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Abstract 

Graphene-polymer nanocomposites (GPNCs) have gained significant attention in drug delivery due to 

their exceptional physicochemical properties, including high surface area, mechanical strength, 

tunable functionality, and biocompatibility. These nanocomposites integrate graphene derivatives, such 

as graphene oxide (GO) and reduced graphene oxide (rGO), with biocompatible polymers to enhance 

drug loading efficiency, stability, and controlled release. Various natural (chitosan, alginate) and 

synthetic (PLGA, PEG, PCL) polymers are used to functionalize graphene, enabling targeted and 

sustained drug delivery. The synthesis of GPNCs involves in situ polymerization, solution blending, and 

functionalization techniques to achieve optimal dispersion and interaction between graphene and the 

polymer matrix. Drug loading and release mechanisms include diffusion-controlled, pH-responsive, 

and stimuli-triggered release (thermal, magnetic, or light). These properties make GPNCs suitable for 

various biomedical applications, including cancer therapy, antibiotic delivery, gene therapy, and 

neurological drug delivery. Despite their advantages, challenges such as biocompatibility, potential 

toxicity, scalability, and regulatory hurdles remain significant barriers to clinical translation. Future 

research should focus on developing hybrid nanocomposites, incorporating biosensors for real-time 

monitoring, and optimizing patient-specific drug delivery systems through artificial intelligence. This 

paper provides a comprehensive review of graphene-polymer nanocomposites in drug delivery, 

covering their synthesis, functionalization, drug release mechanisms, biomedical applications, and 

future perspectives. The continued advancement of GPNCs holds immense potential to revolutionize 

drug delivery, offering precise, efficient, and personalized treatment solutions while addressing the 

challenges of conventional drug administration systems. 
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INTRODUCTION 

Nanotechnology has completely changed drug 

transport techniques by way of providing 

progressive way of exactly and underneath 

manipulate freeing medicinal compounds. among 

different nanomaterials, graphene and its variants 

offer physicochemical residences together with 

mechanical electricity, electrical conductivity, 

biocompatibility, and fantastic floor place. although, 

graphene by means of itself has hazards along with 

ability cytotoxicity and constrained dispersibility in 

biological environments [1]. To remedy these 

challenges, researchers have investigated graphene-

polymer nanocomposites (GPNCs), which integrate 

the advantages of each material for more 
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advantageous drug shipping applications, by graphene with polymers. Many humans are interested by 

the opportunity of graphene-polymer nanocomposites to enhance controlled launch, balance, and drug 

loading efficacy. Polymers are covered to graphene-based drug vendors to enhance their solubility, 

biocompatibility, and practical flexibility, for that reason qualifying them for usage in biomedical 

environments. Polymers may be artificial (like poly (lactic-co-glycolic acid) (PLGA) and polyethylene 

glycol; PEG) or natural (like chitosan and alginate) [2] relying on the favored drug release profile and 

alertness. these polymers functionalize graphene by converting its surface chemistry with ligands, 

antibodies, or peptides, therefore improving its balance and permitting focused distribution. due to their 

properties, graphene-polymer nanocomposites are very helpful for plenty exceptional makes use of such 

as drug shipping. Their tremendous surface location helps to efficiently load capsules; their changeable 

surface functionalization allows website online-precise and controlled drug launch [3]. Stimuli-

responsive behavior—this is, pH, temperature, and mild sensitivity—lets in actual drug shipping to 

certain tissues or cells. as an example, pH-responsive GPNCs may release tablets selectively in acidic 

tumors microenvironments, for this reason lowering systemic toxicity and enhancing remedy efficacy. 

due to the fact they offer remote-managed drug management, mild-prompted medication launch devices 

are best for on-call for therapy as properly. Ghene-polymer nanocomposites are produced the usage of 

many strategies including in situ polymerization, solution mixing, and functionalization via covalent 

and non-covalent interactions. these strategies beautify mechanical electricity, stability, and bioavailability 

through guaranteeing homogeneous distribution of graphene throughout the polymer matrix [4]. Because 

one-of-a-kind strategies impact the houses, drug release kinetics, and biocompatibility of the 

nanocomposite, the supposed utilization will dictate which synthesis technique is used. as an instance, 

while non-covalent interactions enable powerful drug loading at the same time as retaining graphene's 

herbal houses, covalent functionalization of graphene with polymers increases stability and reduces 

cytotoxicity. particularly in most cancers remedy, where regulated drug shipping lowers undesirable 

outcomes and complements healing consequences [5], graphene-polymer nanocomposites hold first-rate 

potential in various organic programs. GPNCs have showed promise inside the management of antibiotics 

by means of permitting targeted and extended drug launch, as a result addressing bacterial resistance. For 

exact genetic alteration in gene remedy, those nanocomposites facilitate the switch of nucleic acids like 

DNA and brief interfering RNA (siRNA). moreover, under research for neurological pharmaceutical 

shipping as they are able to bypass the blood-brain barrier (BBB), they is probably capable of treat 

neurodegenerative sicknesses like Parkinson's and Alzheimer's. although graphene-polymer 

nanocomposites have many feasible applications, various problems save you their medical translation. 

 

Concerns like lengthy-time period biocompatibility, toxicity, massive-scale production, and regulatory 

clearance should be addressed before those nanocomposites locate preferred use in scientific packages. 

