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ARTICLE INFO ABSTRACT

Keywords: Reduced graphene oxide (rGO) is a restored, defect-free version of graphene oxide (GO) with regained graphene-
Graphene Oxide like properties but encounters challenges in biomedical applications due to its low solubility. Especially for drug
PEC{ylation_ release applications, rGO’s stronger n-n interaction of rGO compared to GO leads to low release, often demanding
;’;Cl:::‘cgg: novel approaches for enhancement. The recently developed PEGylation method utilizes a copolymer with

tunable PEG chain length and density for the PEGylation of GO simultaneously reduced to rGO, resulting in
water-dispersible and biocompatible rGO-based nanoplatforms. This copolymer integrates functional monomers
and enhances treatment options. Herein, we investigated how these PEGylation components and their incor-
poration order impact rGO’s drug release behavior. A series of copolymers, (P(PEGMA-co-AzPMA-co-MMA-co-
PMA), with different PEG brushes and azide groups, were synthesized via atom transfer radical polymerization.
We explored the impact of ionic azide groups on drug release by comparing the azide-containing and azide-
capped copolymers. Moreover, copolymers containing 500 or 2000 Da PEG brushes were compared to assess
their role as a coating layer or diffusion barrier on drug release. Doxorubicin, a hydrophobic anticancer agent,
was loaded onto the rGO surface before or after peptide-based targeting agent (EPPT1) conjugation. The results
showed that the drug release behavior of 500 or 2000 Da PEG brushes containing rGO surfaces are different due
to the density of PEG coating which makes the effect of azide groups not always visible. Incorporating the
targeting peptide before drug loading was found to be optimal. The pH-dependent release profiles revealed 49 %
and 44 % release from the rGO surface for the shorter and longer PEG brushes, respectively. Tuning the
PEGylation components may further influence the release behavior.

Targeting Drug Delivery System
Drug Release

1. Introduction biological applications [2] and tend to interact with salts, ions, and
biomolecules under physiological conditions. This interaction can lead

Flat monolayered carbon allotrope graphene (G) and its various to flocculation and aggregation of adequately dispersed GO, potentially

types have gained interest since their discovery in 2004 [1]. Graphene
and its derivatives have a two-dimensional hexagonal organization of a
thick sp2 hybridized carbon atom, providing superior properties such as
high electron mobility and electrical conductivity [2] Their wide and
adjustable surface for facile functionalization makes them an attractive
option for a variety of biological applications such as multi-purpose
carriers [3], tissue engineering scaffolds [4], and composite materials
[3,5]. The widely used alternatives of graphene are water soluble,
oxygen-rich graphene oxide (GO) with surface defects, and reduced
graphene oxide (rGO), which is the restored version by chemical or
thermal reduction. Although GO features functional groups such as
hydroxyl, epoxy, and carbonyl groups, they are often preferred for
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impacting its cytotoxicity, which depends on its size, shape, and con-
centration [6,7]. It is also known that these oxygen-containing func-
tional groups can contribute to reactive oxygen generation, which is one
of the toxicity mechanisms of graphene derivatives [8,9]. Conversely,
rGO exhibits superior physical and optical characteristics compared to
those of GO. With a less defective surface, rGO maintains its capability
for non-covalent bonding, including n-n stacking, Van der Waals forces,
electrostatic interactions, and hydrogen bonding [10-12]. However, this
derivative suffers from poor water solubility, which limits its use in
biological applications. Despite these superior features, the basal plane
of GO is largely hydrophobic, which leads to the absorption of proteins
and hydrophobic molecules. This phenomenon results in surface
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chemistry inconsistencies, instability, and aggregating adequately
dispersed GO derivatives under physiological conditions [13]. A com-
mon strategy to overcome these problems is to coat the surface with
various natural and synthetic polymers that have been used as coatings
or stabilizing agents, such as poly(ethylene glycol) (PEG), hyaluronic
acid, dextran, and chitosan [14-17]. Among these, PEG, as an FDA-
approved polymer, has been extensively employed to increase the
biocompatibility and water dispersibility [18,19] of not only graphene
derivatives as well as other carbon-based materials. For instance, it was
shown that the cytotoxicity of carbon nanotubes significantly decreased
with an increasing degree of PEGylation at the surface [20] since PEG as
a coating material provides a hydrated layer that decreases the protein
and nutrition adsorption of carbon-based surfaces. Moreover, graph-
diyne, a new carbon-based nanomaterial, was modified with a PEG-
containing polymer that enabled graphdiyne to cross the blood-brain
barrier [21], and our group has developed an effective PEGylation
method yielding water-dispersible rGO [22]. Our study utilized a novel
copolymer comprising poly(ethylene glycol) methyl ether methacrylate
(PEGMA), methyl methacrylate (MMA), and 1-pyrenemethyl methac-
rylate (PMA) (P(PEGMA-co-MMA-co-PMA)), synthesized via atom
transfer radical polymerization (ATRP), with a molecular weight below
50 KDa to facilitate renal excretion and minimize potential toxicity,
while utilizing a branched structure to prolong circulation time in the
blood [23]. Essentially, this study is a novel technique that incorporates
tunable PEG brushes to ensure aqueous dispersibility alongside multiple
pyrene groups to facilitate n-n interactions with the surface of rGO,
which is simultaneously reduced from GO. Instead of edge modification,
distributed PEG brushes on the wide graphene surface reduce, the
chance of nutrient adsorption by the surface, and simultaneous reduc-
tion provides defect-free rGO with fewer oxygen-containing groups.
Therefore, the obtained water-dispersible rGO has better biocompati-
bility because it addresses most of the cytotoxicity mechanisms of gra-
phene by lowering reactive oxygen species, less interaction with cell
nutrition, and better stability in cell medium [22]. It is common in the
literature to use pyrene or other aromatic moieties as anchoring mole-
cules to coat carbon-based materials through physical interactions to
tune their surface properties [24]. However, our study clearly showed
that the presence of multiple pyrene units in the copolymer increased
the coating efficiency on the rGO surface. MMA monomers in the
copolymer were utilized as chain extenders to distribute the pyrene as
n-n interacting anchoring group throughout the polymer chain.
Furthermore, our group showed that this copolymer could be tailored by
carrying functional monomers to combine different treatments on the
surface of the rGO nanoplatform. The azide group was introduced into
the copolymer and used for the conjugation of the cationic copolymer
for siRNA condensation and as a targeting agent for selective cellular
entry. It was shown that doxorubicin (Dox), as an anticancer agent,
could be successfully loaded onto the resulting nanoplatform as a tar-
geted dual drug delivery agent [25].

Precise and comprehensive delivery of hydrophobic drugs is an
indispensable aspect of efficient cancer therapy. Even though drugs such
as doxorubicin, paclitaxel, epirubicin, curcumin, and 5-fluorouracil can
be loaded with high drug loading efficiency on a large graphene surface
and secure the loaded drug during circulation, it is a known fact that
graphene-based drug delivery systems can have various drug release
profiles that can be affected by surface components [26]. Although there
are many examples of Dox-loaded PEGylated GO surfaces in the litera-
ture [27-30], there are few studies that provide information about the
effect of PEG brush length on the drug release behavior of the rGO
surface. Mahdavi et al. computationally showed that the length of PEG
chains on the graphene surface affects the localization of Dox on the GO
surface since increasing PEG chain length creates a hydrated layer and
forces Dox to migrate to the non-PEGylated part of the GO. Once GO is
coated with short PEG chains (500 Da), these chains fold over the GO
surface, and Dox is absorbed in the uncovered region of GO. In the case
of longer PEG chains (1000 Da), chains are mostly protruding, and a lack
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of an uncovered region causes the aggregation of Dox within the PEG
chains [31]. Therefore, the effect of coating (PEGylation) components
and the order of incorporation of these components onto the graphene
surface need to be investigated for the previously proposed PEGylation
method, which can be tuned to the graphene surface with PEG chains of
different lengths and azide groups to further target peptide conjugation
[22,25]. Because our PEGylation method uses a multifunctional copol-
ymer for coating instead of a single PEG chain, the backbone of the
copolymer along with pyrene and azide groups is expected to be closer
to the rGO surface. Dox is expected to interact with the rGO surface
through n-n stacking, hydrophobic interaction, and hydrogenbonding.
Because of the protonation of Dox in an acidic environment, it carries a
positive charge, which weakens hydrogenbonding. Additionally, it can
interact with charged azide groups, which functionalize the coated
copolymer. Our recently published study supported the possibility of
electrostatic interactions by enhancing drug release when the cationic
copolymer was conjugated to the copolymer and coated on the rGO
surface [25]. Furthermore, the order of targeting agent conjugation and
drug loading may be a parameter contributing to drug release.

