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The scheduled delivery of synergistic drug combinations is increasingly recognized as highly effective
against advanced solid tumors. Of particular interest are composite systems that release a sequence of
drugs with defined kinetics and molar ratios to enhance therapeutic effect, while minimizing the dose to
patients. In this work, we developed a homogeneous composite comprising modified graphene oxide
(GO) nanoparticles embedded in a Max8 peptide hydrogel, which provides controlled kinetics and molar
ratios of release of doxorubicin (DOX) and gemcitabine (GEM). First, modified GO nanoparticles (tGO)
were designed to afford high DOX loading and sustained release (18.9% over 72 h and 31.4% over
4 weeks). Molecular dynamics simulations were utilized to model the mechanism of DOX loading as a
function of surface modification. In parallel, a Max8 hydrogel was developed to release GEM with faster

Received 8th January 2020, kinetics and achieve a 10-fold molar ratio to DOX. The selected DOX/tGO nanoparticles were

Accepted 2nd March 2020 suspended in a GEM/Max8 hydrogel matrix, and the resulting composite was tested against a triple
negative breast cancer cell line, MDA-MB-231. Notably, the composite formulation afforded a

combination index of 0.093 + 0.001, indicating a much stronger synergism compared to the DOX-GEM
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Introduction

Combination chemotherapy is currently the most widely utilized,
clinically established route to fight cancer, owing to its distinct
advantages over current single-drug chemotherapy. Single-drug
therapies cause acquired drug resistance upon prolonged
administration,"”> which cause non-responsiveness to therapy
and the need of increased dosage.>* This results in poorer quality
of life during treatment and decreased life expectancy.*®
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combination co-administered in solution (Cl = 0.396 + 0.034).

Combination chemotherapy offers superior therapeutic outcomes
by operating through the simultaneous disruption of multiple
metabolic pathways in cancer cells; these provide three mecha-
nistic outcomes: synergistic, additive, and potentiation.” Among
these mechanistic outcomes, synergism, whereby the efficacy of
multiple chemotherapeutics administered together is greater than
the sum of individual therapies administered independently,
represents the most favorable therapeutic outcome.” Historically,
synergism has been attributed to the combination of the drugs
utilized and their molar ratio in the chemotherapeutic cocktail.”®
More recently, however, the administration schedule, that is the
sequence and timing by which every drug is administered, has
been shown to be critical - together with molar ratio - to achieve
therapeutic synergism.’™*

Recent research on the optimization of molar ratio and
schedule of chemotherapeutic regimens has demonstrated that
a more favorable therapeutic outcome can be achieved relative
to single-drug therapy. This has been well-documented in pre-
clinical studies, both in vitro and in animal models,'®**™8 as
well as in clinical settings.'®*> Current methods to administer
scheduled combined chemotherapy rely on subsequent injections,
which require prolonged patient hospitalization and extended
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observation by trained specialists, and result in higher medical
costs and discomfort for patients. It is now anticipated that
next-generation treatments will rely on engineered solutions,
comprising multiple biocompatible materials that (i) are seam-
lessly integrated into stable systems and (ii) release the various
therapeutic ingredients at tunable amounts and rates to provide
the desired therapeutic sequence, ratio, and kinetics.

To this end, researchers have investigated a myriad of drug
delivery systems (DDSs), ranging from nano-/micro-particles
and liposomes,”** to polymer conjugates (PDC’s)'%'>'318:2526
and hydrogels."**”*° Among these systems, nanoparticles and
hydrogels possess distinct advantages, mainly loading capacity
and tenability of release.**°

A nanoscale carrier that has attracted considerable attention
as a DDS is graphene oxide (GO). GO features a high specific
surface area (up to 500 m* g~ '),*” which is ideal for loading
large quantities of poorly bioavailable drugs, such as taxanes,
anthracyclines, and camptothecan analogues.**™*° Additionally,
the surface of GO features an abundance of carboxylic acids,
epoxides, and hydroxyl groups that can be modified to intro-
duce stimuli-responsive behavior, enable active targeting, and
prolong circulation.?"*>*" Drug adsorption and release on
native GO has also been studied in silico using model drugs
doxorubicin (DOX), paclitaxel, 5-fluorouracil, and thioguanine.**>*
These simulations have proven very helpful in designing GO-based
drug delivery systems by guiding the choice of type and degree of
surface modification, and the loading conditions that maximize
therapeutic efficacy.

Hydrogels with shear-thinning and thixotropic behavior are
also of interest in drug delivery, as they can be easily introduced
by direct injection into surgical cavities to form “depots” that
provide sustained drug release.>*** This bypasses the pharma-
cokinetic limitations inherent in many chemotherapeutic
agents, as well as the bio-distribution limitations of intrave-
nously administered systemic delivery systems.***>°¢75% Owing
to their flexible molecular architecture, hydrogels enable
release kinetics that can easily be tuned by adjusting the
polymer/water ratio in cross-linked gels.>*® “Designer” peptides
have received strong interest to construct hydrogel-based DDSs.
Designer peptides are inherently biocompatible, bio-degradable,
and feature rapid gelation via hierarchal self-assembly.®" Gelation
kinetics can be tuned effectively by varying the amino acid
composition of the peptide and the aqueous environment (pH,
ionic strength, temperature).>*® A designer peptide widely
used is the Max8 sequence, constituted by VKVKVKVKV’PP
TKVEVKVKV-NH,, wherein PP is p-proline. The Max8 peptide is
a stimuli-responsive peptide that is stable in aqueous solutions
at low ionic strength and undergoes gelation in to physiological
conditions by self-assembling into 3.2 nm diameter B-hairpin
nanofibers.®* At low gel fractions (0.5-2 w/w) the Max8 hydrogel
imposes little resistance to the transport of both small and large
molecules, as demonstrated by Branco et al. with fluorescein—-
dextran conjugates.”® In the context of scheduled delivery of
multiple drugs, the high permeability of the hydrogel makes it
an ideal depot for the release of the first drug in a sequential
system; the limited control of the relative flux of multiple
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diffusing drugs, however, limits the applicability of hydrogels
alone for scheduled combined chemotherapy. Rather, composite
systems combining drug-loaded nanocarriers suspended in a
drug-loaded peptide hydrogel hold great promise for precise
delivery kinetics of multiple payloads.®”"”°

In this work, we demonstrate scheduled and synergistic
release of combined chemotherapeutics through the develop-
ment of a composite hydrogel system comprising DOX-loaded
modified-GO nanoparticles suspended in a gemcitabine (GEM)-
loaded Max8 hydrogel (Fig. 1). The synergism of DOX and GEM
has been extensively studied in terms of molar ratio and
delivery kinetics,”'%”*"”® demonstrating that the combination
is synergistic for molar ratios (GEM:DOX) > 1, and optimal
synergism occurs at a ratio of 10:1, with GEM being adminis-
tered prior to DOX.”'® We initially investigated different types
and levels of chemical modification to tune the surface charge
and hydrophobicity of GO nanoparticles and evaluated the
corresponding DOX loading and release at different values
of solution pH and ionic strength. Notably, GO modification
with tris(2-aminoethyl) amine (TREN) achieved high loading,
ranging from 0.2-0.6 mg DOX per mg GO, and afforded an
initially rapid release of 18.9% of the loaded DOX within 72 h
followed by sustained release of 31.4% over the course of
4 weeks. To gain molecular-level insight into the phenomena
governing the adsorption and release of DOX on TREN-GO,
we developed a computational model that quantitatively
describes the DOX:TREN-GO interaction at different modifica-
tion degrees, in terms of (i) molarity of loading and release
(i.e., water/GO partition coefficient of DOX), and (ii) reversible
formation and adsorption/desorption of DOX aggregates.
Selected DOX-TREN-GO nanoparticles were then suspended
in a GEM/Max8 hydrogel, and the composite formulation was
evaluated on a triple negative breast cancer cell line (MDA-
MB-231) demonstrating high therapeutic efficacy. Notably, the
DOX-GEM-loaded composite system afforded a combination
index of 0.093 £ 0.001, considerably lower than the free drug
DOX-GEM combination (CI = 0.396 + 0.034) at the same
concentration and molar ratio (DOX:GEM = 1:10). This
indicates that the differential release induced from the compo-
site system provides the desired therapeutic increment above
the molar-based synergism.