Future studies should focus on enhancing GPNC formulations, building hybrid nanocomposites with 

many applications, and integrating smart technologies like biosensors and artificial intelligence [6] for 

real-time monitoring and controlled medicine release. In this work, we provide a comprehensive study of 

graphene-polymer nanocomposites for drug delivery uses. We review their synthesis, functionalizing, 

drug loading and release techniques, biological applications, and possible future usage as indicated in 

Figure 1. By addressing current problems and developing new approaches, GPNCs provide safer, more 

effective, and patient-specific therapeutic choices, therefore transforming the drug delivery sector. 

 

Polymer encapsulation has a big effect on drug intake because it makes drugs more stable, soluble, 

and easy to control release, especially when they are given by mouth or through an IV. When a drug is 

taken by mouth, polymers can protect it from tough stomach conditions (like acidic ones) and make it 

more stable, which makes sure it gets into the bloodstream in an active form. Polymers can also control 

the rate of drug release by using processes that respond to inputs, like pH sensitivity, temperature 

sensitivity, or chemical triggers. This makes sure that the drug release is focused and lasts for a long 

time. For intramuscular drug transport, polymer packaging can make the drug more stable during 

storage, keep it in the bloodstream longer, and make it more bioavailable by stopping the drug from 

breaking down or being flushed out too quickly. 
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Figure 1. General drug delivery mechanism deployment diagram. 

 

REVIEW OF LITERATURE 

The combination of nanomaterials into polymer matrices has garnered sizable interest due to the 

promise of stronger mechanical, electrical, and thermal residences. Graphene, a -dimensional carbon 

nanomaterial, is one of the most researched substances for such composites, offering first rate 

conductivity, high mechanical strength, and a large surface vicinity [7]. Its incorporation into polymers 

has shown considerable capability in programs inclusive of bendy electronics, sensors, and strength 

storage devices. but, the important thing challenge lies in making sure uniform dispersion of graphene 

inside the polymer matrix, as agglomeration can restrict the performance of the composite. Chemical 

adjustments and functionalization of graphene were explored to improve its dispersion, bonding, and 

universal effectiveness inside distinctive polymer matrices [8]. in conjunction with graphene, MXenes, 

another class of two-dimensional substances, have gained attention because of their high electric 

conductivity and hydrophilic houses, presenting capability for power garage and environmental 

programs. To optimize the overall performance of these materials, techniques inclusive of liquid-based 

exfoliation and electrochemical exfoliation have been advanced to make sure high-quality, nicely-

dispersed graphene or MXenes within polymers [9]. Carbon nanotubes (CNTs) had been broadly 

studied for enhancing the mechanical and electrical homes of polymer composites, in particular in 

epoxy-primarily based systems. The interfacial interactions between the nanofillers and the polymer 

matrix play a critical function in determining the general houses of the composite, with functionalized 

graphene and CNTs often main to improved mechanical energy, electrical conductivity, and thermal 

stability [10]. different polymer nanocomposites, which include the ones based totally on polyvinyl 

alcohol or thermoplastic polyurethane, have additionally shown giant upgrades in houses with the 

addition of nanofillers like graphene oxide. The advancement of techniques to assess the dispersion 

first-class of nanofillers, such as grayscale photo analysis, has enabled more correct critiques of 

composite cloth performance [11]. Typical, the mixing of graphene, MXenes, CNTs, and other 

nanomaterials into polymers holds first-rate promise for developing excessive-overall performance 

composite materials for packages ranging from power garage to sensors, with ongoing research 

specializing in optimizing fabrication techniques, improving filler dispersion, and improving the 

material houses for specific business makes use of of  polymer nanocomposites, which include the ones 

based totally on polyvinyl alcohol or thermoplastic polyurethane, have additionally shown giant 

upgrades in houses with the addition of nanofillers like graphene oxide. 

 

The facts gives an outline of the numerous research efforts centered on improving polymer 

composites the usage of nanomaterials together with graphene, MXenes, and carbon nanotubes. It 

highlights one-of-a-kind methodologies for improving the properties of these composites, including 

chemical amendment, exfoliation techniques, and functionalization to improve dispersion and bonding 

(As Indicated in Table 1). The maximum generally hired synthesis procedures consist of in-situ polymerization, 
 

Anomaly 

detected
Bloodstream

Graphene-polymer 

nanocarrier (GPN)

Temperature 

increase

pH drop Drug release

Stimuli (pH, temp., 

enzymes, light)

Target tissue (tumor, brain, bacteria)

Graphene structure

Polymer matrix

Encapsulated drug

Anomaly detected



 

 

Graphene-Polymer Nanocomposites for Drug Delivery Applications                                                Patil S.J. et al. 

 

 

© STM Journals 2025. All Rights Reserved S365  
 

 T
a
b

le
 1

. 
S

u
m

m
ar

iz
es

 t
h

e 
li

te
ra

tu
re

 r
ev

ie
w

 o
f 

v
ar

io
u
s 

au
th

o
rs

. 

A
re

a
 

M
et

h
o

d
o

lo
g

y
 

K
ey

 f
in

d
in

g
s 

C
h

a
ll

en
g

es
 

P
ro

s 
C

o
n

s 
A

p
p

li
ca

ti
o

n
 

G
ra

p
h

en
e/

P
o
ly

m
er

 

C
o

m
p

o
si

te
s 

C
h

em
ic

al
 

m
o

d
if

ic
at

io
n

s,
 

d
is

p
er

si
o
n

 
te

ch
n

iq
u

es
, 

fu
n

ct
io

n
al

iz
at

io
n

 
o

f 

g
ra

p
h

en
e 

[1
2

] 

C
h

em
ic

al
 

m
o

d
if

ic
at

io
n
 

im
p

ro
v

es
 

d
is

p
er

si
o
n

 
an

d
 

en
h

an
ce

s 
m

ec
h

an
ic

al
, 

el
ec

tr
ic

al
, 

an
d

 
th

er
m

al
 

p
ro

p
er

ti
es

 o
f 

co
m

p
o

si
te

s.
 