To address all these hypotheses, a series of copolymers similar to
previous study but including azide containing functional monomer, poly
[(poly(ethylene glycol methacrylate))-co-(3-azido propyl meth-
acrylate)—-co-(methyl methacrylate)-co-(1-pyrene methacrylate)] (P
(PEGMA-co-AzPMA-co-MMA-co-PMA), with different numbers of PEG
brushes and azide groups were synthesized via ATRP. The main purpose
of the azide group was to accommodate the functionalization for further
application. However, it was revealed that the presence and quantity of
azide groups affected drug release, highlighting one of the key findings
of our study. Moreover, copolymers containing PEG brushes with
different lengths (500 or 2000 Da) were compared to determine the
brush length effect because the density of PEG content as a diffusion
barrier may affect the drug release of nanoplatforms. As in the original
PEGylation method, multiple pyrene units were used to increase n-n
interactions and provide an effective coating, while the MMA monomer
was used as a chain extender to distribute functional monomers along
the chain. Dox was loaded to the rGO surface before and after targeting
agent conjugation using the azide group as a functionalization tool,
followed by capping the remaining azide groups with propargyl alcohol.
EPPT1 peptide was selected as a peptide-based active targeting agent
that recognizes the underglycosylated mucin-1 antigen (uMUC-1) [32]
in different cancer types, such as breast cancer, which is overexpressed
in > 90 % of cases. Herein, all the components were introduced during
the coating of the rGO surface with functional copolymers are commonly
used tools such as PEGylation, targeting agent conjugation, and drug
loading. This study will shed light on the effect of PEG brush length and
density on drug release or whether conjugation of the targeting agent
before or after drug loading affects drug release. Moreover, the effect of
azide groups on drug release behavior was investigated by comparing
the drug release profiles of the coated rGO with well-defined copolymers
containing comparable PEG brushes and azide groups at pH 5.5 and 7.4,
to mimic tumor and physiological conditions, respectively. The anti-
cancer activity of rGO based nanoplatforms was observed based on their
effect on the viability of MCF-7 breast cancer cells using a resazurin
assay. Moreover, the difference between the cellular uptake of targeted
and non-targeted nanoplatforms was observed in the MCF-7 cell line
using confocal microscopy and fluorescence-activated cell sorting
(FACS). Collectively, the results showed that the presence and
increasing number of azide groups increased the drug release of more
brush containing shorter (500 Da) PEG coated surface and less brush
containing longer PEG(2000 Da) coated rGO surface. Increasing the PEG
chain length provided better water dispersibility and biocompatibility to
the nanoplatform. The best order to incorporate the peptide-based tar-
geting agent into the nanoplatform was before drug loading.
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2. Experimental part
2.1. Materials

Methyl methacrylate (MMA, Sigma-Aldrich, 99 %), poly(ethylene
glycol) methyl ether methacrylate (PEGMA, 500 and 2000 Da, Sigma-
Aldrich), 1-pyrenemethyl methacrylate (PMA, Sigma-Aldrich, 99 %),
N,N,N’,N”,N”-pentamethyldiethylenetriamine = (PMDETA, Sigma-
Aldrich, 99 %) were passed through a basic alumina column to
remove inhibitor prior to use. Copper (I) bromide (CuBr, Sigma-Aldrich,
98 %), ethyl 2-bromo-2-methyl propionate (EiBr, Sigma-Aldrich, 98 %),
graphene oxide (GO, Sigma-Aldrich, 4 mg/mL dispersion in H30), 3-
azido-1-propanol (Sigma-Aldrich, 96 %), methacryloyl chloride
(Sigma-Aldrich), triethylamine (J.T. Baker), doxorubicin hydrochloride
(Dox, Sigma-Aldrich, 98 %), propargyl alcohol (Sigma-Aldrich, 99 %),
EPPT1 (YCAREPPTRTFAYWG, C terminus capped, N terminus free > 95
%, Metabion International AG, Germany), Triton™ X-100 (Sigma-
Aldrich), sodium chloride anhydrous (NaCl, Wisent Bioproducts, 99 %),
phosphate buffer solution (PBS, Multicell, Wisent Inc.), Dulbecco’s
Modified Eagle’s Medium (DMEM, high glucose, Gibco™), fetal bovine
serum advanced, heat-inactivated (FBS, Capricorn Scientific GmbH), L-
glutamine 200 mM solution (Multicell, Wisent Inc.), pen-
icillin-streptomycin solution (10,000 U/mL, Multicell, Wisent Inc.),
trypsin EDTA (0.25 % trypsin in HBSS, Multicell, Wisent Inc.) trypan
blue solution (0.4 %, Sigma), 7-hydroxy-3H-phenoxazin-3-one-10-oxide
sodium salt (Resazurin Sodium Salt, Sigma Aldrich) used as received. All
other reagents were purchased from Sigma-Aldrich and were used as
received without further purification.

2.2. Characterization

H (500 MHz) spectra were recorded in CDCl3 with Si(CHs)4 as the
internal standard, using an Agilent VNMRS 500 MHz instrument. The
particle size and zeta potential of the PAMP-rGO derivatives were
determined in distilled water by dynamic light scattering (DLS) using a
Malvern Zetasizer Nano ZSP instrument. UV-Vis and fluorescent mea-
surements of 96-well plates were recorded using the SpectraMax® i3
multi-mode platform, Fourier transforms infrared (FTIR) spectra were
recorded on an Agilent Technologies Cary 630 FTIR instrument that is
equipped with attenuated total reflectance (ATR), over the range
4000-400 cm™!. Renishaw inVia™ Raman microscope was used for
Raman spectroscopy analysis. Transmission and scanning electron mi-
croscopy (TEM and SEM, respectively) scans were conducted using a
field-emission scanning electron microscope (FE-SEM Zeiss Gemini 500)
equipped with an EDX detector. The nanoplatforms were dispersed in
water applied on Formvar-coated 200 square mesh nickel grids by drop-
casting for TEM scans, where the samples were mounted on double
adhesive carbon-coated tape on aluminum stubs for SEM and elemental
analyses. Thermogravimetric analyses (TGA) were performed using a
TGA 8000 instrument (Perkin Elmer) under a N3 atmosphere at a
heating rate of 10 °C/minute heating rate, between 30-800 °C. Zeiss
LSM 800 multiphoton confocal microscope was used for the fluores-
cence imaging. Dox fluorescence intensity for 50,000 events from Dox
and Dox-carrying nanoplatforms treated cells were recorded with BD
Biosciences BD Influx™ cell sorter.

2.3. Synthesis of poly[(poly(ethylene glycol) methyl ether methacrylate)—
co-(3-azido propyl methacrylate)—co-(methyl methacrylate)—co-(1-
pyrenemethyl methacrylate)] graft copolymer (P(PEGMA-co-AzPMA-co-
MMA-co-PMA), PAMP)

Multiple pyrene, azide, and PEG-containing graft copolymers were
synthesized as described in our previous publication [22]. Some mole-
cules such as the azide-functional monomer 3-azido propyl methacrylate
and benzyl functional initiator, which was used as a reference signal in
'H NMR analyses, were synthesized prior to copolymerization [25].
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Briefly, monomers at different proportions, including poly(ethylene
glycol) methyl ether methacrylate (PEGMA, 500 or 2000 Da), methyl
methacrylate (MMA), 3-azido propyl methacrylate (AzZPMA), and 1-pyr-
enemethyl methacrylate (PMA), were added to a 10 mL glass reactor and
dissolved in toluene, followed by the addition of PMDETA and copper (I)
bromide (CuBr). Finally, a benzyl functional ATRP initiator was added
to the reaction mixture and the reactor was sealed and immediately
frozen in liquid nitrogen. After three freeze-pump-thaw (FPT) cycles,
the reaction mixture was placed in an oil bath at 60 °C for 3 h. Upon
completion, the catalysts were removed by aluminum oxide filtration,
and the polymer solution was concentrated, precipitated in cold diethyl
ether, and dried under vacuum at room temperature. The product was
characterized using 'H NMR spectroscopy.

2.4. PAMP coating on graphene oxide and in situ reduction (PAMP-rGO)

The aim was to coat graphene with PEG-containing P(PEGMA-co-
AzPMA-co-MMA-co-PMA) (PAMP) copolymers through multiple pyrene
units based on previously published protocols by Demirel et al. [22]. In
summary, GO solution (1 eq by weight, 4 mg/mL in H>0) was trans-
ferred to a round-bottomed flask, and PAMP (10 eq by weight) was
dissolved in DMF (DMF: water = 1:2 v/v) and added dropwise to the GO
solution. 2 h of stirring at room temperature was followed by hydrazine
hydrate addition (1 uL/1 mg GO) and the reaction flask was placed in an
oil bath at 80 °C and stirred for 24 h [33]. Next, the reaction mixture was
centrifuged at 14,000 rpm for 15 min, the supernatant was discarded,
and the pellet was redispersed in water and acetone and centrifuged
several times to wash out the free copolymer.