Experimental
Materials

Graphite powder (4827) was sourced from Asbury Graphite
Mills (Lumberton, NC). Doxorubicin hydrochloride (DOX) and
Gemcitabine hydrochloride (GEM) were obtained from LC
Laboratories (Woburn, MA). The Max8 peptide (VKVKVKVK
VPPPTKVEVKVKV-NH,),**”*”> where PP represents p-Proline
and -NH, indicates an amidated C-terminus, was obtained from
Genscript (Nanjing, China) at >95% purity. 1,1-Carbonyldiimi-
dazole (CDI), dimethylaminopyridine (DMAP), ethylenediamine
(EDA), tris(2-aminoethyl) amine (TREN), acetic anhydride (Ac,O),
benzylamine (BA), succinic anhydride (SA), anhydrous
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Fig. 1 Design and proposed mechanism of dual release of DOX and GEM from the hybrid system comprising modified GO nanoparticles suspended in a
Max8 hydrogel. The combination of drug release at controlled relative molar ratio and kinetics enhances the inherent synergism of DOX and GEM beyond

the simple effect of codelivery.

tetrahydrofuran (THF), phosphate buffered saline (PBS), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), potas-
sium permanganate (KMnO,), and hydrogen peroxide (H,O,)
were purchased from Sigma (St. Louis, MO). Triple negative
breast cancer cells MDA-MB-231 were purchased from ATCC
(Manassas, VA). Dulbecco’s Modified Eagle Medium (DMEM).
Fetal bovine serum (FBS) was obtained from Genesee Scientific
(San Diego, CA). Penicillin Streptomycin (Pen Strep) was
obtained from Gibco (Gaithersburg, MD). 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), was pur-
chased from Invitrogen (Carlsbad, CA). All other chemicals
were of reagent grade or higher.

Synthesis and characterization of modified graphene oxide (GO)

Synthesis of GO particles. GO was synthesized from pretreated
graphite powder (4827) following the modified Hummers’
method.”®’® Briefly, graphite (6 g) was added into H,SO,
(230 mL), which was placed into a 1 L Erlenmeyer flask and
cooled to <10 °C using an ice bath. Then, KMnO, (30 g) was
added slowly to the mixture and kept stirred continually. The
mixture was then allowed to react at room temperature (RT) for
2 hours. Afterwards, distilled (DI) water (460 mL) and 30% H,0,
(50 mL) were added slowly into the mixture, resulting in a
brilliant yellow color. The mixture was allowed to settle for
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three days after which the clear supernatant was decanted. The
remaining mixture was washed with HCI (10% v/v) solution
followed by DI water until the pH of the dispersion reached
about 5. The resulting GO dispersion was dried in air, and then
dispersed at 5 mg mL~" in anhydrous THF and sonicated for
30 min. The GO was finally washed once with THF, acetone,
and water, lyophilized, and stored for subsequent modifications.
For washing steps, the GO suspension was centrifuged at
5000 rpm for 5 min; minor loss of GO particles was observed
during washing steps (<5% measured by weight of dry
particles). The size of GO nanoparticles was determined by
scanning electron microscopy (SEM) using a FEI Verios 460L
(Philips) on a dilute aqueous solution (<0.1 mg mL™") drop
cast on aluminum foil.

Surface modification of GO particles. Lyophilized GO was
initially dispersed at 5 mg mL™" in anhydrous THF via sonica-
tion for 30 min. For surface modification with amines, CDI
(50 mg) was added and allowed to react for 1 h RT. The
corresponding amine (0.5 equiv. of TREN, EDA, or BA) was
then added to the activated GO suspension and allowed to react
for 1 h at RT. To saturate unreacted groups, ethanolamine was
added to the GO nanoparticles at a concentration in solution
of 0.1 M and allowed to react for 1 h at RT. The GO was then
washed with THF, acetone, and water, and lyophilized. For surface

This journal is © The Royal Society of Chemistry 2020
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acylation with anhydrides, the corresponding anhydride (0.5 equiv.
of Ac,O or SA) and catalytic DMAP were added to the GO suspen-
sion and allowed to react for 24 h at RT. To saturate unreacted
groups, ethanolamine was added to the GO nanoparticles at a
concentration in solution of 0.1 M and allowed to react for 1 h at
RT. The GO particles were then washed with THF, acetone, and
water, and lyophilized. The resulting samples were analyzed using a
Zetasizer Nano (Malvern, UK) to determine the zeta potential
(¢ potential) of the modified GO particles.

DOX loading and release screening studies. All GO samples
were incubated in 0.5 mL of aqueous DOX solution (1 mg mL ")
for 48 h at RT. Following incubation, the samples were cen-
trifuged and the concentration of DOX in the supernatant was
measured by UV-vis spectroscopy at 480 nm using a Synergy
microplate reader (Biotek, Winooski, VT). The DOX-loaded GO
particles were rinsed with water (to remove loosely bound DOX)
and lyophilized. Release experiments were conducted utilizing
a mass of particles corresponding to an equivalent mass of DOX
(0.182 mg). The particles were suspended in 1 mL of PBS, pH
7.4 at 37 °C. At assigned time points (12, 24, 48, 72, 96, 144, 192,
288, 336, 384, 432, 504 h), 200 pL of supernatant was collected
and replenished with fresh PBS. The samples were then
analyzed by UV-vis spectroscopy at 480 nm to determine the
amount of DOX released.

Synthesis and characterization of TREN-GO (tGO) library

Synthesis of (tGO) particle library. Lyophilized GO was
initially dispersed in anhydrous THF at 5 mg mL~ " by sonica-
tion for 30 min. Aliquots of 1 mL of GO suspension were
combined with 50 mg of CDI and allowed to react for 1 h RT.
A variable volume of TREN (0.25-2 equiv., relative to CDI)
was then added and allowed to react for 1 h at RT to generate
TREN-modified GO particles (tGO) with different surface
density. To saturate unreacted groups, ethanolamine was
added to the GO nanoparticles at a concentration in solution
of 0.1 M and allowed to react for 1 h at RT. The tGO particles
were then washed with THF, acetone, and water, and lyophilized.
The resulting samples were analyzed using a Malvern Zetasizer
Nano to determine the { potential of the modified tGO particles,
and a modified Kaiser’s colorimetric test the surface density of
primary amines.”” For Kaiser's test, 100 uL of tGO particles
suspension (0.1 mg mL ™" in H,0) were combined with 30 pL of
potassium cyanide in water/pyridine and ninhydrin, and 30 pL of
6% ninhydrin in ethanol, and incubated at 100 °C for 5 min. The
solutions were diluted 200-fold and analyzed by UV-vis spectroscopy
at 570 nm. Aqueous ethanolamine (0.00125-0.025 mmol mL ")
was used to generate the calibration curve.