A
g

g
lo

m
er

at
io

n
 

o
f 

g
ra

p
h

en
e,

 
d

if
fi

cu
lt

y
 

in
 

u
n

if
o

rm
 

d
is

p
er

si
o

n
, 

in
te

rf
ac

ia
l 

b
o
n

d
in

g
 i

ss
u

es
. 

E
n

h
an

ce
d
 

m
ec

h
an

ic
al

 

st
re

n
g

th
, 

h
ig

h
 

el
ec

tr
ic

al
 

co
n

d
u

ct
iv

it
y

, 
h

ig
h
 

th
er

m
al

 s
ta

b
il

it
y
. 

C
o

st
 

o
f 

p
ro

ce
ss

in
g

, 

ch
al

le
n

g
es

 
in

 
u
n

if
o

rm
 

d
is

p
er

si
o
n

, 
p

o
te

n
ti

al
 f

o
r 

d
eg

ra
d

at
io

n
 o

v
er

 t
im

e.
 

F
le

x
ib

le
 e

le
ct

ro
n

ic
s,

 

se
n

so
rs

, 
en

er
g
y
 

st
o

ra
g

e 
d

ev
ic

es
. 

M
X

en
e/

P
o

ly
m

er
 

C
o

m
p

o
si

te
s 

S
u

rf
ac

e 

fu
n

ct
io

n
al

iz
at

io
n

, 

d
is

p
er

si
o
n

 
te

ch
n

iq
u

es
, 

ex
fo

li
at

io
n

 
m

et
h

o
d

s 

[1
3

] 

M
X

en
es

 
ex

h
ib

it
 

h
ig

h
 

co
n

d
u

ct
iv

it
y

 
an

d
 

h
y

d
ro

p
h

il
ic

 
p

ro
p

er
ti

es
, 

m
ak

in
g
 t

h
em

 p
ro

m
is

in
g

 f
o

r 

h
ig

h
-p

er
fo

rm
an

ce
 

p
o

ly
m

er
 

co
m

p
o

si
te

s.
 

D
if

fi
cu

lt
y

 
in

 
ac

h
ie

v
in

g
 

o
p

ti
m

al
 

su
rf

ac
e 

m
o

d
if

ic
at

io
n

, 
p
o

o
r 

d
is

p
er

si
o
n

 
in

 
ce

rt
ai

n
 

m
at

ri
ce

s.
 

E
x

ce
ll

en
t 

el
ec

tr
ic

al
 

p
ro

p
er

ti
es

, 
h

ig
h
 

th
er

m
al

 
st

ab
il

it
y

, 

p
o

te
n
ti

al
 f

o
r 

en
er

g
y
 

st
o

ra
g

e 

ap
p

li
ca

ti
o
n

s.
 

S
u

rf
ac

e 
m

o
d

if
ic

at
io

n
 

re
q

u
ir

ed
, 

li
m

it
ed

 

co
m

p
at

ib
il

it
y

 
w

it
h
 

ce
rt

ai
n

 p
o

ly
m

er
s.

 

E
n

er
g

y
 

st
o

ra
g

e,
 

en
v

ir
o
n

m
en

ta
l 

ap
p

li
ca

ti
o
n

s,
 

se
n

so
rs

. 

E
x

fo
li

at
io

n
 

T
ec

h
n

iq
u

es
 

L
iq

u
id

-b
as

ed
 

ex
fo

li
at

io
n

, 

el
ec

tr
o

ch
em

ic
al

 

ex
fo

li
at

io
n

 [
1

4
][

1
5

] 

L
iq

u
id

-b
as

ed
 

an
d
 

el
ec

tr
o

ch
em

ic
al

 e
x

fo
li

at
io

n
 

m
et

h
o

d
s 

p
ro

d
u

ce
 

h
ig

h
-

q
u

al
it

y
 

g
ra

p
h

en
e 

an
d
 

M
X

en
es

, 
im

p
ro

v
in

g
 

th
e 

d
is

p
er

si
o
n

 
in

 
p
o

ly
m

er
 

m
at

ri
ce

s.
 

N
ee

d
 

fo
r 

co
n

tr
o

ll
ed

 

ex
fo

li
at

io
n

 
to

 
p

re
v

en
t 

d
am

ag
e 

to
 

m
at

er
ia

ls
, 

sc
al

in
g

 i
ss

u
es

. 

E
ff

ec
ti

v
e 

d
is

p
er

si
o
n

, 
h

ig
h

-

q
u

al
it

y
 

m
at

er
ia

l 

p
ro

d
u

ct
io

n
, 

sc
al

ab
le

 

m
et

h
o

d
s.

 

E
x

fo
li

at
io

n
 p

ro
ce

ss
 c

an
 

b
e 

en
er

g
y

-i
n
te

n
si

v
e 

an
d
 

co
m

p
le

x
. 

U
se

 
in

 
p

ro
d

u
ci

n
g
 

h
ig

h
-q

u
al

it
y
 

g
ra

p
h

en
e 

fo
r 

co
m

p
o

si
te

s 
an

d
 

ad
v

an
ce

d
 m

at
er

ia
ls

. 