2.5. Preparation of EPPTI1 targeted PAMP-rGO or PAMP-rGO-Dox by
copper catalyzed azide-alkyne cycloaddition (PAMP-rGO-EPPT1 or
PAMP-rGO-Dox-EPPT1)

The alkyne-PEG-EPPT1 polymer was conjugated to azide function-
alities on the PAMP-rGO or drug-loaded PAMP-rGO-Dox surface using a
CuSO4/sodium ascorbate catalyst system in PBS at pH 8. In a general
procedure, 8 mg of (P]5A10MP)2000-I'GO 1 eq of (P15A10MP)2000, 1.35 x
107 mol) or 15.9 mg (P15A10MP)2000-1GO-Dox (corresponding to 8 mg
of (P]sAloMP)gooo-rGo, 1 eq of (P15A10MP)2000, 1.35 x 10_7 mol)
dispersed in PBS (pH 8), 1.27 mg alkyne-PEG-EPPT1 (2 eq, 2.69 X 107
mol, targeting 2 units of azide group on the copolymer), 33.6x10°> mg of
CuSO4 (1 eq, 1.35 x 107 mol), and 53.3x1 03 mg of sodium ascorbate (2
eq, 2.69 x 107 mol) were transferred into a Schlenk flask containing 7
mL of PBS at pH 8. The flask was subjected to three FPT cycles before
stirring the reaction mixture at 35 °C overnight. The reaction mixture
was centrifuged and redispersed thrice in PBS (pH 8) and twice in
distilled water to remove unreacted conjugates. The final product was
then freeze-dried overnight. The amount of peptide conjugated to the
PAMP-rGO surface was calculated by determining the unbound peptide
in the upper phase using Ellman’s assay, which reacts with the —SH
groups of the peptide and forms 2-nitro-5-thiobenzoic acid (TNB), which
is soluble in water and has an absorption at 412 nm, to provide a
quantitative calculation of the amount of unreacted peptide. A calibra-
tion curve at various alkyne-PEG-EPPT1 concentrations was prepared
according to the manufacturer’s protocol (Figure S3) and used to
determine the remaining EPPT1 after conjugation.

2.6. Capping remaining azide groups with propargyl alcohol (PMP-rGO-
EPPT1)

After EPPT1 peptide conjugation, the remaining azide groups were
either left or capped with excess propargyl alcohol to obtain a nonionic,
hydrophilic group on the coated surface. Briefly, 10 equivalents of
propargyl alcohol was used against the remaining 1 equivalent of the
azide group on PAMP-rGO-EPPT1. To the solution of propargyl alcohol
and PAMP-rGO-EPPT1 in PBS, CuSO4 (10 eq) and sodium ascorbate (20
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eq) were added, and the mixture was stirred at 30 °C for 20 h. The
resulting PMP-rGO-EPPT1 composition was washed with PBS and dd-
water multiple times and freeze-dried overnight.

2.7. Drug loading on PAMP-rGO or PAMP-rGO-EPPT1 or PMP-rGO-
EPPT1 (PAMP-rGO-Dox or PAMP-rGO-EPPT1-Dox and PMP-rGO-
EPPT1-Dox)

10 mg of PAMP-rGO, or PAMP-rGO-EPPT1, or PMP-rGO-EPPT1
nanoplatforms were dispersed in 9.9 mL of PBS at pH 8 in a round-
bottomed flask using an ultrasonic probe sonicator. 10 mg of doxoru-
bicin hydrochloride (Dox) was dissolved in 0.1 mL of DMSO and added
dropwise onto nanoplatform dispersant, and the mixture was stirred
overnight at 35 °C in the dark. The reaction mixture was centrifuged at
14,000 rpm for 15 min, and the supernatant was collected to measure
the amount of unloaded Dox based on a calibration curve prepared using
various concentrations of Dox in PBS (pH 8) containing 10 % DMSO
(Figure S4). The pellet was washed multiple times with PBS and dd-
water. Dox-loaded compositions were redispersed in dd-water before
overnight freeze drying.

UV-visible spectroscopy analysis of the initial supernatant of the Dox
loading solutions was performed at 484 nm to indirectly calculate the
drug-loading efficiencies (LE) and drug-loading capacities (LC) of the
carriers by measuring the concentration of free Dox in the supernatant.
Drug-loading efficiencies (Equation (1) and drug-loading capacities
(Equation (2) were indirectly determined by measuring the concen-
tration of free Dox in the upper phase.

_ Weightof loaded drug 100

cohtor) —
LE (weight%%) Weight of drug in feed M
. Weight of loaded drug
0, =
LC (weight%) (Weight of loaded drug + Weight of Nanoplatform)
x 100
)

2.8. In-vitro drug release study

The release of Dox from the targeted and non-targeted PEGylated
nanoplatforms was assessed in PBS buffer (pH 5.5, pH 7.4) by dialysis.
Drug-loaded nanoplatforms containing 1 mg Dox were dispersed in PBS
at the desired pH, transferred into a dialysis membrane (3.5 kDa MWCO)
and placed in a flask containing 110 mL PBS at 37 °C. At predetermined
time intervals, 200 pL samples from the flask were withdrawn for
analysis, and their absorbance was measured at 483 nm. All experiments
were performed in triplicate, and the mass of the released Dox was
calculated using a calibration curve prepared at different concentrations
of Dox in PBS (Figure S4), followed by the calculation of the released
drug percentage based on Equation (3).

Mass of Released Dox

%Dox Rel = 100
00X Release Initial Dox Mass X 3)

2.9. Release kinetics

To study the kinetics and mechanism of Dox release from the tar-
geted and non-targeted PEGylated nanoplatforms, the drug release data
were fitted to the standard drug release kinetic models that are
commonly utilized to analyze drug release from polymeric systems, such
as zero-order, first-order, Higuchi, Weibull, and Korsmeyer-Peppas
models described by Equations (4)—(8), respectively. The R? value for
each model was determined, and in tandem with the literature, the
release exponent of the Korsmeyer-Peppas model (n value) was deter-
mined to describe the Dox release pattern from the nanoplatforms. The
data were processed using Microsoft Excel, and the curves were fitted
using GraphPad Prism 9 software [25,34].
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Ln(F) = Ln(Kgp) + 71 x Ln(t) €)

2.10. Cell culture procedure

The human breast adenocarcinoma cell line (MCF-7) of epithelial
origin was cultivated in modified Dulbecco’s Eagle Medium (high-
glucose DMEM) fortified with 10 % fetal bovine serum (FBS), 1 % MEM
non-essential amino acids, and a combination of penicillin and strep-
tomycin at a concentration of 1 % in T-75 cell culture flasks. Cell culture
was maintained under controlled conditions of 37 °C and 5 % CO5 in a
humidity-regulated environment.

2.11. Cell viability analysis using resazurin assay

The cellular viability of various nanocarrier compositions was
assessed using a resazurin assay (7-hydroxy-3H-phenoxazin-3-one-10-
oxide sodium salt). A total of 10,000 MCF-7 cells were seeded into black
wall, clear bottom 96-well plates containing 200 pL of culture medium,
and incubated overnight to allow for cell attachment. Subsequently, the
cells were treated with different nanoplatforms at various Dox concen-
trations (2.5, 5, 7.5, and 10 pg/mL) or equivalent PAMP-rGO concen-
trations for non-Dox-loaded nanoplatforms for 24 h. After incubation,
the wells were washed with PBS, and 10 pL of resazurin solution (0.2
mg/mL) was added to 190 pL of culture medium and incubated for an
additional 2 h. Cell viability was determined by recording the fluores-
cence of metabolized resorufin at 590 nm with excitation at 550 nm
using a microplate reader. The percentage cell viability was calculated
and compared to that of untreated cells, and the background fluores-
cence was subtracted, as described in Equation (9).

Test Well - Negative Control

% Cell Viability = 1
6 Cell Viability Positive Control- Negative ControlX 00 9

2.12. Flow cytometry (FACS) analysis

The cellular uptake rates of targeted and non-targeted Dox-loaded
nanoplatforms were determined using flow cytometry. The analysis was
performed without additional staining by relying on the natural fluo-
rescence of the Dox molecule incorporated into the structure. A total of
3 x 10° MCF-7 cells were plated into a 6-well plate in 3 mL of culture
medium and incubated for 12 h to allow for attachment to the well
surface. The Dox-carrying nanoplatforms were dispersed in PBS, diluted
with the culture medium, and transferred onto the cells at a concen-
tration of Dox (10 pg/mL) in 500 pL. After 4 h of incubation, the ma-
terials were removed from the wells and washed thrice with PBS, and the
cells were detached from the well surface using trypsin/EDTA. The cells
were washed with PBS containing 2 % FBS, resuspended in this solution,
passed through a 40 pm nylon cell strainer, transferred to analysis tubes,
and stored on ice. Using a BD Influx™ Cell Sorter, 50,000 events were
recorded based on Dox fluorescence (excitation at 488 nm and emission
at 550 nm).

2.13. Confocal microscopy analysis

To evaluate the cellular uptake of the targeted and non-targeted
drug-loaded PEGylated rGO nanoplatforms, 25 x 103 MCF-7 cells
were seeded into a glass-bottom 24-well plate with 1 mL of full growth
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medium and incubated overnight for attachment. The Dox-loaded
nanoplatforms were then applied to cells at a concentration of 10 pg/
mL for 4 h. After treatment, the wells were thoroughly washed three
times with PBS, and 1 pL of Hoechst dye dissolved in 1 mL of medium
was applied for 15 min to facilitate nuclear staining. Images were
captured using a Zeiss LSM 800 Multi-Photon and Confocal Microscope
and subsequently analyzed using Zeiss Zen software.