Additionally, both GO and tGO particles were analyzed by
Fourier Transform Infrared (FTIR) Spectroscopy using a Nicolet
6700 FTIR Spectrophotometer (ThermoFisher Scientific,
Waltham, MA). First, the particles were finely ground in potas-
sium bromide (dried in a vacuum oven for 3 h at 60 °C) and
placed in the optical bench, which was purged continuously
using dry air. The samples were then analyzed using the following
data acquisition parameters: accumulation of 512 interferograms

with a resolution of 4 cm™ ", wavenumber range of 4000-400 cm ™.
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The resulting spectra were analyzed using the OMNIC Spectra
Software (Thermo Scientific).

DOX loading and release from tGO particle library. DOX
loading studies were performed on native GO and tGO in
different aqueous environments, namely low ionic strength
(0.1 mM at pH 4, 1 uM at pH 6, and 0.1 nM at pH 9; these
values of concentration and pH were achieved by titration with
aqueous hydrochloric acid or sodium hydroxide), and PBS at
pH 7.4. Loading solutions were prepared by dissolving DOX at
1 mg mL™" in the different aqueous solvents. The solutions
(0.5 mL) were incubated with GO and the various tGO samples
(0.5 mg) for 48 h at RT. After loading, the samples were
centrifuged and the supernatants were analyzed by UV-vis
spectroscopy at 480 nm, to quantify the amount of residual
DOX in solution. The DOX-loaded particles were rinsed with
water, and lyophilized. Release tests were conducted by incu-
bating a mass of particles corresponding to an equivalent mass
of DOX (0.1 mg) in 1 mL of 10 mM PBS, at either pH 7.4 or
pH 5 at 37 °C. At set time points, (72, 170, 263, 378, 500, 650 h),
200 pL of supernatants from the various samples were collected
and replenished with fresh buffer. The collected samples were
analyzed by UV-vis spectroscopy at 480 nm to determine the
amount of DOX released.

Molecular dynamics (MD) simulations of tGO. To study the
interactions between DOX molecules and the surface of native
and TREN-modified GO at the molecular level, we adopted a
simplified version of the constant-pH molecular dynamics
(CpHMD) simulation technique by Baptista et al.”® In place of
coupling with the stochastic protonation/deprotonation algo-
rithm during the simulation, our version assigns a constant
protonation or deprotonation to the titratable amine group of
the daunosamine moiety of the DOX molecules throughout the
entire simulation. This method has already been implemented
in several studies.>*”? The number of protonated/deprotonated
sites in GO sheet and DOX molecules was approximated using
the Henderson-Hasselbalch equation.®”®! Assuming that the
pK, values of isolated carboxyl groups (COOH) and hydroxyl
groups (OH) on GO sheet are 6.6 and 9.8,%” respectively, the
number of deprotonated sites was calculated by:

10PH-PKa

Ndepro = W]\ﬁ (1)

where Ngepro and N, are the number of deprotonated sites and
the total number of titratable carboxyl and hydroxyl groups,
respectively. For DOX molecules, by assuming that the pkK,
value of the amino group (-NH,) is 8.4, the number of
protonated DOX molecules was calculated by:

1
Noro = T gmprc Ve )

where Ny, is the number of protonated DOX molecules. The
adopted GO model has a chemical formula of C,;,0,(OH);-
(COOH), 5 representing the standard oxidation process.®"%
Epoxy and hydroxyl groups are randomly distributed on the
GO surface and the carboxyl groups are attached to the edge of
the GO sheet. The general amber force field (GAFF)®®
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implemented in the Amber18 simulation package was used in
all simulations. Partial charges of DOX and functional groups
on the GO surface (i.e., epoxy group, hydroxyl group, and
carboxyl group) were obtained using the standard AMBER
charge fitting procedure. First, the geometry optimization of
the molecule was performed at the DFT/B3LYP/6-31G* level,
and then at MP2/6-31G(d) level with tight convergence criteria
using Gaussian 09; the partial charges were then derived by
fitting to the molecular electrostatic potential (MEP) at the HF/
6-31G* level using the restrained electrostatic potential (RESP)
method®” through R.E.D. server.®®® For the GO sheet, all sp’
carbon atoms were treated as uncharged, and atomic charges
were only assigned to the atoms in a functional group and
carbon atoms directly bonded to that functional group. The
total charges of the molecule/fragment were set based on their
protonated state in the solution. We ensured that the fitted
RESP charges for the functional groups on the GO sheet agree
with the AM1-BCC charges®>®" calculated by the AmberTool
and with the scaled electrostatic potential (SESP) charges,”
which are linearly scaled to include the polarization effect in
the aqueous solution; this agreement provided confidence in
the current RESP charges, confirming the choice of 6-31G*
basis set as sufficient to implicitly represent the polarization
effect in the aqueous solution.®” We further confirmed that
partial charges of protonated DOX molecules agreed with the
reported data,” and that the DOX structure obtained from
quantum mechanics (QM) geometry optimization agrees with
that from molecular mechanics (MM) energy minimization in
implicit solvent by using the GAFF. We assigned all atoms
types using Antechamber,®® and verified that the atom types
assigned matches the true chemical environment of that
atom. For simplicity, we manually changed all sp®> carbon
atoms in the GO sheet to the “ca” type. The partial charges of
the major functional groups on GO surface are summarized in
Table 1.

To model the TREN-modified GO (tGO) surface, we tethered
TREN moieties on the GO through carbamate bonds. While we
recognized that TREN groups can be added to the surface of the

Table 1 Partial charges for major functional groups
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particles through other functional groups on the native GO
surface (e.g., hydroxyl groups and epoxy groups), we showed
that our proposed scheme of TREN modification of the surface
is sufficient to investigate the tGO-DOX interaction during both
adsorption and release. The TREN density on the model tGO
surface (molecules per nm?) was calculated from the experi-
mental values measured by Kaiser’s test, assuming 500 m”> g~ "
as specific surface area for the GO particles.®” As the surface
area of our GO model is 50 nm?, the number of TREN groups on
the model surface ranges between 18 and 24. The pK, values of
the two primary amines and the tertiary amine on TREN are
10.6 and 10.9, respectively. Under weak neutral conditions
(pH = 6), all amine groups in the TREN are protonated and
the TREN molecule carries a +3 charge. The initial configu-
ration of the system was created using the PACKMOL package®”
and the simulation box was filled using the TIP3P water
model.’® Sixty-four DOX molecules were initially randomly
distributed at a distance from the GO surface ranging between
0 and 45 A. Following initial geometry optimization, the system
was slowly heated from 0 K to room temperature (298 K) in an
NVT ensemble for 200 ps with 2 fs time steps, while restraining
the solid surface and the DOX molecules in their initial
position by a harmonic spring force. The DOX molecules were
then released, and an NPT simulation was performed to equili-
brate the density of the system at 1 bar, 298 K for 2 ns.
Throughout the simulation, the pressure was maintained con-
stant using the Berendsen barostat with pressure relaxation
time of 2 ps, while the temperature was controlled using the
Langevin thermostat with collision frequency y = 1 ps™; the
Langevin thermostat has been shown to be more efficient in
system equilibration than the Berendsen temperature coupling
scheme, but the Berendsen thermostat is more stable in
reproducing the correct dynamics of the system.’” Starting
from the last equilibrated frame, a production NPT MD was
performed wherein all TREN groups on the surface were allow
to relax while the base GO sheet was restrained using a weak
harmonic constraint of 10 kcal mol™" A2 The Berendsen
thermostat was used during the simulation with the temperature