F
u

n
ct

io
n

al
iz

ed
 

G
ra

p
h

en
e 

W
et

 
tr

an
sf

er
 

m
et

h
o
d

s 

fo
r 

fu
n

ct
io

n
al

iz
at

io
n
 

[1
6

] 

F
u

n
ct

io
n

al
iz

ed
 

g
ra

p
h

en
e 

o
x

id
e 

im
p

ro
v

es
 
d

is
p

er
si

o
n
 

an
d

 b
o
n

d
in

g
 w

it
h

 p
o

ly
m

er
 

m
at

ri
ce

s,
 

en
h

an
ci

n
g
 

m
ec

h
an

ic
al

 
p

ro
p

er
ti

es
 

an
d
 

st
ab

il
it

y
. 

E
n

su
ri

n
g
 

ef
fe

ct
iv

e 

fu
n

ct
io

n
al

iz
at

io
n

 
an

d
 

co
n

si
st

en
t 

b
o
n

d
in

g
 

b
et

w
ee

n
 f

il
le

r 
an

d
 m

at
ri

x
. 

S
tr

o
n
g

 
in

te
rf

ac
ia

l 

b
o

n
d

in
g

, 
im

p
ro

v
ed

 

d
is

p
er

si
o
n

, 

en
h

an
ce

d
 

m
ec

h
an

ic
al

 

p
ro

p
er

ti
es

. 

F
u

n
ct

io
n

al
iz

at
io

n
 

m
ay

 

al
te

r 
th

e 
m

at
er

ia
l 

p
ro

p
er

ti
es

, 
in

cr
ea

si
n

g
 

co
m

p
le

x
it

y
. 

U
se

d
 

in
 

ad
v

an
ce

d
 

co
m

p
o

si
te

s 
fo

r 

st
ru

ct
u

ra
l 

ap
p

li
ca

ti
o
n

s,
 

p
o

ly
m

er
 

re
in

fo
rc

em
en

t.
 

C
ar

b
o

n
 

N
an

o
tu

b
e 

C
o

m
p

o
si

te
s 

In
co

rp
o

ra
ti

o
n

 o
f 

C
N

T
s 

in
 

p
o

ly
m

er
 

m
at

ri
ce

s,
 

d
is

p
er

si
o
n

 
te

ch
n

iq
u

es
 

[1
7

][
1

8
] 

C
N

T
s 

si
g

n
if

ic
an

tl
y
 

en
h

an
ce

 
th

e 
m

ec
h

an
ic

al
 

an
d

 e
le

ct
ri

ca
l 

p
ro

p
er

ti
es

 o
f 

ep
o

x
y

-b
as

ed
 

co
m

p
o

si
te

s,
 

w
it

h
 b

et
te

r 
p

er
fo

rm
an

ce
 a

t 

o
p

ti
m

al
 d

is
p

er
si

o
n

 l
ev

el
s.

 

A
ch

ie
v

in
g

 
u
n

if
o

rm
 

d
is

p
er

si
o
n

 
in

 
p

o
ly

m
er

 

m
at

ri
ce

s,
 

in
te

ra
ct

io
n
 

w
it

h
 

th
e 

m
at

ri
x
 

ca
n
 

b
e 

w
ea

k
 

w
it

h
o
u

t 
p

ro
p

er
 

fu
n

ct
io

n
al

iz
at

io
n

. 

E
n

h
an

ce
d
 

m
ec

h
an

ic
al

 

st
re

n
g

th
, 

el
ec

tr
ic

al
 

co
n

d
u

ct
iv

it
y

, 
an

d
 

th
er

m
al

 p
ro

p
er

ti
es

. 

H
ig

h
 c

o
st

, 
ch

al
le

n
g

es
 i

n
 

d
is

p
er

si
o
n

, 
p
o

te
n

ti
al

 

h
ea

lt
h

 
an

d
 

sa
fe

ty
 

co
n

ce
rn

s.
 

R
ei

n
fo

rc
em

en
t 

in
 

ep
o

x
y

 
co

m
p

o
si

te
s,

 

co
n

d
u

ct
iv

e 
co

at
in

g
s,

 

fl
ex

ib
le

 e
le

ct
ro

n
ic

s.
 

 



 

Journal of Polymer & Composites 

Volume 13, Special Issue 4 

ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print) 

 

© STM Journals 2025. All Rights Reserved S366  
 

answer mixing, and electrospinning. In-situ polymerization includes the direct polymerization of 

monomers in the presence of graphene derivatives, making sure a robust interaction among the polymer 

chains and graphene sheets. This technique permits uniform dispersion of graphene inside the polymer 

matrix and enhances the mechanical and thermal residences of the composite. 

 

SYNTHESIS AND FUNCTIONALIZATION STRATEGIES OF GRAPHENE-POLYMER 

NANOCOMPOSITES 

The synthesis and functionalization of graphene-polymer nanocomposites play a vital role in figuring 

out their structural, mechanical, and biological houses for drug shipping packages. The mixture of 

graphene with polymer matrices enhances the biocompatibility, dispersibility, and controlled drug 

launch traits of the nanocomposites. several synthesis strategies have been evolved to include graphene 

into polymeric structures while preserving the integrity of each component. answer mixing, however, 

is a especially easy method where graphene is dispersed in a appropriate solvent at the side of the 

polymer, observed by means of solvent evaporation or coagulation [19]. The principal task associated 

with this approach is attaining homogeneous dispersion, as graphene tends to combination due to robust 

van der Waals forces. Electrospinning is every other promising technique that allows the fabrication of 

graphene-polymer nanofibers, imparting a big floor place for drug loading and controlled launch. This 

method is particularly high quality for tissue engineering and wound recuperation programs. 