2.14. Statistical analysis

A two-way analysis of variance (ANOVA) with Tukey’s post hoc test
was performed to determine the significant differences among the
groups using GraphPad Prism software (version 8.02; GraphPad Soft-
ware Inc.).

3. Results and discussion
3.1. Synthesis of functional copolymer (PAMP)

Graphene derivatives have received considerable attention in the
field of drug delivery. However, their toxicity, which is dependent on the
dose, shape, and contact time, remains an issue of concern and requires
regulation to mitigate cytotoxicity. To overcome this challenge, we have
presented a well-established PEGylation method that utilizes a combi-
nation of pyrene and PEG brush-containing copolymers to coat the
surface of GO while reducing it to rGO, which is a more defect-free
derivative with regained graphene properties. The proposed method
exhibits numerous advantages, including a high coating efficiency of 71
% and the utilization of the surface area of graphene as opposed to its
edges. Furthermore, the copolymer can be modified to facilitate the
simultaneous delivery of multiple treatments to the graphene surface.
Our recent study demonstrated that PEGylated biocompatible rGO-
based nanoplatforms can be decorated with targeting peptides and
cationic copolymers as gene delivery vehicles by leveraging the func-
tional copolymer used for PEGylation, namely poly[poly(ethylene gly-
col) methyl ether methacrylate)-co-(3-azidopropyl methacrylate)—co-
(methyl methacrylate)-co-(1-pyrenemethyl methacrylate)] (P(PEGMA-
co-AzPMA-co-MMA-co-PMA)). This azide-containing copolymer can be
functionalized before or after coating on the surface and can be used as a
functionalization tool. One of the outcomes of this study was that the
positively charged cationic copolymer enhanced drug release compared
to the rGO-based system that did not contain the cationic copolymer
[25]. This urges the need to investigate the effect of ionic groups on drug
release behavior and whether they can be used as both release enhancers
and functionalization tools. Moreover, the PEG chains have two
different chain lengths and can be used to tune the PEG density at the
surface, depending on the number of brushes. Their length and density
may also influence their release behavior. To address all these hypoth-
eses, P(PEGMA-co-AzPMA-co-MMA-co-PMA) copolymers were synthe-
sized with different numbers of azide groups along with different lengths
and numbers of PEG brushes to examine the effect on release behavior
from the surface of rGO (Table 1). Here, two different chain lengths of
500 and 2000 Da for PEGMA were used to tune the PEG content at the
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surface without drastically increasing the molecular weight of the
copolymer and to contribute to the solubility and biocompatibility of the
final nanoplatform. As emphasized previously, the PMA monomer pro-
vides n-m interactions, whereas MMA allows us to extend the chain.
Different numbers of azide groups were introduced to the copolymer
using the AzZPMA monomer for further functionalization through the
“click” reaction and the drug release enhancer through ionic interactions
or changing the hydrophilicity of the surface.

As shown in Table 1, P(PEGMA-co-AzPMA-co-MMA-co-PMA)
(PAMP) containing PEG brushes, azide, and pyrene groups with
different compositions were synthesized via ATRP using benzyl group
containing initiator for ease of calculation of required parameter with
different feeding ratios to tune the desired copolymer composition
(Scheme Sla) [25]. Molecular weights and copolymer composition
were calculated using 'H NMR spectroscopy (Figure S1). It should be
noted that controlled polymerization allows us to tune the chain length
and monomer composition. PAMP copolymers were designed to contain
increasing PEG brush and azide numbers for both compositions with
different PEG brush lengths. The overall molecular weight was increased
while maintaining consistent composition and pyrene unit numbers,
especially for PEGypoo composition.

3.2. Preparation of targeted, drug loaded rGO nanoplatforms

Synthesized PAMP copolymers systematically coated on GO surface
via 7-1 interaction through pyrene units. The comparable rGO surfaces
were prepared to investigate three main objectives such as the effect of
the presence or the number of azide groups on drug release, the effect of
the length and density of PEG brushes on drug release, and the effect of
the conjugation order of targeting agent or the order between drug
loading and targeting agent on release profiles. First, different numbers
of azide groups-containing PAMP copolymers were coated on rGO, and
to solely see the azide group contribution, azide groups were capped
with propargyl alcohol (PMP-rGO) after PAMP coating on the GO sur-
face to mask the charge contribution of the azide group on the carrier
while keeping the character hydrophilic. This process was applied to all
PAMP-coated surfaces regardless of different PEG chain lengths and the
number of brushes, allowing the comparison of the surface with
different PEG density with or without azide groups. Next, we sought to
investigate the order of targeting agent conjugation and drug loading, as
the conjugation of the EPPT1 peptide with the PEG chain may act as an
additional diffusion barrier, slowing down the release of the drug. For
this purpose, either Dox loading followed by EPPT1 peptide conjugation
or first EPPT1 peptide conjugated followed by Dox loading. In both
scenarios, the remaining azide groups were capped for each composition
to have a better comparison. Fig. 1 shows the preparation of PAMP and
PMP-coated, targeted, and non-targeted Dox-loaded rGO surfaces as
targeted drug-loaded nanoplatforms. The initial coating on the GO
surface was conducted through the interaction of PAMP copolymers and
GO in a DMF-water mixture, followed by the chemical reduction of GO
to rGO using hydrazine hydrate as a reducing agent. The product was
purified by centrifugation and washing with water and acetone to
remove unbonded copolymers and hydrazine. As summarized in

Table 1
Features of PAMP copolymers with different compositions.
Copolymer Code” Monvr” (g/mol) DP, % PEG Density© # of PEGMA # of AZPMA # of MMA # of PMA
PEGs00 (P17AoMP)s500 15,450 60 55 17 9 24 10
(P26A16MP)s00 20,350 65 64 26 16 12 11
PEG2000 (P15A10MP)2000 35,500 47 84 15 10 11 12
(PasA17MP)2000 61,500 109 81 25 17 57 11

@ Monomers/PMDETA/CuBr/Initiator:100/1/1/1. The reaction volume was set to 15 mL by adding toluene. Polymerization proceeded for 3 h, except for the

(P15A10MP)2000 composition, which proceeded for 5 h.
b The Mynmr and monomer ratios were calculated using 'H NMR.
¢ Weight % PEG in the copolymer.
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Fig. 1. Preparation paths of various targeted, drug-loaded rGO nanoplatforms.

Table S1, coating efficiencies were once again obtained higher than 60
%, indicating the efficiency of the PEGylation method.

As stated before, the azide functionality in the copolymer was mainly
designed and used as a tool for further functionalization. However, it
would be beneficial if this functionalization tool could be naturally used
as a release enhancer. To address this hypothesis, the effect of azide
groups on the carrier’s activity was investigated for the first time in the
literature. Therefore, GO was coated with azide containing PAMP co-
polymers and reduced to rGO, then either first Dox loaded followed by
EPPT1 peptide conjugation or peptide conjugated followed by Dox
loading. The number of azide groups was adjusted to be almost equal to
9 and 16 for PEGsgp and 10 and 17 for PEGgggo to see the effect of
increasing azide groups for the same and different PEG brush lengths.
Since only some of the azide groups are used in targeting agent conju-
gation, the remaining azide groups were capped with propargyl alcohol
in an aqueous environment using CuSO4 and sodium ascorbate once all
the functionalization steps were completed. The disappearance of the
azide signal in the FTIR spectrum confirmed the successful reaction
between azide and propargyl alcohol. As seen in Figure S2, free AZPMA
containing PAMP copolymer and PAMP-rGO clearly showed a stretching
band at 2100 cm 2, characteristic of the azide groups, at the same region
with the monomer while the azide stretching disappeared for PMP-rGO
derivatives, indicating the effective reaction with propargyl alcohol.

To complete the synthesis of the targeted rGO-based nanoplatform,
EPPT1, a synthetic peptide used as a targeting peptide against under-
glycosylated MUC1 (uMUC-1) receptors overexpressed on the mem-
brane surface of metastatic breast cancer cells [35], was conjugated on
the prepared rGO surfaces. EPPT1 peptide containing PEG chain was
prepared based on previously published work [25] and conjugated on
the surface of PAMP-rGO through a “click” reaction using azide groups
present on the surface. The conjugation efficiency of the peptide on the
surface was determined by the peptide concentration in the upper phase
of the centrifuge reaction mixture using Ellman‘s assay to determine the
concentration of EPPT1 peptide through —SH containing cysteine amino
acid that EPPT1 peptide contains. The results showed that regardless of

coated copolymer compositions, peptide conjugation took place with
high reaction yield, and only less than 1 % (weight) peptide did not react
and stay in the upper phase (Table S2). Even though “click” reactions
are highly efficient reactions, the almost quantitative reaction yield on
the surface indicated the possibility of physical interaction between
peptide and rGO surface, which is well known in the literature [36].

