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Abstract

This research work describes a simple, eco-friendly, and facile method to synthesize a novel
graphene oxide (GO) nanocomposite based on poly(3-hydroxybutyrate)-chitosan (PHB-CS) grafted
to poly(methyl methacrylate-block-(poly(ethylene glycol) methacrylate-random-2-(dimethyl amino)
ethyl methacrylate)) copolymer. The obtained nanocomposite was designated as GO/PHB-CS-g-
P(MMA-b-(PEGMA-ran-DMAEMA)) and investigated as a drug delivery system. The synthesized
products were characterized by FTIR, tHNMR, scanning electron microscopy (SEM), dynamic light
scattering (DLS) and thermogravimetric analysis (TGA). Doxorubicin (DOX) as an anticancer drug
was loaded on the synthesized GO nanocomposite and the drug encapsulation efficiency was
calculated about 76.4%. The release profiles indicated that the resulting GO nanocomposite has a
pH-responsive behavior under physiological conditions due to the hydrogen bonding interaction
between PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) and GO. The release property of DOX
from GO nanocomposite exhibited a slow sustained release, and suggested that the GO/PHB-CS-g-
P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite could be an appropriate candidate as a useful

nanocarrier for the release of DOX in controlled drug delivery systems for treatment of cancer cells.
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Introduction

In recent years, drug delivery systems have attracted more attentions, which can reduce toxic side
effects and optimize the selectivity of drugs [1-3]. Many drug delivery systems such as polymer-
drug conjugates [4], gold nanopatrticles [5, 6], graphene nanoparticles [7, 8], magnetic nanoparticles
[9, 10] and carbon nanotubes [11] have been investigated for the delivery of anticancer drugs.
Several properties of the ideal drug delivery systems should be concerned for successful cancer
treatment such as efficient loading [12, 13], targeted delivery [14], and controlled release [15].
Nanoparticle-mediated anticancer drug delivery systems have numerous advantages, including
enhanced drug accumulation in tumor tissues, increased stability of anticancer drugs in blood, the
ability to be functionalized with passive, decreased systemic toxicity, and active targeted moieties
[16-19].

Graphene as a two dimensional monoatomic compound is an excellent nanomaterial for drug
delivery applications [20]. Graphene oxide (GO), as an ideal nanocarrier, has attracted more
attention due to its excellent biocompatibility and good stability in aqueous solutions [21-23]. Also,
GO has a large n-conjugated structure and a specific surface area. Drugs such as doxorubicin [24,
25], 5-fluorouracil [26], ibuprofen [27], and camptothecin [28] can be loaded onto GO via intrinsic
van der Waals interaction and n—= stacking. In addition, carboxyl and hydroxyl functional groups
on GO can be attached to the drugs via strong hydrogen bonds.

GO-based nanomaterials could be selected as an ideal candidate for anticancer drugs delivery
because of several reasons. Firstly, the large surface area of GO provides sufficient sites for loading
anticancer drugs. Secondly, the presence of abundant oxygen-containing functional groups is
advisable for anticancer drugs delivering through chemical routes. Thirdly, the aromatic anticancer
drugs are well-matched with the structure of GO [29].

Poly(3-hydroxybutyrate) (PHB) as a synthetic polymer is a piezoelectric, bacterially derived
polymer, and biodegradable polyester with optical activity, which can stimulate bone growth [30,
31]. PHB is produced by the fermentation of sugars, lipids and other functional groups [32].
Moreover, the good mechanical properties of the PHB are suitable for repairing the soft tissues [33,
34]. PHB has good degradability and biocompatibility properties with long-duration treatment
methods that are helpful for tissue regeneration such as nerve [35]. PHB is not suitable for drug
delivery applications due to its hydrophobicity properties. Therefore, one of the most effective
methods is coupling PHB with a natural polymer to reduce the limitations of PHB. Also, an
effective technique is incorporating natural polymers with synthetic polymers to enhance the
biodegradability and biocompatibility of drug delivery systems [36-39].
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Chitosan (CS) as a biopolymer and natural polysaccharide is widely distributed in the exoskeleton
of fungal cell wall, crustaceans, and other biological materials [40, 41]. CS has been widely
reported for drug delivery applications due to its excellent biocompatibility, biodegradability, and
positive characteristics [42, 43]. CS is insoluble in most organic solvents, but easily dissolves in
dilute acidic solutions due to the presence of primary amino groups. The solubility of CS in water
can be easily controlled by adjusting the pH value.