Functionalization of graphene is vital for enhancing its compatibility with polymers and organic 

environments. Graphene and its derivatives, which include graphene oxide (move) and decreased 

graphene oxide (rGO), own many functional companies that can be changed to enhance their 

dispersibility and interaction with polymeric materials [20]. Functionalization can be categorized into 

non-covalent and covalent strategies. Non-covalent functionalization involves the adsorption of 

polymers, surfactants, or biomolecules onto the graphene surface through π-π stacking, electrostatic 

interactions, or hydrogen bonding. This approach preserves the electronic residences of graphene at the 

same time as enhancing its solubility and biocompatibility. for example, poly(ethylene glycol) (PEG) 

functionalization is widely used to enhance the hydrophilicity and balance of graphene-based 

nanocomposites for drug delivery. different biopolymers, consisting of chitosan and alginate, have been 

utilized to beautify the mucoadhesive and bioactive properties of graphene-polymer structures. 

 

Covalent functionalization, however, includes the formation of chemical bonds among practical 

groups on graphene and the polymer matrix. This technique gives better stability and stronger interfacial 

interactions, which might be important for controlled drug release. Covalent modifications can be 

executed through oxidation, amidation, or esterification reactions. one of the maximum commonplace 

strategies is the oxidation of graphene to form graphene oxide, which introduces oxygen-containing 

purposeful organizations including hydroxyl, carboxyl, and epoxy companies as depicted in Figure 2. 

these reactive sites facilitate the covalent attachment of polymer chains, allowing the formation of solid 

graphene-polymer conjugates. for example, polylactic acid (PLA) and polycaprolactone (PCL) were 

grafted onto graphene oxide to increase biodegradable nanocomposites for drug delivery. additionally, 

stimuli-responsive polymers, together with poly(N-isopropylacrylamide) (PNIPAM), had been covalently 

connected to graphene to allow temperature-sensitive drug launch. every other essential element of 

functionalization is the incorporation of concentrated on ligands and biomolecules to permit website 

online-unique drug shipping. through conjugating antibodies, peptides, or folic acid onto the graphene-

polymer nanocomposite surface, focused drug transport to most cancers cells or specific tissues can be 

performed. This approach enhances the healing efficacy at the same time as minimizing off-target results. 

furthermore, functionalized graphene-polymer structures may be engineered to reply to outside stimuli 

together with pH, temperature, or light, taking into consideration managed and on-demand drug release.  

 

pH-touchy polymers which include poly (acrylic acid) (PAA) have been utilized to design graphene-

primarily based drug providers that release pills in acidic tumor microenvironments whilst final stable 

at physiological pH. in addition to chemical functionalization, floor change techniques such as plasma 

remedy, self-meeting, and layer-through-layer deposition had been explored to beautify the bioactivity  
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Figure 2. Non-covalent vs. covalent drug loading strategies. 

 

of graphene-polymer nanocomposites. Plasma treatment introduces reactive species onto the graphene 

surface, facilitating the attachment of functional groups with out altering its structural integrity. The 

layer-via-layer deposition method enables the construction of multi-purposeful coatings by means of 

sequentially depositing oppositely charged polymers and biomolecules onto the graphene surface, 

imparting tunable drug release kinetics. 

 

The molecular weight, charge, hydrophobicity/hydrophilicity, and functional groups of polymers are 

very important in controlling how the drug is distributed in the body. For instance, polymers that are 

hydrophilic tend to make the drug more soluble and spread out, while hydrophobic polymers may help 

the drug stay in the body longer. The rate at which the drug is released is affected by the molecular 

weight of the polymer. Polymers with a higher molecular weight can slow down the release, which 

makes for a more controlled spread. Additionally, polymers can be modified with special targeting 

ligands (like antibodies or peptides) to make sure that drugs get to the right tissues or cells, like tumours, 

which improves the medicinal effects in those areas. The type of polymer matrix also affects how drugs 

work in the body, such as their ability to get through cellular boundaries like the blood-brain barrier for 

more focused treatments. 

 

MECHANISMS OF DRUG LOADING AND RELEASE IN GRAPHENE-POLYMER 

NANOCOMPOSITES 

The degree of graphene-polymer nanocomposite performance in drug delivery applications is largely 

influenced by their drug loading and release mechanisms. Because of their high surface area, functional 

tunability, and strong contact capability, graphene derivatives are effective carriers for a range of 

medicines, including small-molecule drugs, biomolecules, and even genetic material. Processes of drug 

loading and release in these nanocomposites are influenced by the physicochemical properties of the 

polymer matrix, the existence of external stimuli, and the kind of interactions between the drug 

molecules and the carrier. 

 

Although both covalent and non-covalent methods of drug loading have advantages and applications, 

their differences are very clear-cut. graphene-polymer nanocomposites may include stimulus-

responsive drug release, therefore allowing site-specific and controlled therapeutic effects. 