Functional RESP charges SESP AM1-BCC charges
groups Elements (this work) charges®” (this work)“
Epoxy C (Go) +0.1357 +0.18 +0.15

o —0.2714 —0.36 —0.28
Hydroxyl C (Go) +0.1904 +0.18 +0.30

o —0.5689 —0.57 —0.58

H +0.3785 +0.39 +0.41
Carboxyl C (GO) +0.0642 — —0.11
(protonated) C +0.6655 — +0.65

0 (sp?) —0.5649 — —0.55

0 (sp?) —0.6080 — —0.60

H +0.4432 — +0.44
Carboxyl C (GO) —0.3044 — —0.03
(deprotonated) C +0.8408 — +0.90

o —0.7682 — —0.81

(6] —0.7682 — —-0.81

“ AM1-BCC charges were determined for the whole molecule, so the total charge of the functional group fragment is not necessarily equal to 0

(neutral state) or —1 (deprotonated state).
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coupling time of 10 ps. All simulations were run over 70 ns, at
which time the number of DOX molecules adsorbed on either
the native GO or tGO surface reaches a plateau. At least two
independent MD simulations were run for the native GO and
three tGO (0.359, 0.435, and 0.491 TREN molecules per nm*
corresponding to { potential of —8.9, 10.1, and 20.7 mV, respec-
tively) models to calculate the average number of DOX molecules
adsorbed on different GO surfaces for subsequent comparison
with experimental data.

Synthesis and characterization of tGO-Max8 composite

Preparation Max8 hydrogel and tGO-Max8 composite.
All hydrogels were prepared at 2 w/w following published
protocols.”® Briefly, a peptide solution at 40 mg mL ™' in
MilliQ water was combined with an equal volume of 100 mM
HEPES added with 300 mM NaCl, pH 7.4. The solution
was briefly vortexed and centrifuged, and allowed to rest until
gelation (inversion test). This protocol was also adapted for
release of GEM by initially dissolving the peptide in an aqueous
solution of GEM at desired concentration. The tGO particles,
tGO-DOX particles, Max8 peptide hydrogel, tGO particles sus-
pended in Max8 peptide hydrogel (tGO-Max8), and tGO-DOX
particles suspended in Max8 peptide hydrogel (DOX/tGO-
Max8) were imaged by fluorescent confocal microscopy using
a Zeiss LSM 710 microscope (Carl Zeiss AG, Oberkochen,
Germany) at Zex = 590 nm and Aey, = 618 nm.

Dual drug release from tGO-Max8 composite. Selected DOX/
tGO particles comprising tGO ({ potential = —19 mV) loaded with
DOX in 10 mM PBS (pH 7.4) was utilized for all release studies under
3 conditions: free tGO-DOX particles, DOX/tGO particles embedded
in a Max8 hydrogel, and DOX/tGO particles embedded in a Max8
hydrogel loaded with GEM. All release experiments were performed
utilizing a volume of DOX-loaded particles corresponding to an
equivalent mass of DOX (0.1 mg), and GEM (0.0605 mg, when GEM
was utilized). These values of payload were selected to obtain the
projected 10:1 GEM:DOX molar ratio in solution upon release,
based on the data of DOX release obtained. Samples including gels
were prepared using a total gel volume of 200 pL. All release tests
were performed by contacting every system with 1 mL of 10 mM PBS
at pH 5 at 37 °C. At set time points (8, 16, 32, 48, and 72 h), 200 pL of
supernatant was collected and replenished with fresh buffer. The
collected samples were analyzed by liquid chromatography
using a reverse-phase Aeris 3.6 pm C18 column (50 x 4.6 mm)
installed on a Waters 2690 HPLC system (Waters, Milford, MA). The
chromatographic method utilized a 5-100% gradient of acetonitrile
(01% viv formic acid) in water (0.1% v/v formic acid) over
10 minutes, while monitoring the effluent at 290 nm and 480 nm
to monitor GEM and DOX, respectively. The concentrations of GEM
and DOX were determined by peak-area integration of the
resulting 290 nm and 480 nm chromatograms relative to the
respective standard curves.

In vitro characterization

Cell culture. Tumorigenic cells, MDA-MB-231, were cultured
in DMEM supplemented with 10% FBS and 1% Pen-Strep in a
humidified incubator at 37 °C and 5% CO,.
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Cell viability. Cells (5 x 10 cells per well) were seeded in a
96-well plate and allowed to adhere overnight. Stock solutions
of DOX in pure DMSO and GEM in sterile MilliQ water were
diluted in cell culture media (DMEM supplemented with 10% v/v
FBS and 1% v/v Pen-Strep) such that the maximum concentration
of DMSO or water did not exceed 0.5% v/v. For the systems
containing DOX/tGO particles, the concentration of particles used
was such that the concentration of DOX released after 72 h
matched the concentration of DOX utilized in cell viability studies
conducted with free drug in solution. For systems containing Max8
hydrogel, the volumes of hydrogel utilized (5, 12.5, and 25 pL)
were prepared aseptically. After 72 h of treatment, the media was
aspirated, and the cells were incubated in a solution of
0.5 mg mL~* MTT in cell culture media for 4 h at 37 °C. The
MTT solution was aspirated and DMSO was added to the wells
and allowed to shake for 30 minutes to dissolve formazan
crystals. Plate absorbance was measured at 540 nm using a
Biotek Synergy microplate reader.

Statistical analysis

Statistical significance was determined by evaluation of the
Student’s t-test using Microsoft Excel. Statistical significance
for samples was evaluated against the control test condition,
and p < 0.05 was considered significant. For analysis *, **, and
*** represent p < 0.05, 0.01, 0.001, respectively.

Results and discussion

Synthesis and characterization of modified graphene oxide
(Go)

DOX loading and release screening studies. An ensemble of
GO particles was initially constructed by surface modification
with different functional moieties to elucidate the effect of
surface hydrophobicity (benzyl- vs. acetyl-groups) and electro-
static charge (carboxyl vs. amine groups) on the adsorption and
release of DOX. Loading of DOX was proceeded over 48 h to
reach adsorption equilibrium. The resulting values of drug
loading (mg DOX per mg of modified GO particles) are sum-
marized in Fig. 2A. DOX adsorption on carbon-rich surfaces
(e.g., carbon nanotubes,) can reach high values owing to the
dense n-n interactions.”® Benzyl-GO ({ potential = —27.5 mV)
particles provided the highest loading at 0.501 £ 0.005 mg of
DOX per mg GO; the display of benzyl moieties on the GO
surface through distal carboxylic acids may in fact provide
additional binding sites for n-n interactions with DOX to occur.
DOX loading on native GO ({ potential = —36.5 mV) was slightly
lower, reaching 0.488 + 0.005 mg mg ' GO. Other surface
modifications afforded lower DOX loading; acetyl- ({ potential =
—26.5 mV) and succinyl- ({ potential = —27.3 mV) modified GO
showed almost identical DOX binding capacity, 0.205 =+
0.001 mg mg ' GO and 0.204 + 0.031 mg mg ™ * GO, respectively.
Surface modification of GO particles with amines EDA and TREN
increased the loading slightly to 0.255 & 0.054 mg mg~ ' GO and
0.307 + 0.040 mg mg~ " GO, respectively. Such increase in DOX
loading seems counterintuitive, given that DOX is a positively
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Fig. 2 Initial screening studies of (A) DOX loading on GO particles with different chemical modifications (listed in the abscissa); (B) DOX release from
modified GO particles within 500 h. Error bars represent mean + 99% CI (n > 3). ** indicates p < 0.01, and *** indicates p < 0.001, as obtained from a

Student’s t-test.

charged molecule and the surface charge of GO increases from
—26.5 mV (acetyl-GO) to { potential = —18.4 mV (EDA) and (
potential = —14.3 mV (TREN). This suggests that the interaction
between DOX and modified GO does not depend solely on
electrostatic interactions, but implicates other phenomena, such
as steric hindrance upon adsorption, hydrogen bonding, and
hydrophobic interaction, which are evaluated in detail later.