Library studies show that the copolymers based on PHB and chitosan are biodegradable and
environmentally friendly with properties desirable for biomedical applications. In principle, CS-
based graft copolymerization is investigated as a good technique to provide materials with
improved properties [43].

Several reports have investigated the biosafety of graphene oxide-based nanocomposite polymers as
antibacterial materials and useful carrier in drug delivery systems. Yang et al. [44] fabricated
poly(vinyl alcohol)-chitosan/graphene oxide (PVA-CS/GO) composite nanofibers through
electrospinning and manifested remarkable antibacterial activity towards Escherichia
coli and Staphylococcus aureus. Huang et al. [45] prepared GO-polyethyleneimine hybrid films,
exhibiting improved mechanical strength and displaying good antibacterial activity. Ghamkhari et
al. [46] reported the development of termo-responsive nanocomposites from GO/(B-cyclodextrin)-
star-poly(methyl  methacrylate)-block-poly(N-isopropylacrylamide) via reversible addition
fragmentation chain transfer (RAFT) polymerization. The drug loading efficiency of GO
nanocomposites for docetaxel as an anticancer chemotherapy drug was obtained 85%. In another
report, a biodegradable star-liked polymeric micelle based on poly(e-caprolactone)-b-poly(N-
isopropylacrylamide) was developed for the overcome limitations of docetaxel-loading. The
docetaxel-encapsulation efficiency was calculated 95.5% and release kinetic of drug was studied
under in vitro conditions [47].

According to our literature review, no studies have been performed to evaluate the application of
GO nanocomposite based on PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) for a biomedical
device or its capacity for drug delivery. Therefore, the main objective of this work is to prepare and
characterize the GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite by
investigating its loading capacity and its ability to release the doxorubicin (DOX) as a

chemotherapy drug under in vitro conditions.

Experimental

General
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4-Cyano-4-[(phenylcarbothioyl) sulfanyl] pentanoic acid, as a RAFT agent was synthesized in our
laboratory [47]. CS (medium molecular weight, extent of deacetylation 75-85%), PHB, 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), 4-(dimethyl amino)
pyridine (DMAP), and N,N-dicyclohexylcarbodiimide (DCC), graphite, sodium nitrate (NaNO3),
potassium permanganate (KMnQ4), and sulfuric acid (H2SOa4) were purchased from Sigma-Aldrich.
Doxorubicin hydrochloride (DOX) was purchased from Zhejiang Hisun Pharmaceutical Company
(China). 2,2-Azobisisobutyronitrile (AIBN) and other reagents were obtained from Fluka, and
purified according to standard methods. Infrared spectra were recorded with KBr discs on FTIR
(Shimadzu 8101M) spectrophotometer. *HNMR spectra were recorded in deuterated dimethyl
sulfoxide solvent (DMSO-ds) on Bruker (400 MHz) instrument. The size of the nanocomposite was
measured by photon correlation spectroscopy (Zetasizer Nano ZS90) at different temperatures. The
morphologies of compounds were determined by using the scanning electron microscope (SEM)
type 1430 VP (LEO Electron Microscopy). Thermal stabilities were investigated by thermal
gravimetric analyzer (Perkin Elmer, TGA-7) under a nitrogen atmosphere (flow 35 ml/min) at
heating rate of 10°C/min. The amount of the released drug was determined by Shimadzu 2100 UV-
vis spectrophotometer at the maximum adsorption of doxorubicin (480 nm) in an aqueous buffered

solution with a 1-cm quartz cell.

Synthesis of poly(methyl methacrylate) (PMMA)

RAFT agent (3.0 mg, 0.2 mmol), MMA monomer (3 ml, 28 mmol), AIBN (1 mg, 0.005 mmol) and
DMF(10 ml) were added in a reactor. The reactor was then degassed and transferred to an oil bath at
70 °C for about 20 h. Finally, the flask was quenched and precipitated in cold diethyl ether (100 ml).

The product was dried under vacuum at room temperature to obtain PMMA.

Synthesis of P(MMA-b-(PEGMA-ran-DMAEMA)) copolymer

P(MMA-b-(PEGMA-ran-DMAEMA)) copolymer was synthesized according to our previous work
[48]. Briefly, macro-RAFT agent (PMMA, 0.5 g, 0.07 mmol), PEGMA (0.7 g, 5.3 mmol),
DMAEMA (0.7 g, 5.3 mmol), and AIBN (1 mg, 0.005 mmol) were dissolved in DMF (5 ml). The
solution was then degassed and moved in an oil bath at 75 °C for 20 h. Finally, the solution was
qguenched and precipitated in cold diethyl ether (100 ml). The product was dried under vacuum at

room temperature to obtain copolymer.

