading formulation (fcpr = 0.15), the higher CPT-conjugated
formulations (fcpr = 0.50 and 0.85) significantly improved
selective cytotoxicities against ovarian cancer cells over healthy
cells. With an emphasis on the importance of controlling the
drug loading, this work represents a significant advancement in
the drug carrier design, providing a versatile strategy to tune
GSH sensitivity through payload control, with the potential for
extending this strategy to other water-borne stimuli, including
enzymes, peptides, pH, and other ions.
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