The release of DOX from the modified GO particles was
performed in PBS at pH 7.4 over a total collection time of 500 h.
The values of percent release (DOX released vs. loaded) are
presented in Fig. 2B; the values of percent release obtained
through the initial 100 h are presented in Fig. S2 (ESIT). The GO
particles modified with TREN and EDA returned the highest
values of percent release, at both 72 h and 500 h. The electro-
static repulsion between DOX and TREN/EDA moieties, both of
which are positively charged at pH 7.4, combined with a high
concentration gradient between the GO surface and the
solution phase, likely play a predominant role in release. GO
particles modified with TREN (2 primary and 1 tertiary amine),
in fact, released 2.63 + 0.3% after 72 h and 5.57 + 0.3% after
504 h, whereas GO modified with EDA (1 primary amine)
released 1.74 + 0.2% after 72 h and 3.44 £ 0.2% after 504 h.
Comparatively, at the 72 h and 504 h time points, native GO
released 1.38 £ 0.2% and 4.34 £ 0.4%, acetyl-GO released
1.16 + 0.4% and 2.86 £+ 0.2%, succinyl-GO released 1.38 +
0.2% and 2.80 + 0.2%, and benzyl-GO released 0.8 & 0.1% and
2.20 £ 0.3%. Notably, the loading of DOX on TREN-GO was only
slightly lower compared to compared to that of native GO.
These results indicate that modification of GO particles with
cationic moieties is essential towards ensuring both a favorable
loading and high release of DOX. Accordingly, we selected
TREN as the surface modification moiety in all subsequent
studies.

3858 | J. Mater. Chem. B, 2020, 8, 3852-3868

TREN-modified GO (tGO) characterization. Based on the
initial screening process, we selected TREN-GO (tGO) as model
particles in all subsequent studies of DOX loading and release.
Prior to DOX adsorption and release studies, we investigated
the correlation between the degree of TREN modification and
the resulting electrostatic charge ({ potential potential) at the
surface. To this end, we prepared an ensemble of tGO particles,
and measured the TREN surface density using a modified
Kaiser’s amine quantification test and the corresponding
values of { potential. The values of TREN density and { potential
vs. molar ratio of TREN utilized in the modification reaction are
presented in Fig. S3 (ESIT). Notably, the ensemble of tGO
particles encompassed a wide range of ( potential, from
—36.5 mV to 19.9 mV. The surface chemistry of native GO
and one tGO sample ({ potential = —18.8 mV) was also inves-
tigated by Fourier Transform InfraRed (FI-IR) spectroscopy (Fig. 3).
The FT-IR spectrum of native GO exhibits the characteristic peaks
of O-H stretching at 3450 em™', C—=O stretching at 1736 cm ™',
aromatic C=C stretching at 1625 cm™ ", alkoxy C-O stretching at
1064 cm™ ', and epoxy C-O stretching at around 854 cm™ %
In tGO, the appearance of overlapping peaks of C—O stretching
and N-H bending of the amide functional group at around
1640 cm ', and the appearance of a C-N stretching peak at
1460 cm ™, confirms the conjugation of TREN via formation of
amide bonds. Furthermore, the presence of a carboxyl C—O0 stretch
peak at 1730 cm ™" in native GO and the absence of this peak in
tGO indicates that all distal carboxylic acids are implicated in the
formation of amide bonds with TREN. At the same time, the high
values of TREN surface density measured on tGO particles and the
exiguity of distal carboxylic acids typical of native GO also suggests
that TREN conjugation also occurs through the formation of
carbamate bonds, which result from the activation of the hydroxyl
groups on GO with CDI; however, because carbamate and amide

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 FTIR analysis of native GO and tGO particles and corresponding model structures.

bonds have the same FTIR signature and the adsorption of air
moisture by tGO prevents the quantification of the hydroxyl groups
converted in carbamate bonds,'® it is not possible to quantitatively
distinguish the two conjugation routes. Finally, the persistence of
the epoxy peak at ~850 cm™" in the tGO sample indicates that
TREN reaction to epoxide groups is unlikely.

Experimental and in silico evaluation of DOX adsorption on
tGO. The loading of DOX on the ensemble of tGO particles was
evaluated at four conditions, namely low salinity at different
PH (4, 6, and 9) and PBS at pH 7.4. The adoption of solutions at
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low ionic strength and different pH was aimed to study the
effect of surface charge ({ potential) alone on DOX loading.
The comparison between neutral buffers with different ionic
strengths (1 uM at pH 6 vs. 10 mM PBS at pH 7.4) was intended
to investigate the effect of ionic strength, which both
shields electrostatic repulsion and promotes mild hydrophobic
interactions (sodium chloride is an intermediate salt in the
Hofmeister series).'"® The resulting values of DOX loading,
collated in Fig. 4A and Table S1 (ESIY), indicated that under
acidic condition native GO ({ potential = —36.5 mV) gave the
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Fig. 4 (A) Loading of DOX onto tGO particles as a function of { potential at different loading conditions: Milli-Q water (titrated with HCl or NaOH) at pH 4
(squares), pH 6 (circles), and pH 9 (triangles), and PBS at pH 7.4 (diamonds), where error bars represent mean + 99% Cl (n > 3); (B) comparison between
the values of DOX loading measured at pH 6 (black) vs. predicted by the MD simulations at pH 6.1 (red). The experimental error is presented as mean +
99% Cl (n = 3), while the error from the simulations is presented as mean + S.D. for n > 4 independent simulations with distinct initial configurations.
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highest loading at 0.595 + 0.008 mg mg~ " GO. However, as {
potential increases to —18.8 mV (0.449 pmol TREN per mg of
GO), the loading of DOX undergoes a sharp decline to 0.248 +
0.050 mg mg ' GO. As { potential increases to —8.9 mV
(0.592 umol mg™"), the loading of DOX remains constant at
0.231 £ 0.004 mg mg ' GO. As { potential further increases to
0 mV and 6.8 mV, the loading of DOX decreases only slightly to
0.169 + 0.009 mg mg ' GO and 0.150 + 0.002 mg mg " GO,
respectively. Lastly, the loading at ( potential = 19.3 mV
(0.789 pmol mg ") was 0.202 + 0.051 mg mg~ ' GO.

At low ionic strength, DOX loading at neutral and basic pH
displays the same downward trend, featuring an initial sharp
decrease from 0.581 + 0.004 and 0.576 + 0.011 mg mg~ ' GO
(¢ potential = —36.5 mV) to 0.257 £ 0.030 mg mg ' GO
and 0.262 + 0.040 ({ potential = —18.8 mV) followed by a
shallowed decrease, reaching 0.163 + 0.012 mg mg ' GO and
0.176 + 0.002 at { potential = 19.3 mV. At the same time, a
subtle yet statistically significant increase in DOX loading at
neutral and basic pH vs. acidic pH is observed on the tGO
samples with { potential between —10 mV and +10 mV. As the
pH of the aqueous phase increases, in fact, the positive charge
carried by DOX®® and TREN is softened, and consequently DOX
loading is improved.