Synthesis of poly(3-hydroxybutyrate)-N-hydroxysuccinimide (PHB-NHS)
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PHB (0.5 g) in anhydrous DMF (6 ml) was converted to PHB-NHS in the presence of EDC (70 mg,
0.36 mmol) and excess NHS (38 mg, 0.33 mmol) by stirring at 25 °C for 24 h under a nitrogen
atmosphere. PHB-NHS was precipitated by adding cold diethyl ether (10 ml), and dried under
vacuum to remove solvent [50] (Scheme 1a).

Synthesis of poly(3-hydroxybutyrate)-chitosan (PHB-CS)

Chitosan (0.375 g, 0.11 mmol) was dissolved in acetic acid (1%), and added dropwise into PHB-
NHS (50 mg) dissolved in anhydrous DMF (5 ml). The solution was stirred at room temperature for
20 h, and precipitated with cold diethyl ether. Finally, The obtained precipitate was collected and

dried under vacuum at room temperature to remove solvent. (Scheme 1b).

Synthesis of PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA))

For this purpose, PHB-CS (0.03 mmol) and P(MMA-b-(PEGMA-ran-DMAEMA) copolymer (0.5
g, 0.03 mmol) was dissolved in DMF (20 ml) under argon atmosphere. Then DCC (0.1 g) and
DMAP (0.01 g) were added to the above solution. The mixture was stirred at 25 °C for 24 h, and
precipitated in cold diethyl ether (100 ml). Finally, the precipitate was dried under vacuum at room
temperature (Scheme 1c).

Synthesis of GO by Hummer’s method

In typical procedure, GO was produced using Hummer’s method from pure graphite powder. NaNOs
(1.5 g), H2SO4 (135 ml), and graphite powder (4 g) were added to a 250-ml flask and stirred for 50
min at 25 °C. Then, KMnO4 (14 g) was slowly added to the flask and the mixture was stirred at 35
°C for 8 h. In the next step, the content was diluted by deionized water (700 ml) followed by addition
of H202 (35 ml) to reduce unreacted KMnOg. The final mixture was centrifuged (7000 rpm, 20 min),
and the precipitate was washed with HCI (0.1 M) and distilled water to reach pH=7. Finally, GO was

collected and dried at 65 °C under vacuum [49].

Synthesis of GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite

GO (200 mg) was dispersed in DMF (20 ml) and added to PHB-CS-g-P(MMA-b-(PEGMA-ran-
DMAEMA)) (200 mg). The mixture was sonicated in an ultrasound bath for 20 minutes to get well
dispersed. GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA) nanocomposite as a black
dispersion was centrifuged and dried under vacuum at room temperature to obtain the final product
(Scheme 2a).
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Schemel. Synthetic route of (a) PHB-NHS, (b) PHB-CS, (c) PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)).

DOX loading on the GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite

Drug loading on the nanocomposite was done by membrane dialysis method. For this purpose,
GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite (150 mg) was dispersed in
DMSO (4 ml), and treated by ultrasound waves (1.5 Hz frequency) at 25 °C. Then, DOX (15 mg)
was added into the dispersed solution and stirred for 45 h under dark conditions (Scheme 2b). The
solution was poured into a dialysis membrane bag and dialyzed against deionized water (200 ml)
for 2 days. Then, the dispersed solution of DOX-loaded GO/PHB-CS-g-P(MMA-b-(PEGA-ran-
DMAEMA)) nanocomposite was centrifuged at 6000 rpm for 15 min and the unloaded drug
(supernatant phase) was analyzed by UV-vis spectrophotometry at the wavelength of 480 nm. Drug

loading efficiency and drug encapsulation efficiency of DOX were calculated by the following

equations:

(mg of DOX in GO nanocomposite)

Drug loading efficiency (%) = ( GO ) x 100
mg o nanocomposite

(mg of DOX in GO nanocomposite)

Drug encapsulation efficiency (%) = i Finitial added DOX) x 100
mg of initial adde

47



M. Babazadeh, J. Appl. Chem. Res., 18, 1, 41-59 (2024)

In vitro DOX release investigation

DOX-loaded GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite (50 mg) was
immersed in phosphate-buffered saline (PBS) medium with various pH values (pH= 5.4 and 7.4),
and stirred at 300 rpm individually at 37 °C. Then, 2 ml of PBS solution was centrifuged at
different times and a fresh PBS solution was poured into the sample. The quantity of the released
DOX was detected with a UV-vis spectrophotometer at 480 nm, and determined from the

calibration curve obtained previously under the same conditions.