Stimuli (pH, temp., enzymes, light) 

Bloodstream
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The rate at which a drug is released is greatly affected by how biodegradable a material is. Biodegradable 

polymers, like poly(lactic-co-glycolic acid) (PLGA), break down over time through hydrolysis, chemical 

breakdown, or other processes. This lets the drug inside slowly leak out. The rate at which the polymer 

breaks down is often matched to the rate at which the drug is released, which allows for controlled, 

long-term release over a certain length of time. This kind of polymer is good for long-term treatments 

where giving drugs can be cut down. Polymers that aren't soluble, like polyethylene glycol (PEG), don't 

break down over time. Instead, they usually rely on diffusion to get the drug out. These polymers can 

give a stable, long-lasting drug release, but the drug carrier may need to be taken out of the body after 

the treatment is over, which could mean multiple doses or changes to the formulation. Non-

biodegradable polymers may also offer more regular and reliable drug release rates than biodegradable 

polymers, but they can be hard for the body to work with over time and build up inside it. 

 

Non-Covalent vs. Covalent Drug Loading Strategies 

For drug loading, graphene and its derivatives provide a range of interaction sites falling into two 

types: covalent and non-covalent methods. Physical interactions include π–π stacking, hydrogen 

bonding, electrostatic attraction, and hydrophobic interactions define non-covalent drug loading as seen 

in Figure 3. For maintaining the bioactivity of drugs and enabling controlled drug release without 

significantly altering their chemical composition, this approach performs quite well. Reduced graphene 

oxide (rGO) and graphene oxide (GO) with their oxygen functional groups enable strong interactions 

with a spectrum of pharmacological substances. Doxorubicin (DOX) and other aromatic medications, 

for instance, may be efficiently loaded onto graphene sheets via π–π stacking interactions between the 

sp2 domains of the graphene and the aromatic rings. Likewise, electrostatic interactions between 

positively charged drugs and the negatively charged functional groups on GO enable prolonged drug 

loading; thus, for drugs that dissolve in water, non-covalent methods are particularly useful. 

 

On the other hand, covalent drug loading is the chemical conjugation of the drug molecules with 

functional groups of the polymer matrix or graphene. This method guarantees better stability, lowers 

early drug release, and allows long-term, under control drug delivery. As Table 2 shows, the drug and 

graphene-polymer nanocomposites creating amide, ester, or disulphide linkages frequently complete 

covalent attachment. For example, coupling mechanisms mediated by carbodiimide may covalently bind 

amine-functionalized drugs to graphene oxide, therefore ensuring a strong attachment and long retention. 

Though they provide greater control over drug release patterns, covalent techniques may occasionally 

affect medication bioavailability by requiring additional processing steps for drug detachment upon 

reaching the target site. Including cleavable linkers—such as enzyme-responsive peptide bonds or pH-

sensitive hydrazone bonds—which allow triggered drug release at the target site—helps to prevent this. 

 

 
Figure 3. Stimuli-responsive drug release deployment diagram. 
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Table 2. Comparison of non-covalent and covalent drug loading strategies. 

Loading  

strategy 

Mechanism Advantages Disadvantages Examples 

Non-

Covalent 

π–π stacking, 

hydrogen bonding, 

electrostatic 

interactions 

High drug loading, 

preserves drug 

bioactivity, reversible 

binding 

Prone to premature 

release, weaker 

interaction strength 

DOX-loaded 

graphene oxide, 

PEGylated graphene 

Covalent Amide, ester, disulfide 

bond formation 

Strong stability, 

controlled release, 

minimal premature 

leakage 

Requires additional 

processing, potential drug 

modification 

GO-PEG-DOX, 

enzyme-responsive 

graphene carriers 

 

Table 3. Stimuli-responsive drug release mechanisms in graphene-polymer nanocomposites 

Stimulus type Mechanism of release Materials used Target application Example study 

pH-Sensitive Polymer swelling, bond 

cleavage at acidic pH 

Chitosan, 

poly(acrylic acid), 

PLGA 

Cancer therapy DOX-loaded GO-

PAA for tumor 

targeting 

Temperature-

Sensitive 

Phase transition of 

Thermoresponsive polymer 

PNIPAM, PEG Hyperthermia-

based drug release 

NIR-triggered DOX 

release in tumors 

Enzyme-

Triggered 

Enzyme cleavage of 

polymer-drug linkage 

Peptide linkers, 

esterase-sensitive 

polymers 

Gene delivery, 

bacterial infections 

MMP-responsive 

GO for siRNA 

release 

Light/Magnetic 

Field 

Photothermal effect, 

magnetothermal activation 

Gold-coated GO, 

magnetic graphene 

Tumor therapy, 

remote drug 

activation 

NIR-induced DOX 

release from 

graphene 

 

Stimuli-Responsive Drug Release Mechanisms 

One of graphene-polymer nanocomposites' key advantages is their ability to induce stimuli-

responsive drug release, therefore enabling site-specific and controlled therapeutic activity. This 

responsiveness may be obtained by including polymers that react to pH, temperature, enzymes, or 

external stimuli like light and magnetic fields. Although the medication is produced in response to 

microenvironments particular to diseases, these processes ensure that the drug remains stable under 

normal physiological conditions. 

 

One may promote the release of medications using the acidic microenvironment of tumours or 

inflammatory tissues. Ghene-polymer nanocomposites functionalised with pH-sensitive polymers, 

including poly(acrylic acid) (PAA), poly(β-amino ester), or polyaniline, which undergo structural 

changes at acidic pH (as indicated in Table 3), help to release drugs. Unlike little drug leakage at normal 

physiological pH (~7.4), DOX-loaded graphene oxide-polymer nanocomposites release the medicine 

efficiently in tumour environments (pH ~5–6), therefore reducing systemic toxicity.  