DOX loading conducted at higher ionic strength (PBS,
pH 7.4) exhibited the same trend observed in the low salt
concentration regimes, but consistently at a higher magnitude.
Specifically, the loading of DOX on native GO nearly doubles,
reaching 1.048 + 0.009 mg mg ' GO; on tGO samples with
higher { potential, DOX loading decreases to within a range
of values between 0.613 + 0.015 mg mg * GO and 0.367 =+
0.104 mg mg " GO.

These results collectively indicate two prominent trends.
First, as the { potential of tGO increases with the modification
level, the electrostatic repulsion inhibits the adsorption of DOX
molecules onto the surface of tGO. Second, increasing the ionic
strength of the loading solution partially screens DOX/tGO
electrostatic repulsion and concurrently promotes DOX/tGO
hydrophobic interactions, resulting in a constant upward shift
in DOX loading across the entire range of TREN modification.

To visualize these phenomena at the molecular level, we
performed a number of molecular dynamic (MD) simulations
of DOX adsorption onto tGO model surfaces constructed by
appending TREN moieties onto a flat, two-faced 4.8 nm X
5.1 nm GO surface. Coherently with the FTIR results, the TREN
moieties were appended through carbamate bonds to the
hydroxyl groups on the GO surface. All MD simulations were
performed at nearly neutral pH and in absence of salt, since the
modeling of buffered aqueous systems is computationally
complex and outside the scope of this work.'*>™*** As expected,
the values of DOX loading predicted by the MD simulations
describe a downward trend with ( potential (Fig. 4B), caused
by the electrostatic repulsion between the positively charged
daunosamine moiety of DOX and the TREN moieties on tGO.
On the other hand, the spacing between TREN moieties on the
tGO surface is sufficient to allow adsorption of DOX molecules
on surface patches of native graphene oxide (Fig. S4, ESIY)
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across the entire range of degree of modification (0.359-
0.491 TREN molecules nm > of tGO surface).

Notably, the values of DOX loading measured experimentally
and those obtained in silico show excellent quantitative agreement
(Fig. 4B), indicating that the proposed in silico model portrays
accurately the mechanism of DOX adsorption onto tGO particles.
The simulations also indicate the formation of aggregated stacks
of DOX molecules onto the tGO surface at the binding equili-
brium (Fig. $4, ESIT); the presence of aggregate aggregates will be
functional to formulate a mechanism explaining the experimental
data of DOX release presented subsequently.

Evaluation of DOX release from tGO. Studies of DOX release
from GO and tGO particles were performed at pH 5 and pH 7.4 to
simulate cancerous and healthy cellular environments, respectively.
The release profiles obtained at pH 5 are reported in Fig. 5,
while those obtained at pH 7.4 are reported in Fig. S5 (ESIt).

Two time scales are of relevance in this study: (i) short term
(72 h), which is representative of a typical therapeutic window
for in vitro DDS validation, and (ii) long term (> 600 h), which
fits the time scale of maintenance chemotherapy. The values of
DOX percent release from GO and tGO particles at both pH 5
and 7.4 for 72 and 650 h are reported in Tables S2 and S3 (ESIT),
respectively. As anticipated, the release experiments conducted
at pH 5 afforded higher values of DOX percent release com-
pared to those at pH 7.4. The lower pH promotes the positive
charge on both DOX and TREN moieties, which causes DOX-
DOX and DOX-TREN repulsion thereby triggering release.
Because drug release in a tumor-mimetic environment is more
relevant in the context of this work, our analysis focuses on the
release data generated at pH 5. The comparison of DOX release
from the particles loaded at low ionic strength shows that only
two tGO particles outperform the native GO particles, namely
tGO with { potential = —18.8 mV and —8.9 mV. The former
afforded a 72 h-release of 13.7 £ 2.1% (when loaded pH 4),
12.4 £ 0.4% (pH 6), and 11.4 £ 0.8% (pH 9), and a 650 h-release
of 22.7 & 3.2% (pH 4), 19.2 4+ 4.2% (pH 6), and 19.8 + 4.0%
(pH 9). The latter showed a 72 h-release of 9.0 + 1.1% (pH 4),
9.2 + 0.3% (pH 6), and 10.6 &+ 1.5% (pH 9), and a 650 h-release
of 16.7 + 4.0% (pH 4), 15.7 + 3.8% (pH 6), and 19.8 + 3.9%
(pH 9). Comparatively, the native GO released only ~6% DOX
after 72 h and ~15% after 650 h. On the other hand, tGO
carriers with higher { potential afforded a lower release of DOX.

Given the negligible dependence of DOX loading upon pH at
low salt concentration as well as DOX release from the resulting
particles, only the DOX/GO systems loaded at neutral pH
(low vs. high salt concentrations) were considered in the rest
of this study. The values of DOX percent release at pH 5 for 72 h
and 650 h plotted against the values of { potential of the
corresponding GO and tGO particle carriers are presented in
Fig. 6A and B, respectively; the analogous plots for release at pH
7.4 are presented in Fig. S6 (ESIY).

It is immediately evident that DOX release is determined by
two parameters, namely (i) the ionic strength of DOX solution
during loading and (ii) the { potential of the particles.

First, regarding the ionic strength of the loading solution, a
significant increase is observed in the values of DOX percent

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Release profiles at pH 5 from DOX/tGO particles loaded at (A) pH 4, (B) pH 6, (C) pH 9, and (D) PBS at pH 7.4. Error bars represent mean + 99% Cl (n > 3).
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loading) to 7.42-18.9% (high salt loading) for 72 h release,

(B

Percent Release at 650 hr (%)

)

40

35

30

25

20

15

O Low lonic Strength Loading

| O High lonic Strength Loading

0

0o =@

1 1 1

30 20 -10

0 10

¢ potential (mV)

Fig. 6 Values of DOX percent release at pH 5 after (A) 72 h and (B) 650 h from DOX/GO and DOX/tGO particles loaded at neutral pH and low ionic
strength (squares) or high ionic strength (circles). Hashed are added to guide the visualization of the results. Error bars represent mean + 99% Cl (n > 3).

and from 3.16-19.2% (low salt loading) to 19.1-31.8% (high salt
loading) for 650 h release. In this regard, the in silico modeling
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of DOX adsorption indicated the formation of DOX aggregates
both in solution and onto the GO surface. The extent of aggre-
gation is likely enhanced at high salt conditions, where electro-
static repulsion is softened and hydrophobic interactions are
promoted, as observed with drug-like molecules;'® accordingly,
we hypothesize that DOX adsorbs onto the tGO surface in a
predominantly mono-/di-meric form when loaded in a low ionic
strength environment, and in a rather multimeric form at
higher ionic strength. When exposed to pH 5, DOX aggregates
are considerably less stable than monomeric DOX, due to
the combination of DOX-DOX and DOX-TREN electrostatic
repulsion, and are released more easily, resulting in an upward
shift in percent release.