Scheme 2. Synthetic route of (a) GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite, and (b) DOX-
loaded GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)).
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Result and discussion

FTIR spectra of the PHB, CS, P(MMA-b-(PEGMA-ran-DMAEMA)) and PHB-CS-g-P(MMA-b-
(PEGMA-ran-DMAEMA)) are displayed in Figure 1. In the FTIR spectrum of PHB, the most
relevant peak relates to the stretching vibrations of the carbonyl groups (O-C=0) was shown at
1725 cm™ (Figure 1a). In the spectrum of chitosan, various bands were demonstrated that the first
peak could be seen at 3350 cm™, representing N-H and O-H bonds. Also, the stretching vibrations
of the aromatic and aliphatic C-H bonds are seen at 2900-2850 cm region. The bending vibrations
of NH groups are observed at 1600 cm™ while the C-O-C glycosidic linkage is seen at 1100 cm™
(Figure 1b). In the FTIR spectrum of P(MMA-b-(PEGMA-ran-DMAEMA)), the stretching
vibrations of carbonyl and OH groups are seen at 1732 and 3442 cm™, respectively (Figure 1c). The
main absorption bands in the FTIR spectrum of PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA))
were introduced at 1730, 2928, and 3500 cm™ which correspond to the stretching vibrations of
carbonyl groups, C-H bonds, and O-H groups, respectively (Figure 1d).
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Figure 1. FTIR spectra of (a) PHB, (b) chitosan, (c) P(MMA-b-(PEGMA-ran-DMAEMA)), and (d) PHB-CS-g-
P(MMA-b-(PEGMA-ran-DMAEMA)).

The FTIR spectra of GO and GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite
are shown in Figure 2. The FTIR spectrum of GO shows the presence of sharp bands at 1710 cm™

or C=0 stretc Ing), cm” or C=C stretc Ing), cm’ or C-O-C stretc Ing), cm”
(for C=0 hing), 1650 cm™* (for C=C hing), 1250 cm™! (for C-O-C hing), 1080 cm'
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(for C-O stretching), 3500 and 1380 cm™ for hydroxyl group deformation peak (Figure 2a). These
band positions indicate the presence of oxygen containing moieties such as carbonyl, carboxylic,
epoxy, and hydroxyl in graphene oxide. The FTIR spectrum of GO/PHB-CS-g-P(MMA-b-
(PEGMA-ran-DMAEMA)) nanocomposite shows the characteristic absorption bands attributable to
the C-O-C stretching vibration at 1260 cm™, stretching vibrations of C-O groups of the epoxy and
carboxylic acid at 1050 cm™, carbonyl stretching vibration at 1700 and 1725 cm™, and hydroxyl

groups stretching vibration at 3490 cm™, respectively (Figure 2b).
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Figure 2. FTIR spectra of (a) GO, and (b) GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)).

The successful synthesis of PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) was studied by
'HNMR spectroscopy as shown in Figure 3. In this tTHNMR spectrum, the chemical shifts at 1 ppm
and 1.9 ppm were assigned to the methyl (CH3) and methine (CH-CHs) protons of the PHB. The
chemical shifts of (N-CHs) and (O-CHa) protons are seen at 2.2 and 3.8 ppm. The protons of
chitosan were assigned at 3.5 ppm. Furthermore, the chemical shift at 7-8 ppm is related to the

aromatic protons of RAFT agent.
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Figure 3. tHNMR spectrum of the PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) in DMSO-ds (400 MHz).

The morphology of GO and GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite
were characterized by SEM instrument (Figure 4). The synthesized GO has a sheet-like structure
with a smooth surface and wrinkled edge (Figure 4a). As shown in Figure 4b, surface morphology
of GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite is different from that of
GO. A relatively coarse and dense surface containing many wrinkles was observed on the surface of
the nanocomposite, indicating that the GO has been covered with PHB-CS-g-P(MMA-b-(PEGMA-
ran-DMAEMA)) chains.