Finally, Dox, as an anticancer agent, was loaded onto the prepared
surface via n-t and hydrophobic interaction before peptide conjugation
(PAMP-rGO-Dox-EPPT1) or as the final step (PAMP-rGO-EPPT1-Dox).
Similarly, the remaining azide groups were capped after peptide
conjugation for both strategies to obtain PMP-rGO-Dox-EPPT1 or PMP-
rGO-EPPT1-Dox. Knowing the amount of the loaded drug on the carrier
is a significant advantage in tuning the different components compa-
rably during the investigation of the drug release profile. When Dox
loading was performed as the last step, the amount of loaded Dox can be
easily calculated using the remaining Dox concentration in the super-
natant, making this step more favorable for the study. However, it is also
possible to load Dox right after PAMP coating to have non-targeted
PAMP-rGO-Dox and follow with EPPT1 conjugation as the last step
(PAMP-rGO-Dox-EPPT1). This way, the effect of a different drug loading
order or peptide conjugation on the drug release profile could be
investigated. Regardless of the order of Dox loading, the loaded amount
of Dox was calculated using the calibration curve with the linear curve
fitting with an R? value of 99.8 % (Figure S4). Accordingly, Dox was
able to be loaded on copolymer-coated and peptide-conjugated rGO
nanoplatforms with a drug loading efficiency range of 92 % to 98 % by
weight. Calculated results clearly showed that the length of the PEG
brush did not affect the loading efficiency. On the other hand, the
temperature of the experiment clearly influenced drug loading effi-
ciency (Figure S5). Drug loading efficiency reached 98.86 % at 35 °C
using 10 % DMSO-containing PBS solution, while only 74.8 % under the
same conditions at 19 °C.
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3.3. Characterization of targeted, drug loaded rGO nanoplatforms

Detailed characterization for different rGO surfaces was carried out
before comparing their drug release profile and in vitro anticancer ac-
tivities. The coating percentage and weight loss behavior differences
were investigated using TGA [22]. All compositions are typically
analyzed between 30 to 800 °C by heating 10 °C/min under a nitrogen
atmosphere. Weight loss associated with PAMP copolymer degradation
was used to calculate the copolymer coating efficiency on the graphene
surface, considering the contribution of rGO and the weight lost within
the same temperature range (200-550 °C); it was calculated only as 8.6
%. Simply, PEGylation was calculated by extracting this value, the
amount of rGO, from the mass reduction PAMP-rGO compounds be-
tween 200-550 °C. Fig. 2 shows all the compositions for PEGsgg (Fig. 2a)
and PEGyggo (Fig. 2b) cases for azide functional copolymer composi-
tions. Based on the results summarized in Table S1, the coating effi-
ciency of PAMP copolymer on the rGO surface was obtained between
59.9 % and 63.7 %, indicating that the copolymer composition does not
have a significant effect on coating efficiency. TGA also proves the
presence of Dox and EPPT1 in the structure by showing their charac-
teristic weight loss profile; Dox, in particular, displayed a characteristic
degradation profile. Even though the presence of the Dox was clearly
demonstrated through its characteristic degradation range, the mass of
Dox on the carrier could not be calculated using the obtained thermo-
gram since Dox degradation between 200 and 430 °C overlapped with
the degradation of the rGO. Moreover, the thermal decomposition of
PAMP-rGO-Dox-EPPT1 showed an extra decay in the range of 460 °C to
485 °C which indicated the additional EPPT1 molecules on the com-
pound. Although this decay is only 1.34 %, it can be interpreted as the
contribution of the peptide.

SEM was used to visualize the morphological changes in different
compositions as well as elemental mapping on the surface of rGO using
EDX analysis. Fig. 3 shows the SEM image of PAMP-rGO-Dox, PAMP-
rGO-EPPT1-Dox, and the morphological change of their precursors
through surface modifications. Microscope images clearly showed the
morphological changes that took place with coating and simultaneous
reduction. Separated GO flakes become more compact after reduction,
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and each coated layer changes the surface roughness. Moreover, EDX
analysis supported surface functionalization through its % element
distribution (Table 2). Before GO was reduced, it consisted of some
functional groups, such as carboxyl, hydroxyl, and epoxy groups,
contributing to the oxygen percentages (37.97 %). When reduced
without any copolymer coating, a significant decrease in the percentage
of oxygen (11.28 %) occurred, while a noticeable amount of nitrogen
was detected because of trapping hydrazine between the insoluble,
stacked graphene layers, which is not a concern for copolymer coated
graphene layer with enhancing solubility and dispersibility. When
nitrogen-containing (P15A10MP)2000 copolymer was coated on the rGO
surface, carbon, oxygen, and nitrogen atomic percentages were detected
as 68.88 %, 29.72 %, and 1.37 %, respectively. Dox loaded version of the
same derivative showed an increase in nitrogen content to 2.09 %,
indicating the presence of Dox on the carrier. At the last step, successful
conjugation of EPPT1 along with Dox loading even further increased the
nitrogen percentage (2.94 %) owing to the amino groups of the amino
acids.

TEM was used as another imaging technique to visualize the func-
tional graphene layers by drop-casting them on grids at a low concen-
tration in water and drying them under a vacuum at room temperature.
PAMP-rGO-Dox and PAMP-rGO-EPPT1-Dox showed similar morpho-
logical views, with the black dots dominantly coming from the repre-
cipitation of Dox molecules during sample preparation (Figure S6a and
d). The images supported the presence of the EPPT1 peptide on the
PAMP-rGO surface through the morphological change in the images
after EPPT1 was conjugated in the final step, which provided better
dispersion properties (Figure S6b and c). Furthermore, Raman spec-
troscopy, one of the specific characterization techniques, was used to
confirm the reduction, copolymer coating, and Dox loading. The char-
acteristic shifts in D and G bands for each stage are shown in Figure S7.
GO commonly displays characteristic D and G bands, which indicates
the change of electronic configuration on the carbon lattice. D band is
associated with the sp® hybridization of carbon atoms, and the G band
originates from sp? carbon atoms vibrations on the plane. The reduction
of GO to rGO changes the degree of in-plane defects and functionalities
on the surface, resulting in a change in the ratio of D and G band
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Fig. 2. TGA curves of a) GO, rGO, Dox, (P26A16MP)s00, (P26A16MP)s500-1GO, and (P2sA16MP)s00-TGO-DOX, (P26A16MP)s500-tGO-Dox-EPPT1 b) GO, rGO, Dox,
(P15A10MP) 2000, (P15A10MP)2000-TGO, (P15A10MP)2000-TGO-D0X, (P15A10MP)2000-rGO-Dox-EPPT1 compounds.
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intensity [37]. GO showed D and G bands at 1319 cm ! and 1586 cm’l,
respectively, and the G band shifted to 1588 cm ™! when GO was reduced
to rGO, causing a slight decrease in Ip/Ig ratio from 1.31 to 1.29. After
PAMP coating and simultaneous reduction, the D band shifted down-
ward to 1313 cm™}, and the G band shifted upward to 1596 cm?,
resulting in a narrower G band. The decreased Ip/Ig ratio increased
when GO was coated and simultaneously reduced, which indicates the
interaction between the copolymer and the graphene surface. Since Dox

loading increases this interaction even further, a decrease in Ip/Ig ratio
was observed even more significantly, from 1.25 to 1.05, after Dox
loading on the PAMP-rGO surface.

The size and surface charge of the rGO-based nanoplatforms ob-
tained through different orders of coating and drug loading were
measured using DLS. Our previous work showed that the composition
with higher percent PEG density had better dispersion properties and
better culture medium stability [22]. Due to this reason, two
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Table 2

Elemental analysis results obtained by SEM-EDX analysis.
Compound C% 0% N%
GO 59.51 37.97 0.59
GO 85.99 11.28 2.60
Dox 57.37 33.25 5.06
(P15A10MP)2000-TGO 68.88 29.72 1.37
(P15A10MP)2000-TGO-Dox 66.26 31.46 2.09
(P15A10MP)200o-1GO-Dox-EPPT1 64.07 32.99 2.94

compositions that had the highest PEG density with all possible coating
and drug loading orders were selected and their data were presented in
Fig. 4. The results indicated that final compositions containing 2000 Da
PEG brushes resulted in a smaller size than 500 Da PEG-containing
compositions, meaning that longer PEG brushes indicate better disper-
sion properties. The percentage of PEG density was calculated as 85 %
and 64 % for PEGygpo and PEGsgp containing PAMP copolymer,
respectively. These values slightly increase with the addition of EPPT1
peptide since it has a 3500 Da length PEG chain. This contribution was
more evident for PEGsg derivatives, which showed better dispersion
and smaller size values after EPPT1 conjugation (306 nm), while the
EPPT-free Dox-loaded composition, (P2A16MP)s500-rGO-Dox, showed
the biggest size of 580 nm. Conversely, although azide groups are ionic,
they did not enhance the dispersion properties at the end of the propyl
chain. For instance, (P15MP)2000-rGO-EPPT1-Dox, in which all the azide
groups were capped with propargyl alcohol, had a size of 274 nm
compared to 364 nm of its azide-containing analog, (P15A10MP)2000-
rGO-EPPT1-Dox. Notably, this effect most likely plays a role in disper-
sion properties on PEGsq derivatives along with the percentage of PEG
density. Moreover, all final compositions with peptide and drug on the
surface resulted in a size smaller than 350 nm, which is acceptable for a
rGO-based system. It is important to note that measuring the size of the
graphene-based drug delivery system has its own challenges because of
the 2D graphene sheets. As PEGylated rGO nanoplatform, almost all
carriers exhibited negative surface charge, which varied depending on
the incorporated components. Negatively charged PEG-containing
copolymer-coated and peptide-conjugated Dox-free composition
PAMP-rGO-EPPT1 showed the highest negative surface charge of -32.8
mV. Once Dox is loaded, the negative charge decreases to —3.63 mV, as
expected, supporting the presence of the drug on the surface. The
comparison of azide-containing ((P15A190MP)2000-rGO-EPPT1-Dox) and
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Fig. 4. Size and zeta ({) potential analysis of targeted drug-loaded rGO
nanoplatforms.
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azide-capped analog ((P15MP-rGO)2000-EPPT1-Dox) showed a slightly
negative surface charge contribution of the azide group. A positive
charge of 17.3 mV was only observed for Dox loaded (P26A16MP)s500-
rGO-Dox due to the low PEG content along with the presence of Dox.