The dependence of DOX percent release on ( potential,
on the other hand, is rather counterintuitive. In place of a
monotonic trend reverse to that of DOX loading (Fig. 4B), in
fact, concave downward curves were obtained (Fig. 6A and B).
To explain this behavior, one must consider the charge environ-
ment onto the GO particles and in the layer of charges
surrounding them (Fig. 7). The surface of GO is inherently
negatively charged, due to the numerous oxygen-containing
moieties;'°® on this surface, the TREN moieties and the DOX
molecules form a layer of “condensed” positive counter-ions
(Stern layer), respectively covalently linked and non-covalently
adsorbed. The enveloping Gouy layer, framed by the Stern
plane and the slipping plane, at which the { potential is
measured, contains a mixture of positive (e.g., H" and Na')
and negative (e.g., OH™ and Cl") counter-ions. On virgin GO,

(A)

(©)
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DOX molecules adsorbed at pH 6 are strongly retained by the
negatively charged moieties on the surface of GO (Fig. 7A); as
the environment surrounding the DOX/GO particles is adjusted
to pH 5, the softening of the inherent negative charge on
the surface of GO and the DOX-DOX electrostatic repulsion
molecules triggers release. On tGO particles with low TREN
modification ({ potential <0), DOX molecules are adsorbed on
patches of native GO between TREN moieties (Fig. 7B); at pH 5,
the softening of the negative charge on GO, and the combined
DOX-DOX and DOX-TREN repulsion favors DOX desorption,
resulting in an increment of percent release. On tGO particles
with high TREN modification ({ potential ~ or >0), the higher
density of TREN moieties in the Stern layer drives the accumu-
lation of negative (OH™ and Cl™) counter-ions within the Gouy
layer, resulting in the electric stabilization of the cationic DOX
molecules adsorbed onto the surface of GO (note the cyan
spheres representing Cl~ ions intercalated between DOX and
TREN molecules in Fig. 7C and D); this results in a softening of
DOX-TREN repulsions at pH 5, which translates in a decrease
of percent release. These phenomena are evident when DOX
loading is performed at low ionic strength. When DOX loading
is operated in PBS, in fact, the TREN moieties are stabilized by
counter-anions prior to DOX adsorption and DOX release at
PpH 5 is mostly triggered by the disassembly of drug aggregates
by DOX-DOX electrostatic repulsion. This makes the values
of percent release much less dependent upon { potential.
Native GO is an exception, given its complete lack of TREN
modification.

(D)

Fig. 7 Snapshots from DOX (red frame) loading on TREN- (blue frame) modified GO (grey frame) and the dispersion of Cl™ ions (cyan spheres) on
(A) native GO ({ = —36.5 mV), (B) tGO ({ = —8.9 mV), (C) tGO ({ = 10.1 mV), and (D) tGO ({ = 20.7 mV).
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Fig. 8 Release profiles of GEM from a Max8 hydrogel at 2 w/w (squares)
and 4 w/w (circles). Error bars represent mean + 99% CI (n > 3).

Synthesis and characterization of tGO-Max8 composite

Release of GEM and DOX from tGO-Max8 composite. Based
on the results of the DOX release studies, we selected tGO
particles with { potential of —18.8 mV as model carrier to
develop the composite drug delivery system (DDS); the high
loading of DOX attained in PBS at pH 7.4 enables reducing the
amount of tGO particles required to achieve therapeutic
efficacy, which minimizes the risk of cytotoxic effects. To develop
the hydrogel matrix, we initially sought to determine the optimal
peptide concentration that affords rapid gelation and yields a
homogenous gel that poses no diffusion limitations to the
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transport of either GEM or DOX. Peptide gel fractions of 2 and
4 wiw were chosen owing to their nearly instant gelation kinetics.
The release kinetics from GEM-loaded gels are presented in Fig. 8.
Within the first 4 hours, the 2 w/w hydrogel releases GEM more
rapidly, reaching 60.9 £ 6.1% compared to 51.9 £+ 1.2% by the
4 w/w hydrogel. After 16 h, however, the amount of GEM released is
independent of gel fraction, reaching ~80%. As we envision a
scheduled/sequential delivery system wherein the first drug in the
chemotherapy regimen (GEM) is released more rapidly, we elected
to use the 2 w/w hydrogel as the matrix for embedding the
DOX/tGO particles.

The composite DDS was prepared by dissolving Max8
peptide at 2 w/w in a sonicated aqueous suspension of the
selected DOX/tGO particles. The instantaneous formation of
the peptide hydrogel resulted in a homogeneous dispersion of
the particles. Confocal fluorescence microscopy images of the
control tGO-Max8 composite (Fig. S7, ESIf) and DOX/tGO-
Max8 composite immediately after gel formation (Fig. S7, ESIT)
confirms the homogeneous dispersion of the tGO particles;
further, Fig. S7 (ESIT) indicates DOX remains bound to the tGO
particles upon gel formation.

The release kinetics of the composite tGO-Max8 systems are
presented in Fig. 9. It is first noted that the peptide hydrogel
poses a notable resistance to the transport of DOX, resulting in
a 3-fold reduction of the percent release in the aqueous phase
surrounding the hydrogel, from the 19.0 & 0.1% 72 h-release
given by free DOX/tGO particles in solution to the 6.2 £ 0.2%
given by DOX/tGO particles embedded in the Max8 scaffold.
This is likely caused by the cationic and amphiphilic nature
of the Max8 peptide (rich in positively charged lysine and
hydrophobic valine residues), which limits the partitioning of
DOX - a positively charged molecule - from the tGO surface to

(B)

&4 O DOX: Free GO
O DOX: Max8 + GO
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Fig. 9 (A) Release profiles of GEM from 2 w/w GEM/Max8 (black circles), DOX from free DOX/tGO particles (black squares), DOX from DOX/tGO
particles embedded in a 2 w/w Max8 hydrogel (red squares), GEM from a 2 w/w GEM/Max8 hydrogel loaded with tGO particles (blue circles), and DOX
from DOX/tGO particles embedded in a 2 w/w GEM/Max8 hydrogel (blue); (B) release of DOX from the system listed in panel (A). Error bars represent

mean + 99% Cl (n > 3).
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the hydrogel phase and its migration through the hydrogel
matrix, as noted in prior work.’®” We have observed that the
display of hydrophobic moieties in polycationic hydrogels
hinders the migration of DOX. Second, we observed a drastic
change in GEM release after 72 h, from 95.5 + 1.1% from
the GEM/Max8 hydrogel alone compared to 49.4 £ 0.2%
from the composite system. This is likely caused by the
interaction between GEM and the DOX/tGO nanoparticles
during its diffusion pathway. Finally, the concurrent migra-
tion of the two drugs results in a further decrease of DOX
release, from the 6.2 &+ 0.2% given by the GEM-free composite
to the 3.3 £ 0.1% given by the GEM-loaded hydrogel after 72 h.
This is attributed to DOX-GEM interactions that have been
documented to occur and drastically change diffusion proper-
ties of the DOX-GEM pair through poly-cationic hydrogel
matrices.'®’

In vitro characterization

To determine the efficacy of the composite system relative to
free single drug and drug combination treatments, we conducted
in vitro evaluation of drug-loaded DOX/tGO-GEM/Max8 compo-
sites using the triple negative breast cancer cell line MDA-MB-231.
The results are presented as dose-response curves in Fig. 10A, fit
with the median-effect equation.'®® The corresponding ICs, values
are presented in Fig. 10D. Free DOX and free GEM yielded ICs,
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values of 0.399 + 0.04 uM and >20 uM, respectively, in line with
published data.’