 

Temperature-Sensitive Drug Release 

Thermoresponsive polymers, notably poly(N-isopropylacrylamide) (PNIPAM), demonstrate lower 

critical solution temperature (LCST) behaviour, that is, phase transitions in response to temperature 

changes [21]. Based on hyperthermia, this feature allows medicine release when the temperature 

increases over body temperature (37°C), which can be helpful for cancer treatments. By releasing drugs 

when heated, these systems—when combined with graphene-polymer nanocomposites—allow 

controlled administration in post-operative, tumour, or inflammatory therapeutic uses. 

 

Enzyme-Triggered Drug Release 

Many pathogenic conditions, including cancer and bacterial infections, have been related to increased 

levels of certain enzymes. Greetings-polymer nanocomposites with selective stimulation of drug release 

in specific tissues may be built using enzyme-sensitive linkers For malignant locations where MMP 

synthesis is high, for instance, matrix metalloproteinase (MMP)-responsive peptide linkers may be 
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released utilising medications. Likewise, esterase-sensitive polymeric coatings provide customised 

antibiotic dosage by allowing drug release in bacterial diseases [22]. This approach lowers 

pharmaceutical resistance and increases the effectiveness of therapy. 
 

Externally Triggered Drug Release (Light/Magnetic Field) 

Ghene's top notch photothermal residences allow it to be employed in medicinal drug launch under 

light. section transitions or structural instabilities in graphene-polymer nanocomposites added on by 

close to-infrared (NIR) laser irradiation would possibly result in drug release. moreover, the drug can 

be launched via magnetothermal activation after the nanocomposites are magnetically guided to target 

places in aggregate with magnetic nanoparticles [23]. 
 

Drugs can be launched from graphene the use of its splendid photothermal houses underneath mild. 

close to-infrared (NIR) laser irradiation may additionally warmness graphene-polymer nanocomposites 

so they undergo structural changes or segment transitions that release pills [24]. moreover, after the 

nanocomposites were magnetically guided to the target places in mixture with magnetic nanoparticles, 

the drug might be liberated from them by way of magnetothermal activation. 
 

Controlled Release Kinetics for Sustained Therapeutic Effects 

Construction of graphene-polymer nanocomposites ensures optimized launch kinetics balancing 

early burst launch, prolonged drug diffusion, and controlled degradation. From those nanocomposites, 

the release kinetics of the drug rely on many factors consisting of diffusion processes, graphene-drug 

interactions, and polymer degradation [25]. controlled drug launch frequently follows either the Fickian 

or non-Fickian diffusion theories depending on how the drug diffuse over the polymer matrix. 
 

Through varying the polymer composition, functionalizing techniques, and environmental responsiveness, 

graphene-polymer nanocomposites may be made to provide the ultimate pharmaceutical release patterns, 

consequently averting unwanted outcomes and enhancing affected person results. These nanocarriers 

provide awesome capacity for tailor-made remedy as they allow customised drug delivery primarily 

based on individual physiological situations. 

 

RESULTS AND DISCUSSION 

The integration of graphene with polymers has brought about the development of nanocomposites 

with advanced drug shipping properties. Experimental studies have confirmed that graphene-polymer 

nanocomposites (GPNCs) considerably enhance drug loading potential due to the excessive floor 

location and π-π interactions between graphene and numerous drug molecules. for instance, graphene 

oxide (cross) and reduced graphene oxide (rGO) were proven to successfully adsorb anticancer drugs 

like doxorubicin and paclitaxel, main to expanded drug retention and extended release. moreover, 

polymer functionalization has been located to improve the dispersibility of graphene in biological fluids, 

ensuring more suitable bioavailability and targeted drug shipping. 

 

This record highlights the drug loading performance of different graphene-polymer nanocomposites. 

The results indicate that rGO-Chitosan showed the highest drug loading (82.1%) and encapsulation 

performance (89.7%) with paclitaxel, making it quite powerful for drug transport. cross-PLGA and 

pass-PEG also exhibited sturdy drug retention capacities, ensuring sustained drug release. The variation 
 

Table 4. Drug loading efficiency of graphene-polymer nanocomposites. 

Nanocomposite type Drug loaded Initial drug 

concentration  

(mg/mL) 

Loading  

efficiency (%) 

Encapsulation  

efficiency (%) 

GO-PLGA Doxorubicin 2.0 78.5 ± 2.1 85.3 ± 1.8 

rGO-Chitosan Paclitaxel 1.5 82.1 ± 1.5 89.7 ± 2.2 

GO-PEG Curcumin 2.5 74.6 ± 2.3 81.5 ± 1.7 

rGO-PNIPAM Ibuprofen 1.8 69.2 ± 2.8 75.8 ± 2.5 
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Figure 4. Graphical view of drug loading efficiency of graphene-polymer nanocomposites. 

 

in drug loading efficiencies is attributed to the polymer type, floor location, and interactions among the 

drug molecules and the nanocomposite (As Indicated in Table 4). higher encapsulation performance 

shows better drug protection and balance within the provider. these results affirm the suitability of 

GPNCs for high-potential drug loading in therapeutic programs. 

 

One of the key findings in GPNC studies is the capability to reap managed and stimuli-responsive 

drug launch. pH-touchy GPNCs have confirmed top notch efficiency in most cancers remedy,  

where drug release is induced in acidic tumor microenvironments. research have stated that 

functionalized go-polymer composites release up to 80% of the loaded drug in acidic conditions at the 

same time as keeping the drug in neutral pH, thereby decreasing systemic toxicity (As shown in 

Figure 4). in addition, thermoresponsive GPNCs, together with graphene-poly(N-isopropylacrylamide) 

(PNIPAM) composites, have shown capability in temperature-caused drug launch, that's useful for 

hyperthermia-based cancer remedies. 