3.4. Investigation of drug release profile of targeted drug loaded rGO
nanoplatforms

Even though rGO has restored graphene properties and might be
preferred for some biological applications, its drug release activity is
limited due to the tighter interaction between the surface and the drug,
especially for the drug-loaded ones, through n-n interaction. Therefore,
it might be seen using external stimuli to enhance drug release [38,39].
Since graphene derivatives used for biological applications carry surface
decoration, it can be useful to know the contribution of the decoration
on drug release to tune the release or select the right sequence for
conjugation. The contribution of PEG chain length, azide groups, and
the order of targeting agent conjugation on drug release were system-
atically investigated to explore this detail for the previously optimized
PEGylation method. In addition to knowing the chain length contribu-
tion or whether the targeted agent is supposed to be conjugated before
or after drug loading, knowing whether azide groups that were initially
designed for the functionalization tool have a role as release enhancer
might be a practical strategy that provides more advantages than its
intended usage. First, to address whether the presence of azide groups
influences Dox release, Dox was loaded on the PAMP-rGO for both PEG
chain lengths. Then, intentionally, all azide groups were capped with
propargyl alcohol to obtain PMP-rGO derivatives without free azide
groups. Once the release profile of PAMP-rGO-Dox and PMP-rGO-Dox
were compared, different behaviors were observed for PEGsyy and
PEGyggo derivatives, showing the effect of PEG density of the rGO sur-
face (Fig. 5). Fig. 5a shows that the azide group contribution to drug
release becomes more significant when the carrier has shorter but denser
PEG brushes. For instance, (P17MP)50o-1GO-Dox released more Dox than
(P17A9MP)500-1GO-Dox with a PEG density of 55 9%, however,
(P2gMP)500-rGO-Dox with the 64 % PEG density released less Dox than
its azide containing (P2sA16MP)s500-rGO-Dox analogue. The less dense,
short PEG chains do not have any influence on the drug release as they
are not dense enough to create a diffusion barrier to slow down the
release. This is most likely the Dox release from rGO surface that is in-
dependent than copolymer and its composition. That is why it reaches
up to maximum release (49 %) among all derivatives. The effect of PEG
chain density can only become dominant if they are denser on the sur-
face with an increasing number of brushes for PEGsg. This data is
consistent with the literature. It was computationally shown that 500 Da
PEG chains are folded on the GO surface [31]. If they are dense enough,
they can cover more area and have an effect on Dox release from the rtGO
surface. This might be the reason for more short brush containing
(P26MP)500-rGO-Dox having slower Dox release. Additionally, 16 of the
azide groups were capped with propargyl alcohol which might
contribute to some additional hydrogenbonding with Dox or might
change the hydrophilicity of the surface. As for longer PEG brushes, the
azide group effect is more visible for a smaller number of brushes con-
taining copolymer-coated derivatives ((P15A10MP)2000-tGO-Dox Vs
(P15MP)2000-rGO-Dox) than the higher number of brushes containing
copolymer-coated derivatives ((P25A17MP)2000-rGO-Dox vs PasMP)2go0-
rGO-Dox) (Fig. 5b). 15 PEGgpgo-containing copolymer with 10 azide
groups released more drug (37 %) than its azide-capped derivative (28
%); however, when the brush number increased to 25 along with azide
number (17), the drug release of azide-containing derivative did not
increase, indicating that the azide groups are not the only thing affecting
the release; an increasing number of long brushes has more influence on
the release behavior. (PosMP)yggo-rGO-Dox derivative exhibited the
maximum release as 44 % for the PEGygqo series, especially after 36 h,
indicating dominant PEG contribution on the release. It has been shown
that longer PEG chain on graphene surface creats dense hydrated layer
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Fig. 5. Cumulative drug release profile of a) (P17AgMP)s509-tGO-DoX, (P26A16MP)500-TGO-D0X, (P17MP)s500-r1GO-Dox and (P2gMP)s00-rGO-Dox at pH 5.5 and 7.4. The
plotted values represent the mean + SEM of three independent experiments. Significance levels were assigned as p < 0.033 (*), p < 0.002 (**), and p < 0.001 (***). Red
*** indicates (P;7,AoMP)s509-TGO-Dox vs (P;,MP)s50o-rGO-Dox and blue *** indicates (P26A16MP)509-TGO-Dox Vs (P26MP)s509-TGO-Dox, b) (P25A17MP)s000-rGO-DoX,
(P25MP)2000-tGO-DoX, (P15A10MP)2000-rGO-DoX, (P15MP)2000-rGO-Doxat pH 5.5 and 7.4. The plotted values represent the mean + SEM of three independent ex-
periments. Red *** indicates (P15A10MP)2000-TGO-Dox vs (P15MP)2000-TGO-Dox, and blue *** indicates (P25A17MP)2000-TGO-Dox Vs (P25MP)000-TGO-Dox. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and covers GO surface better, favoring Dox-PEG chain interaction [31].
As such, Dox interacts more with increasing PEGaoo chains than the rGO
surface since longer PEG brush provides better coverage and denser
hydration layer on the surface. Probably, the diffusion-based drug
release takes place from the PEG layer.

It should be noted here that exhibited drug release percentages can
be considered as an achievement for rGO-based drug delivery systems.
Dox mainly interacts with GO through n-n stacking and hydrogen
bonding. In our system, GO was chemically reduced to rGO, which has a
less functional group for hydrogen bonding. In the acidic environment,
hydrogen bonds get weaken, and Dox release accelerates. Due to the
interaction type, Dox release can take place more efficiently from the GO
surface than the rGO surface. Several examples in the literature using
rGO as a graphene-based platform yielded around 30 % cumulative re-
leases over time, indicating that most of the Dox still retains on the rGO
surface due to the relatively stronger zn-n interaction [40]. Some re-
searchers used external stimuli to increase drug release from the rGO
surface, such as laser radiation [41] and the introduction of small
molecules to the surface that change the hydrophilicity of the surface
[42]. Our results collectively supported this thought as presented in
Fig. 5 a and b. While 16 azide groups-bearing (P26A16MP)s500-rGO-Dox
released 39 % of the Dox, (P2sMP)s50o-rGO-Dox, the azide-capped
analog, only reached the 26 % drug release rate after 48 h at the pH
value of 5.5, indicating the clear contribution of the azide group on
release for shorter PEG length which requires certain PEG density (>64
%) to be visible. Similarly, (P15A10MP)2000 and (P15sMP)2g00-coated rGO
nanocarriers released 37 % and 28 % of the Dox, respectively, under the
same conditions as a composition that has the PEG density of 84 %,
allowing to observe the azide group effect. When the number of PEG
brushes increased to 25 ((P25A17MP)2g00-TGO-Dox vs (PosMP)2goo-rGO-
Dox) without changing the PEG density significantly (81 %), the azide
group effect was diminished by the contribution of the increasing
number of PEG brushes which favorited the Dox-PEG chain interaction
more than Dox-rGO surface interaction.