In testing the free DOX/tGO particles, we referred to the
values of 72 h-release at pH 5 to determine the concentration of
particles affording a release of DOX at a dose equivalent to that
utilized in the free drug study and accounted for the possibility
of uptake of the DOX/tGO particles. The range of DOX concen-
tration utilized in this study, 0.025-1.6 pM, translated in a dose
of 0.2-14.2 pg tGO mL ™" of total release volume. The same
volume of drug-free particles was also tested as a control
to evaluate their basal cytotoxicity (Fig. 10C). Notably, the
DOX/tGO particles featured a cytotoxic activity comparable to
that of free DOX, with an ICs, value of 0.131 + 0.002 uM,
corresponding to ~1.7 pg of DOX/tGO particles mL™*
(Fig. 10B). At the same time, the tGO particles alone proved
relatively biocompatible, yielding a cell survival rate above
90% when employed at concentrations below 14.2 pg mL ™.
Most importantly, at the dose of 1.7 ug mL ™" needed for the
DOX-loaded particles to match the ICs, of free DOX, the tGO
particles alone show a cell survival rate of ~99%.

The cytotoxicity of the DOX-GEM combination was then
evaluated at the reference GEM : DOX molar ratio for of 10:1,
reported as synergistic in prior work (Fig. 10D).° For the
free-drug combination, we observed an ICs, value of 0.135 +
0.035 pM, relative to DOX concentration. This corresponded to
a combination index (CI), calculated utilizing the Chou-Talalay
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Formulation IC5, Conc. (M) Cl
DOX 0.399 + 0.04 N/A
GEM > 20 N/A
tGO/DOX 0.132 + 0.002 N/A
DOX + GEM 0.135 + 0.035 0.396 + 0.035
5 uL Composite 0.012 + 0.0004 | 0.093 +0.001
12.5 yL Composite | 0.014 £ 0.001 0.113 + 0.002

Fig. 10

Control

Low Max8 High Max8 LowtGO HightGO

(A) Dose—response curves for free DOX (red), free GEM (black), DOX/tGO particles (blue), 10 : 1 molar ratio free drug combination of GEM/DOX

(green), 10 : 1 molar ratio free drug combination of GEM/DOX from composite system with 5 uL (purple), and 12.5 ulL (yellow) of DOX/tGO-GEM/Max8
composite gel; (B) dose-response curves for DOX (squares), DOX/tGO (triangles), and tGO (circles); (C) cytotoxicity of Max8 hydrogel (low — 5 uL and
high — 12.5 pL) and tGO particles (low — 0.2 pg mL™ and high — 14.6 pg mL™Y relative to untreated cells (control), and (D) calculated ICsq values for the
various formulations and the corresponding combination index (CI). Error bars represent mean + SD. (n > 3). ns indicates no significance, and * indicates
p < 0.05, as obtained from a Student's t-test.
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method,"® of 0.396 + 0.035, confirming strong synergism of
the drug pair, consistent with that obtained by Vogus et al.’
using the same drug pair and concentration, and cancer cell
line. Lastly, we sought to demonstrate that the dual-drug
loaded tGO-Max8 composite system is more therapeutically
efficacious than the free drug combination. Accordingly, the
reference 10:1, GEM:DOX molar ratio was utilized in these
release experiments. We observed an ICs, value of 0.0116 +
0.0004 uM, relative to DOX concentration, corresponding to a
CI of 0.093 £ 0.001, indicating a stronger synergism than the
free drug pair. It is noted that the reported values of CI are
comparable to those obtained by Vogus et al. of CI = ~0.12 with
sequential administration of this drug pair (GEM for 24 h,
then DOX for 48 h).” We attribute this further reduction in CI
(higher synergism) to the ability of the composite tGO-Max8
system to control the release kinetics and achieve the postulated
scheduled release, known to improve synergism.”'® Notably,
the ICs, value of the composite system corresponds to a dose of
16 pg mL ™" of tGO particles and 5 pL of Max8 hydrogel, both
proven to be non-cytotoxic per se (Fig. 10C).

Conclusions

Scheduled delivery of synergistic combinations of chemo-
therapeutics is increasingly regarded as a highly effective treat-
ment for aggressive solid tumors. The precise control of molar
ratio, sequence, and rate of delivery, in fact, enhances drug
synergism and enables a drastic reduction of the required
therapeutic doses, while maintaining a highly efficacious
outcome. To date, two main approaches to achieve scheduled
delivery appear in clinical settings: portable devices that accom-
pany the patient through therapy and inject different drugs
based on a set timetable, or engineered materials featuring
fine-tuned drug release kinetics. The design and optimization
of the chemical functionalization and organization of compo-
site materials as drug delivery systems (DDS) greatly benefits
from the integration of in silico design and experimental
evaluation. By providing a deeper insight into the complex
physicochemical interactions between drugs and materials,
integrated computational-experimental methods enhance the
quality and accelerate the process of discovery and validation of
therapeutic products. This study aims to apply this concept to
the design of a homogenous hydrogel-nanoparticle composite
capable of delivering a recognized synergistic drug pair (DOX
and GEM) with precise molar ratio and release kinetics. In this
context, we resolved to (i) adopt materials that combine bio-
compatibility and affordability with chemically versatility, and
(ii) implement scalable functionalization strategies to ensure
the translational potential of the resulting DDS. GO nano-
particles and Max8 peptide hydrogel fulfill the requirements
on the materials, while TREN modification of the GO surface
and the tuning of the Max8/water ratio represent a scalable
approach to achieve precise control over the ratio and kinetics
of drug delivery. Crucial to the design and understanding of the
proposed DDS has been the development of an MD model

This journal is © The Royal Society of Chemistry 2020
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capable of describing quantitatively the DOX loading on and
release from the modified GO particles. The homogeneous
distribution of DOX-tGO particles and the thixotropic nature
of the Max8 hydrogel matrix make the proposed formulation an
exquisitely injectable one, ideal for the treatment of solid
tumors through both first-line or consolidation chemotherapy.
In this regard, the MDA-MB-231 triple negative breast cancer
(TNBC) cell line adopted in this work represents an ideal target
for the preclinical testing of the proposed DDS. Patients with
metastatic TNBC, in fact, have a poor prognosis and a median
overall survival of ~13 months upon treatment. In the attempt
to contribute to the development of a therapeutic arsenal
against TNBC, we have tailored our composite system to release
GEM at 47-fold rate and a 10-fold molar ratio compared to DOX,
which the literature indicates as highly synergistic. The results
presented herein demonstrate the validity of our design: the
composite DDS afforded a remarkable combination index of
0.093 £ 0.001. This value is not only lower than that provided
by the DOX-GEM combination as free drugs in solution
(CI = 0.396 + 0.034) but is lower than any value reported in
the literature for this and similar drug combinations delivered
by either microfluidic devices or engineered materials.®*****°
Together with reinforcing the value of combining delivery
schedule and molar ratio towards increasing therapeutic syner-
gism, this study presents a step forward in the development
of translatable (effective, affordable, and scalable) solutions
enabling successful treatment of unmet oncological diseases.
To this end, future work on different cell lines (e.g., renal cell
carcinoma Caki-2 cells or bladder carcinoma MB49 cells) will be
undertaken to demonstrate the flexibility of the proposed DDS
towards the treatment of different forms of cancer. Selected
formulations will be characterized in vivo to evaluate, together
with therapeutic efficacy, biodistribution and potential adverse
effects; these, however, are not anticipated, given the bio-
compatibility of Max8 and the low amount of modified GO
particles present in the formulation. With its focus on material
design and understanding, this contribution lays the ground
for the future optimization of novel composites targeting
aggressive metastatic solid tumors that - to this day - impact
the health and quality of life of millions of people worldwide.
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