P

y

Figure 4. SEM images of (a) GO, and (b) GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite.
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The thermal stability of GO, PHB-CS and GO/PHBCS-g-P(MMA-b-(PEGMA-ran-DMAEMA))
was studied using TGA instrument (Figure 5). A high weight loss (78 wt%) between 270-320 °C in
the PHB-CS mass losses indicates degradation of the PHB and CS contained. It should be noted that
PHB is almost degraded at 275 °C, with maximized degradation at 320 °C, which in this stage about
90% of PHB is lost. This matter is confirmed by previous articles [51, 52]. The GO mass losses
occurred in a three-step process. The weight loss in the first step below 100 °C in the range of 21
wt% was attributed to the evaporation of intercalated water molecules. The second step was
measured between 110-230 °C to be 33 wt% due to the COz, CO and steam release from the
functional groups. The third step was observed between 230-320 °C in the range of 12.5 wt % due
to the degradation of stable oxygen functionalities. The presence of PHB-CS-g-P(MMA-b-
(PEGMA-ran-DMAEMA)) in GO nanosheets causes the degradation rate to be slightly enhanced.
With increasing temperature, a weight loss of 23.5 w% is observed between 110-240 °C. The
significant degradation between 220-500 °C with a weight loss of 36 wt% could be attributed to the
decomposition of the synthesized GO nanocomposite. This evidence showed that PHB-CS-g-
P(MMA-b-(PEGMA-ran-DMAEMA)) has been functionalized on the GO nanosheets.

GO/PHB-CS-polymer GO PHB-CS
120
__ 100
X
~ 80
ol
'£
= 60
2 40
2
-
~ 20
0
0 100 200 300 400 500
Temperature ("C)

Figure 5. TGA curves of GO, PHB-CS and GO/CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite.

The particle size of GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) nanocomposite was
measured by DLS, and obtained about 150 nm (Fig. 6). To confirm the polymer coupling, we used
zeta potential analysis. The zeta potential of free GO was about -33 mV [53] and after the coupling
PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)) to GO, the zeta potential changed from negative
to positive (-16.7 mV) (Fig. 6). This result confirmed that PHB-CS-g-P(MMA-b-(PEGMA-ran-
DMAEMA)) has been successfully attached to the surface of GO.
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Figure 6. Particle size and zeta potential of GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA)).

The drug carriers are designed to achieve a high drug-loading capacity. The drug loading capacity
of the synthesized nanocomposite was investigated by UV-vis spectrophotometry at 480 nm. DOX
encapsulation efficiency and the drug loading content were calculated about 76.4% and 6.78%,
respectively. Compared with other drug delivery systems, GO has epoxy and hydroxyl groups on
the sp® hybridized carbon that the interaction between DOX and GO could be conjugated via m-n
staking. Also, hydrogen bonding may occur between the COOH, and OH groups of GO with the
NH2 and OH groups of DOX. For this purpose, the GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-
DMAEMA)) was fabricated.

The release performance of DOX-loaded GO/PHB-CS-g-P(MMA-b-(PEGMA-ran-DMAEMA))
nanocomposite at pH=5.4 and pH=7.4 (37 °C) after 100 h was 33.9% and 21.4%, respectively. The
release rate of DOX from DOX-loaded nanocomposite is considerably simulated by differences in
local pH as demonstrated in Figure 7, where the percentage of drug released into PBS (pH 5.4 and
7.4) is plotted as a function of time. The release property of DOX-loaded nanocomposite exhibited
a slow sustained release contrasted with the free DOX solution. Although 10% of the DOX-loaded
on the nanocomposite was released in the primary 4 h, but the fast release would not impact the
drug safety. Also, it was seen that the release profile is pH-responsive. The drug release rate from
nanocomposite is stable under normal physiological conditions, but drug release under acidic
conditions is important in clinical situations (cancerous tissue environment). The release rate of
DOX at pH 7.4 (37 °C) was relatively low and released about 21.4% after 100 h. At this pH, a
strong ionic interaction exists between DOX and GO nanocomposite due to the protonation of DOX
(positive charge) and deprotonation of the amine group of PDMAEMA (negative charge). The
release rate of DOX at pH 5.4 (37 °C) was accelerated and released about 33.9% after 100 h. At this
pH, ionic interaction between DOX and nanocomposite disappeared.
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Figure 7. In vitro release profiles of DOX from nanocomposite at various pH media (37 °C).

Conclusion

In this study, we designed a drug delivery system based on GO nanocomposite to obtain a useful
nanocarrier for the controlled release of DOX. GO was functionalized with PHB-CS-g-P(MMA-b-
(PEGMA-ran-DMAEMA)) and DOX was then linked onto its surface using electrostatic
interactions. Exceptional capacity for drug loading, excellent encapsulation efficiency, and
responsiveness to pH are the characteristics of the synthesized GO nanocomposite. The release
studies showed that the release of DOX from GO nanocomposite is slower at acidic pH than at
physiological pH. The obtained results suggest that the synthesized GO nanocomposite could be
further studied as a potential nanocarrier for chemotherapy drugs in the treatment of cancer cells
that have lower pH than normal cells.
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