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Abstract

Due to their potential to enhance therapeutic results and enable targeted drug administra-
tion, polymer-drug conjugates that use polyethylene glycol (PEG) as both the polymer and
the linker for drug conjugation have attracted much research. This study seeks to investigate
recent developments in the design and synthesis of PEG-based polymer-drug conjugates,
emphasizing fresh ideas that fill in existing knowledge gaps and satisfy the increasing need
for more potent drug delivery methods. Through an extensive review of the existing litera-
ture, this study identifies key challenges and proposes innovative strategies for future inves-
tigations. The paper presents a comprehensive framework for designing and synthesizing
PEG-based polymer-drug conjugates, including rational molecular design, linker selection,
conjugation methods, and characterization techniques. To further emphasize the impor-
tance and adaptability of PEG-based polymer-drug conjugates, prospective applications are
highlighted, including cancer treatment, infectious disorders, and chronic ailments.
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Introduction

A potential method for increasing the therapeutic effectiveness of medications and
permitting tailored drug administration is the use of polymer-drug conjugates [1-3].
Researchers can get around problems with low drug solubility, short half-life, lack of
selectivity, and quick removal from the body by conjugating medicines to polymeric
carriers [4]. Polyethylene glycol (PEG), one of the many polymers used for drug con-
jugation, has drawn a lot of interest because of its advantageous traits, which include
great biocompatibility, water solubility, and little immunogenicity [5, 6].

Drug delivery technologies have undergone a revolution thanks to the development
and manufacture of PEG-based polymer-drug conjugates [7]. PEG provides stability,
increased circulation duration, less immunogenicity, and the ability to control drug
release kinetics, making it the perfect polymer backbone for drug conjugation [8, 9].
Additionally, PEG is easily functionalized with various linkers to enable site-specific
targeting and promote drug attachment [10].

The capacity of PEG-based polymer-drug conjugates to improve therapeutic results
is one of their main benefits [11]. Drugs can be shielded from enzymatic breakdown by
using PEG as a carrier, enabling extended circulation in the bloodstream [12]. Through
increased exposure to the target region during this prolonged circulation time, the
drug’s effectiveness is enhanced. Additionally, PEG-based conjugates can minimize
off-target effects, as the polymer can shield the drug from interacting with non-target
tissues, resulting in reduced toxicity and improved safety profiles [13].

Another critical aspect of PEG-based polymer-drug conjugates is their capacity for
targeted drug delivery [14]. By incorporating specific ligands or antibodies onto the
PEG backbone, conjugates can be designed to selectively recognize and bind to recep-
tors or antigens expressed on the surface of target cells or tissues [15]. This active tar-
geting strategy improves drug accumulation at the desired site, enhancing therapeutic
efficacy while minimizing systemic side effects [16].

Despite the significant progress made in the design and synthesis of PEG-based pol-
ymer-drug conjugates, several challenges remain [17]. These include achieving opti-
mal drug loading, maintaining stability during circulation, achieving controlled drug
release profiles, and ensuring sufficient conjugation efficiency [18, 19]. Additionally,
translating these conjugates from the laboratory to clinical settings requires addressing
regulatory considerations and developing scalable manufacturing processes [20].

In light of these challenges and the growing need for more effective drug deliv-
ery systems, this research paper aims to explore recent advancements in the design
and synthesis of PEG-based polymer-drug conjugates. This study highlights significant
research gaps and suggests cutting-edge methodologies for further research through a
thorough analysis of the body of existing literature. The article will offer a thorough
framework for linker selection and design tactics, conjugation procedures, charac-
terization approaches, and prospective therapeutic applications for rational molecular
design of PEG-based conjugates. We want to help promote PEG-based polymer-drug
conjugates, which can have a big influence on drug delivery systems, improve thera-
peutic efficacy, and provide tailored treatment choices for different illnesses, by tack-
ling these important issues.
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Rational Molecular Design

The therapeutic effectiveness and targeted drug delivery of polymer-drug conjugates based
on polyethylene glycol (PEG) are greatly enhanced by rational molecular design. The
choice of PEG as the polymer’s backbone, optimisation of PEG’s molecular weight and
architecture, medication compatibility, and therapeutic goals are only a few of the crucial
aspects that must be taken into account.

Due to its advantageous characteristics, PEG, a biocompatible and water-soluble pol-
ymer, has been widely employed in drug delivery systems [5]. The molecular weight of
PEG is a significant factor that affects the pharmacokinetics and biodistribution of the
conjugates. The accumulation and circulation time at the target location can be managed
by selecting the ideal molecular weight with attention [9]. Recent studies have shown that
PEGylation with longer PEG chains, such as PEG 2000, can increase the duration of sys-
temic circulation and enhance therapeutic outcomes [21].

A further crucial component of rational molecular design is the architecture of PEG. A
benefit of the creation of branching or multi-arm PEG designs is that they are more stable,
have a higher drug loading capacity, and have better targeting efficiency [22]. Higher drug
payloads and regulated release kinetics are possible thanks to the many attachment sites
that branched PEG designs, such as dendritic PEG, may afford for drug conjugation [23].
Additionally, the PEG backbone’s addition of functional groups makes it easier to conju-
gate medicines or target ligands, enabling site-specific delivery [24].

The compatibility between the drug and PEG backbone is crucial for ensuring efficient
conjugation and maintaining the drug’s stability and activity. Considerations such as drug
solubility, chemical reactivity, and drug-polymer interaction should guide the selection of
appropriate drug candidates for conjugation with PEG. Recent advances have demonstrated
successful PEGylation of various classes of drugs, including small molecules, peptides,
and proteins, leading to improved pharmacokinetics and therapeutic outcomes [2, 25].