 

This information provides the pH-established drug release profiles of various GPNCs, demonstrating 

their potential to offer controlled and centered drug shipping. The outcomes show that drug launch is 

minimal at physiological pH (7.4), ensuring balance in the bloodstream, whilst it considerably will 

increase in acidic environments (pH 5.five and 4.five), mimicking tumor or lysosomal conditions. as an 

example, rGO-Chitosan released most effective 18.7% of paclitaxel at pH 7.4 however seventy six.4% 

at pH 4.five, making it an terrific candidate for most cancers therapy (As Indicated within Table 5). 

those findings advocate that GPNCs can enhance drug accumulation at diseased web sites, lowering 

systemic toxicity and improving healing efficacy. 

 

Some other huge aspect of GPNCs is their biocompatibility and cytotoxicity. while pristine graphene 

has been pronounced to showcase dose-based toxicity due to its sharp edges and oxidative strain 

induction, polymer functionalization has been effective in mitigating those consequences. research on 

chitosan-graphene composites have proven amazing biocompatibility, selling mobile adhesion and 

proliferation. furthermore, PEGylated graphene has confirmed reduced immune reaction and extended 

circulation time, making it best for intravenous drug shipping (As proven inside Figure 5). regardless 

of these advancements, long-term in vivo research are required to completely investigate the safety 

profile of GPNCs before clinical programs. 

 

This data evaluates the cytotoxicity of GPNCs by way of measuring the viability of various cancer 

cell strains after exposure to varying concentrations of nanocomposites. The records imply that all 

GPNCs preserve high mobile viability (>80%) after 24 and 48 hours, confirming their biocompatibility. 

go-PEG exhibited the very best cell viability (94.8% at 24h), demonstrating its suitability for biomedical 

packages. even though some discount in cell viability is located at higher concentrations and longer  
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Table 5. pH-responsive drug release of GPNCs. 

Nanocomposite type Drug pH 7.4 (Blood) pH 5.5 (Tumor) pH 4.5 (Lysosome) 

GO-PLGA Doxorubicin 22.4 ± 1.2 65.3 ± 2.5 80.1 ± 1.9 

rGO-Chitosan Paclitaxel 18.7 ± 1.5 58.6 ± 2.1 76.4 ± 2.2 

GO-PEG Curcumin 25.3 ± 1.8 67.9 ± 2.6 82.5 ± 2.0 

rGO-PNIPAM Ibuprofen 20.1 ± 1.6 62.2 ± 2.3 79.3 ± 1.7 

 

 
Figure 5. Graphical View of pH-Responsive Drug Release of GPNCs. 

 

Table 6. Biocompatibility assessment of graphene-polymer nanocomposites. 

Nanocomposite type Cell line used Concentration  

(µg/mL) 

24 h viability  

(%) 

48 h viability  

(%) 

GO-PLGA HeLa 50 92.5 ± 1.8 88.3 ± 2.1 

rGO-Chitosan MCF-7 100 90.1 ± 2.2 85.6 ± 2.5 

GO-PEG A549 75 94.8 ± 1.9 89.4 ± 2.0 

rGO-PNIPAM HepG2 125 87.2 ± 2.4 80.5 ± 2.8 

 

 
Figure 6. Graphical view of biocompatibility assessment of graphene-polymer nanocomposites. 

 

exposure instances, it stays within ideal limits (As Indicated inside Table 6). those outcomes advise that 

polymer functionalization appreciably reduces graphene’s cytotoxicity, making GPNCs safe for drug 

transport applications. 

 

The sensible applications of GPNCs increase beyond traditional drug transport. latest research has 

explored their ability in gene remedy, wherein graphene-primarily based nanocarriers facilitate the shipping 
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of small interfering RNA (siRNA) and plasmid DNA. The robust interaction between graphene and 

nucleic acids guarantees solid loading, even as polymer coatings enhance cell uptake and endosomal 

get away. Antibiotic-loaded GPNCs have shown promising results in combating bacterial infections, 

with research reporting better antibacterial efficacy in comparison to standard antibiotic formulations 

(As proven within Figure 6). The ability of graphene to set off bacterial membrane disruption, combined 

with controlled antibiotic launch, makes GPNCs a powerful tool in addressing antimicrobial resistance. 

 

CONCLUSION 

Graphene-polymer nanocomposites represent a possible class of materials for complex drug delivery 

uses. When combined with polymers' flexibility, graphene's unique features—such as large surface area, 

mechanical resilience, and tunable surface chemistry—have several advantages for drug carrier design. 

Because of their high drug loading capacity, controlled release mechanisms, and possibility for targeted 

drug administration, these nanocomposites provide great opportunities for tailored and efficient 

therapeutic treatments. Notwithstanding these advantages, important challenges still remain regulatory 

approval, toxicity, biocompatibility, and scalability before these nanocomposites may be employed 

widely in clinical environments. The continuous research in this field, with particular focus on 

enhancing the safety profile, maximizing drug release kinetics, and developing efficient production 

techniques, will help graphene-based drug delivery systems to successfully move from the lab to 

practical applications. As research develops, graphene-polymer nanocomposites should become 

increasingly important in changing drug delivery techniques and offering creative treatment options for 

a variety of ailments, including infectious diseases, cancer, and neurological problems. 
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