Controlled polymerization technique allows us to tune the number of
PEG brushes and the azide groups in the copolymer that has the different
PEG brush length. This way, it is possible to compare them to assess the
effect of the PEG brush length on the drug release. Based on the data
presented in Fig. 5 a and b, (P17MP)50o-rGO-Dox and (P15MP)2000-rGO-
Dox have almost same number of PEG brushes (17 vs 15) but different
length showing the Dox release of 49 % and 28 %, respectively. Simi-
larly, (P26MP)500-rGO-Dox and (PosMP)2g00-rGO-Dox are almost having
the same (26 vs 25) but higher number of brushes compared to other
analogues. Their drug release percentages at acidic environment are 26
% and 44 %. These data indicating that for short and long PEG brush
containing composition are not acting similar in terms of Dox interaction
and release. These findings can be explained with the different charac-
teristics of PEGylated rGO surface that is coated with short or longer PEG
as it is computationally well studied in the literature [31] Mahdavi at al.
showed that Dox electrostatically interacts more with PEG chains once
GO coated with longer PEG brushes and the Dox and PEG interaction
have more contact area than Dox and GO surface interaction. Moreover,
PEGylation increases water hydration layer which increases with the
increasing PEG brush length. This helps us to explain why drug release %
increases for (P15MP)2000-rGO-Dox and (P25MP)2000-rGO-Dox from 28 %
to 44 %. Increasing PEG brush on the surface increases the chance of
having more Dox on the PEG layer. This is also consistent with the data
showing increase once we have azide group on PEGggg containing
copolymer, it shows a noticeable effect for less number of PEG con-
taining derivative since more brushes with more Dox-PEG chain inter-
action dominates the release behavior. Moreover, the drug release
behavior of PEGyggo coated rGO derivatives at physiological pH sup-
ported the Dox and PEG layer interaction by having relatively higher
release at around 15 %. For shorter PEG length, it is expected to have
more interaction between Dox and rGO surface. In this case Dox is
loaded on the rGO surface and the release from the rGO surface might
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get influenced by the increasing number of short PEG brushes. Having
more short brush might shield the Dox already interacted with rGO
surface and slow down its release ((P17MP)s500-rGO-Dox vs (P2gMP)s00-
rGO-Dox). It should be noted here that PEG5( coated rGO nanoplatform
has a heterogeneous nature with more drug aggregation potential and
less water dispersibility of the platform. In this study, pyrene groups of
copolymers are the main driven force for coating through z-x interac-
tion, however the backbone of the copolymer is expected to be inter-
acted with rGO surface since it is hydrophobic. This provide distributed
PEG brushes on the surface while azide groups are closer to the back-
bone and graphene surface as well. This might be the reason why azide
group effect is visible for only a smaller number of longer PEG and
higher number of shorter PEG brush since more likely Dox has a chance
to locate more closer to the surface.

To gain further information about the release kinetic of the PEGy-
lated rGO surfaces, five well known mathematical models such as zero-
order, first order, Higuchi, Weibull, and Korsmeyer-Peppas were
employed to all rGO nanoplatforms and their data were analyzed based
on the model function in GraphPad Prism by linear regression curve
fitting. Table S3 summarizes the regression modules of each model to
determine the most suitable drug release kinetic model (Figure S8). The
majority of the PEGylated rGO nanoplatform tested in our study show a
correlation with either Korsmeyer Peppas or Weibull model indicating
the drug release from a polymer or matrix-based system. The R? value of
Korsmeyer Peppas or Weibull model were close to each other within the
range of 0.4951-0.9854. Toylar et al. used the functional graphene-
based Dox delivery systems published in the literature and investi-
gated the Dox release kinetics based on known mathematical models
[43] and the findings of the study consistent with our data. It was shown
that the PEGylated GO systems have good correlation with Weibull
model suggesting same drug release mechanism for the different sys-
tems, even though pH affects their drug release. This model is commonly
used for matrix-based systema for both rapid release and extended drug
delivery system [44,45] due to its sensitive parameters and flexibility.
The Korsmeyer Peppas model is used for polymeric systems and the
value of n defines the two distinct drug release behavior like diffusion or
polymer swelling where n < 0.5 suggest diffusion control release
(Fickian or quasi-Fickian diffusion) and n = 1 refers to polymer swelling
(case II transport), between these two conditions 0.45 < n < 0.89 in-
dicates anomalous (non-Fickian) transport [46]. Table S3 shows that
the PEGylated rGO based nanoplatforms that fit with Korsmayer Peppas
model had the n value either equal or smaller than 0.5 (except targeted
nanoplatforms) indicating the Fickian type drug diffusion mechanism
from the surface. PEGygo containing copolymer coated rGO nanoplat-
form compared to PEGsq containing copolymer coated one were more
correlated with this model and this might be because of the effect of
interaction of Dox and longer PEG chain on release behavior. Even
though their R? values were high for Korsmeyer-Peppas and Weibull
models, (P17MP)s500-rGO-Dox and (P15MP)2000-rGO-Dox nanoplatforms
were correlated to Higuchi model at acidic pH. This model describes the
diffusion process based on Fick’s first law as well [47] There is consistent
example showing the Dox release from PEGylated MWCNT surface
through diffusion-controlled mechanism by fitting with these two
models [20]. When azide containing and capped version of same num-
ber of PEG brushes containing compositions were compared, n value of
Korsmeyer —Peppas model were close each other even though they have
better fit with another model. This might indicate that azide group does
not significantly change the mechanism of the drug release which all n
were smaller than 0.5 except (P17MP)509-rGO-Dox which had the n =
0.62 indicating anomalous transport. Zero order model rarely correlates
to complex nanocarrier, only (P17AgMP)s509-rGO-Dox showed the cor-
relation to zero order at acidic pH might refer to the solubility of the
drug on rGO surface.

Targeting agent conjugation after or during PEGylation is one of the
most frequently used strategies for targeted drug delivery systems.
PAMP-rGO surface is ready for further peptide conjugation because of its
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azide groups. Since custom synthesized EPPT1 peptide does not come
with an alkyne end group, it was conjugated to alkyne functional PEG to
have the reactive site. The conjugation of the EPPT1 peptide on the
surface might serve as an additional coating layer or a component that
changes the charge and lipophilicity of the surface. Besides the existence
of these components on the carrier, the incorporation order of Dox and
EPPT1 peptide into the structure might affect the performance of the
carrier. Because of these reasons, all these parameters and their syn-
thetic order were investigated in terms of whether they affect the release
behavior of the rGO nanoplatform where all these components are built.
Therefore, the EPPT1 peptide was conjugated onto PAMP coated, Dox-
loaded rGO surface through azide groups. The peptide has a lipophilic
structure with both hydrophilic and hydrophobic amino acids that can
affect the overall hydrophilicity of the coated rGO surface. Even though
it is covalently conjugated to the rGO surface, the pending side of the
chain can also interact with the rGO surface via a suitable amino acid
and act as an additional layer. To investigate the effect of the presence of
peptides on the surface, peptide-conjugated and non-conjugated analo-
gous were compared (Fig. 6). The results showed that the presence of the
EPPT1 peptide on the surface of coated rGO clearly reduced the drug
release. While (P15A19MP)2000-rGO-Dox carrier released 35 % of the
loaded Dox at a pH of 5.5 within 48 h, (P15A190MP)2000-tGO-Dox-EPPT1
carrier released 16 % of the Dox under the same conditions. Similarly,
the drug release of the short PEG brush-containing (P26A16MP)s500-1GO-
Dox decreased from 39 % to 31 % when the EPPT1 peptide was conju-
gated on the surface.
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The EPPT1 peptide might act as an additional layer on already
loaded Dox on the rGO surface or it might change the level of interaction
between Dox and PEG chains due to the additional PEG chains come
with peptide and the lipophilic feature of the peptide. On the other hand,
the peptide-conjugated surfaces can often increase the hydrogen
bonding and allow the drug to be more readily available in case of a pH
change. Therefore, the order of EPPT1 conjugation (or order of Dox
loading) needed to be investigated as the next step to find whether it
affects the release rate. Fig. 7a shows that when Dox loading was per-
formed as the last step after EPPT1 conjugation, the release was accel-
erated compared to EPPT1 conjugation performed after Dox loading,
indicating the change on the PEGylated rGO surface by the conjugation
of lipophilic peptide. However, this is not valid for azide-capped
composition (Fig. 7b). In that situation, the order of EPPT1 conjuga-
tion was not significant for the initial 48 h, and (P15MP)200o-rGO-Dox-
EPPT1 accelerated slightly after 60 h. The regression modules of tested
release kinetic models for these compositions presented in Table S3
showed that the release profile of (P15MP)2gpo-tGO-EPPT1-Dox fits
better with Higuchi model at acidic pH, while the release profile of
(P15MP)2000-rGO-Dox-EPPT1 shows superior fit with first order. The
obtained n value (0.95) using Korsmeyer Peppas model for this
composition indicated the polymer swelling based drug release that
might be related to the change in the surface hydrophilicity. Similarly,
the order of EPPT1 peptide conjugation and Dox loading was further
investigated for shorter PEGsgo brush-containing compositions. The re-
sults showed that the order of Dox loading did not change the drug
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Fig. 6. Cumulative drug release profiles of the (P26A16MP)500-rGO-D0X, (P26A16MP)500-TGO-Dox-EPPT1, (P15A19MP)2000-tGO-Dox and (P15A190MP)200o-rGO-Dox-
EPPT1 at pH 5.5 and 7.4. The plotted values represent the mean + SEM of three independent experiments. Significance levels were assigned as p < 0.033 (*), p <
0.002 (%), and p < 0.001 (***). Blue *** indicates (P26A16MP)500-TGO-Dox Vs (P26A16MP)500-7GO-Dox-EPPT1 and red *** indicates (P15A10MP)2000-rGO-Dox vs
(P15A10MP) 2000-7GO-Dox-EPPT1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Cumulative drug release profiles of the a) (P15A10MP)200o-tGO-EPPT1-Dox and (P15A190MP)200o-tGO-Dox-EPPT1 and b) (P15MP)200o-tGO-EPPT1-Dox and
(P15MP)2000-TGO-Dox-EPPT1 at pH 7.4 and 5.5. The plotted values represent the mean + SEM of three independent experiments. Statistical significances are

indicated as p < 0.033 (*), p < 0.002 (**), and p < 0.001 (***).

release rate for azide group-containing composition (Figure S9). On the
other hand, the azide-capped version responded to the order of the Dox
loading by slowing down the Dox release when Dox loading was fol-
lowed by EPPT1 conjugation after 30 h (Figure S9b).

Collectively our results showed that when Dox loading was per-
formed as the last step during the preparation of the targeted rGO-based
carrier, the drug release profile gave accelerated release. When we
compare our results with a similar example in the literature, the com-
ponents of the proposed PEGylation method naturally enhance the drug
release of the rGO-based system. As mentioned before, GO derivatives
were preferred more for drug delivery applications because of better
water solubility behavior. Yang et al. reported that the drug release
percentage of Dox-loaded GO without any surface coating reached 71 %
at pH 2, which is the pH that breaks up all the possible hydrogen
bonding [48]. Other studies that coated GO surface with Pluronic F127
and PEG exhibited 56 % at pH 5 and 60 % at pH 4.5, respectively
[49,50]. Moreover, Depan et al. prepared chitosan-coated GO-bearing
folic acid as a targeting agent. They reported that an additional polymer
layer slowed down the drug release from 35 % to 24 % compared to the
non-coated Dox-GO system at pH 5.3 [51]. Even though all these ex-
amples used GO, their results supported that release behavior depended
on coating, hydrogen bonding strength, and pH. When rGO is used as a
graphene derivative instead of GO, the strength of the hydrogen bonding
naturally gets weaker since the number of functional groups decreases
with the reduction; however, n-r interaction gets more robust due to the
restored graphene surface. In this case, any additional tool that enhances
the drug release will be valuable for the application that needs drug
release with better graphene properties. In this regard, Cheon et al. used
BSA to reduce and coat graphene and loaded Dox as an anticancer agent.
The reported drug release was 23 % at pH 5; however, when NIR laser
irradiation was applied, drug release rose up to 50 %, indicating the
synergetic effect of external stimuli [38]. Herein, our system, just with
its PEGylation components, showed the Dox release from the rGO sur-
face within the range of 26-49 %, which can be tuned with the number
of azide groups, length of the PEG brush, PEG density, and drug loading
order.

3.5. Invitro evaluation of targeted drug loaded rGO based nanoplatforms

The results of detailed drug release studies showed that the targeted
platform released more drug when it had azide groups and Dox loading
was performed after EPPT1 conjugation for denser PEGylated surface,
which showed better biocompatibility based on our previously pub-
lished study [22]. As a next step, the best composition and their pre-
cursors as a control to understand its behavior better were used as a drug
carrier to investigate the anticancer activity on breast cancer cells such
as the MCF-7 line, which significantly expresses the uMUC1 on the cell
surface [52]. To determine the cytotoxicity and biocompatibility of the
nanocarriers, free Dox, PAMP-rGO-EPPT1, PMP-rGO-EPPT1 as empty
carriers, PAMP-rGO-Dox and PMP-rGO-Dox as non-targeted drug car-
riers and PAMP-rGO-EPPT1-Dox and PMP-rGO-EPPT1-Dox as targeted
drug carriers for both 500 and 2000 Da PEG containing compositions
were assessed in the cell viability experiments by resazurin assay for 24
and 48 h of interaction with MCF-7 cancer cell line. Different Dox
concentrations such as 2.5, 5, 7.5, and 10 pg/uL were set as the same for
all drug carriers, and the same amount of carriers was used for empty
carriers to test their effects on cell viability. As can be seen in Fig. 8, the
empty carriers ((P15A10MP)2000-tGO-EPPT1 and (P15MP)2gp-rGO-
EPPT1) did not show any reduction in cell viability, on the contrary,
they showed cell proliferation, indicating the biocompatibility of the
carrier [53]. Accelerated release performance of azide-containing non-
targeted (P15A10MP)2000-rGO-Dox started to show lower cell viability
compared to (P15MP)2009-rGO-Dox for 48 h incubation, reflecting the
release behavior. Even though long-term incubation of cell culture is not
ideal for demonstrating the selectivity of the targeting agent, the results
obtained for 24 h showed that targeted and Dox-loaded compositions
reduced cell viability better than non-targeted analogues (Fig. 8a). As
was shown in the drug release profile data, EPPT1 targeted carrier with
or without azide released more Dox over 48 h which starts showing time
and dose-dependent release for 2.5, 5, and 7.5 pg/uL by killing almost
75 % of the cancer cells (Fig. 8b). All Dox-loaded targeted compositions
showed similar cell viability with the free drug at 7.5 and 10 pg/uL
concentration, considering the fact that they are targeted nanocarriers
that can accumulate into the tumor through enhanced permeability and
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Fig. 8. Resazurin assay results of (P15A;0MP)2g00 derivatives on MCF-7 cancer cell line after a) 24 h and b) 48 h of incubation. The plotted values represent the mean
+ SEM of three independent experiments. Statistical significances are indicated as p < 0.033 (*), p < 0.002 (**), and p < 0.001 (***).

retention effect.

Since PEGsoo containing PAMP copolymer compositions do not
disperse in the water as effectively as PEGyygo-containing PAMP,
reduction in the cell viability was not measured as clearly as PEG2o0-
containing compositions; however, a trend proportional to the drug
release profile was observed (Fig. 9). (P26A10MP)s500-rGO-Dox was used
to release more drugs than (P26MP)s00-rGO-Dox within the same time
frame, which resulted in better anticancer activity by killing more
cancer cells (~60 %), especially after 48 h incubation Fig. 9b. Since the
effect of PEG chain length and density on drug release is not as dominant
as PEGg0o-rGO derivatives, azide group contribution can be seen more
clearly for PEGsgo-rGO derivatives. Similarly, the differences in the cell
viability of the azide-containing and non-containing targeted carrier
became more visible over 48 h because (P25A16MP)500-rGO-Dox-EPPT1
was faster than (P2gMP)s500-rGO-Dox-EPPT1 for this time point (Fig. 9b).

Selective cellular internalization of EPPT1 peptide targeted carriers
was assessed using flow cytometry (Fig. 10a) and confocal microscopy
(Fig. 10b) on the MCF-7 cancer cell line due to its higher uMUC-1
expression [54].

Flow cytometric analysis was performed based on Dox fluorescence
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intensity of free Dox, targeted ((P15MP)2000-rGO-EPPT1-Dox), and non-
targeted ((P15MP)2000-rGO-Dox) nanoplatform. The results in Fig. 10a
showed that Dox through diffusion can internalize more into the cells
followed by the targeted (P15MP)2000-rGO-EPPT1-Dox which has more
incidence than its non-targeted (P15MP)2p00-rGO-Dox version. Further,
confocal microscope imaging was performed to visualize the selective
cellular entry for targeted carriers on MCF-7 cells. Cell nuclei were
colored in blue using Hoechst, and Dox fluorescence was visualized in
red (Fig. 10b). Free Dox as a small drug molecule can pass the cell
membrane through diffusion and accumulate in the nucleus over time,
which can be clearly seen in the first row of Fig. 10b, especially in the
merged picture. When targeted (P15MP)2000-rGO-EPPT1-Dox and non-
targeted  (P15MP)2000-rGO-Dox compositions were compared,
enhanced uptake of targeted composition was evidenced with increased
fluorescence intensity of Dox in the cell. The flow cytometry and
confocal microscopy results collectively showed that the EPPT1-
conjugated targeted drug-carrying nanoplatform has a better ability
for cellular internalization.
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4. Conclusions

Herein, a detailed study was conducted to show the effect of the
components of well-established PEGylation method on to obtained rGO-
based nanoplatform. Azide-functional, well-defined PAMP copolymers
were used for PEGylation of GO and simultaneously reduced to azide-
containing PEGylated rGO, which was used as a functional nanoplat-
form to conjugate targeting agent and load the anticancer drug. The
effect of the ionic azide group on drug release was investigated by
changing the number of azides in the copolymer and comparing it with
azide-containing and azide-capped versions of the same copolymer. PEG
chain lengths of 500 and 2000 Da were compared with different PEG
densities. Finally, a peptide-based targeting agent was conjugated before
and after drug loading to see the effect of the conjugation order. The pH-
dependent drug release profile showed that the presence of the azide
group in the copolymer enhanced the drug release. This behavior was
noticeable when higher number of shorter PEG brushes were used for
PEGylation since shorter PEG has partial coverage on the surface and
allow Dox to interact more with the rGO surface that can feel the pres-
ence of ionic azide groups. In the case of longer PEG brush containing
composition, azide group effect was able to visible for only less number
of PEG brush otherwise dense PEG coating with hydrated layer provide
accommodation for Dox more than rGO surface and diminishes the
release. Finally, results showed that conjugation peptide-based targeting
agents after drug loading slowed down the drug release at acidic pH due
to not only EPPT1 peptide coming with additional PEG chains but also
the lipophilic character of peptide changes the hydrophilicity of the
surface. Neutral pH values in all targeted compositions had a drug
release percentage of less than 9.5 %, indicating safety during blood
circulation. Given the fact that these nanoplatforms are rGO-based and
have strong n-r interaction with the drug, obtained 26-49 % release is
acceptable compared to the literature. It can be improved by playing
with the PEG chain length, density, and PEGylation components.
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