Linker Selection and Design

The effective production of polymer-drug conjugates based on polyethylene glycol (PEG)
depends on the choice and design of an acceptable linker. Linkers are essential for assur-
ing the stability of the conjugates, providing regulated drug release, and promoting effec-
tive drug conjugation. The stability of the linker under physiological settings, the intended
release kinetics, and the unique needs of the medication and target site must all be taken
into account when choosing a linker.

For the polymer-drug combination to remain intact during circulation and to guarantee
targeted drug release, the linker’s stability is crucial. Depending on the intended release
mechanism, different linkers, such as cleavable and non-cleavable, can be used. Disulfide
bonds, hydrazone bonds, and ester linkages are examples of cleavable linkers that have
the benefit of causing drug release in response to particular stimuli, such as the intracel-
lular reducing environment or enzyme activity [26]. For long-lasting therapeutic effects,
non-cleavable linkers such as amide bonds or stable coordination bonds offer stability and
sustained release patterns [27].

The unique characteristics of the medication and the target site should be taken into
account while designing linkers. For instance, linkers having functional groups capable
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of conjugating with certain moieties or ligands can be included if the medicine requires
a site-specific release or targeting [28]. Selective conjugation with thiol or amino groups
present on the medication or targeted ligands is made possible by the insertion of reac-
tive groups, such as maleimide or NHS ester, on the linker [29]. The development of click
chemistry-based linkers, made possible by recent developments in linker design, has facili-
tated the production of very stable and site-specific polymer-drug conjugates. Click chem-
istry—based linkers enable efficient and selective conjugation operations [30].

Moreover, the linker length and flexibility should be carefully considered to ensure opti-
mal drug loading and release kinetics. The linker should be long enough to prevent steric
hindrance between the polymer and the drug, allowing for efficient drug conjugation and
preserving drug activity. Additionally, linker flexibility can influence the release rate of the
drug, with more flexible linkers generally promoting faster drug release [31]. The rational
design of the linker structure and its attachment to the PEG backbone can provide control
over drug release kinetics, maximizing therapeutic efficacy. The common structure of the
polymer-drug conjugate can be seen in Fig. 1 (where the polymer-drug conjugate is rep-
resented with a clear representation of the polymer backbone, drug molecule, and linker).
Various linkers are used in design for the design of various polyethylene glycol-linker-dug
conjugated drug delivery systems and have been enlisted in Table 1, where their key fea-
tures have also been reported.

Conjugation Methods

The synthesis of polyethylene glycol (PEG)-based polymer-drug conjugates involves effi-
cient and selective conjugation methods that ensure robust attachment of the drug to the
PEG polymer backbone. Various conjugation strategies have been developed, offering ver-
satility in terms of drug compatibility, conjugation efficiency, and control over drug load-
ing (Fig. 2 shows the overview of the preparation of polymer-drug conjugate based on ther-
anostic nanoparticles). The selection of the conjugation method depends on the chemical
properties of the drug, the desired linker chemistry, and the specific requirements of the
target application.

Drug molecule

PEG molecule O

>
-

"+« Solubility
enhancer

El ¥
Targeting molecule Polymer backbone ".‘

Imaging agent

Fig. 1 Representation of polymer-drug conjugate for multipurpose use [32]

@ Springer



Applied Biochemistry and Biotechnology

R

-JTey pasearouy
Apms
JUAIOLJ

pUE 9ATIOPH
Kanoe
[eo130[00eW

-reyd poaoxduy

[L€ *9€]

KIoAT[Op
pasoxduy
Qouewojrod
OAIA UI Jo)og
R
-J[ey pasearouy

[8¢-9¢]

1031J9 [eo130]
-ooewreyd
paoueyuyg
aseafar
paonuo)
paonparx
Kouanbaiy asoq
Koeoyyo
paoueyuy
uonoe prdey
asearax

[ve “e€l pa[jonuod

Ie[nomnJe-enuy

Telnownjenuy

snouaAenU]

SnouaAenUY

s[a801pAH

s[oSoueN

SOIIROIN

soronredoueN

SnLIy)Ie
projewnayy

100UB)

190UB)D)

190UB))

Ddd

Ddd

Ddd

Ddd

J1BXNOYISIA

QuIqEIIOWRn)

[exejorg

upIqnioXod

uorn
-e3nfuod [eod
-IWAYD 0TI

Anst
“W_YD 3IID

UONBWLIOJ
puoq apruy

Surpdnoo apr1
-trerew-joly L,

19)$9 [Apruur
-uroons pue
orydosonN

19189
[Apruituoong 14

QuAye

pueopizy  QUAY[e/pIZY €

10159 SHN

pue Uy 19189 SHN z

oprurrerew

pue jorqL, oprurdeN I

QOURIRJY STy

uoneNSIUIWpE
Jo spoN

pauSisop wa)
-sAs AIoAT[9Q

uon
~1puod [BoTUID

Qwieu JQWA[04

ouwreu Sniq

uonednfuod
JO poysIN

(s)dnoi3

[euonoun,j QuwIeU IOYUI] "OU IS

Ananoe [eorsojooeurreyd J1oy) J0J SIOYUI] JUSISJI | d]qeL

pringer

As



Applied Biochemistry and Biotechnology

sonzedoxd
uornepei3op
palIonuoy dnoig
asea[ar uonensdeous [euonouny
(¢t ‘Tv] paureisng reardog, S[eS0IpAH  uoneWIWEPU] 0dad uojoxdnqy [930IpAH pue IUI[SSOID) [9301pAH S
901
jueysoduwr
ue sAerd
KouaeAnnjy uone3 dnoi3
K12AT[op -nfuod paseq [euonouny
[1¥ ‘ov]  Snip paresSIe], SNOUdARIU] SIoWLIpUSJ 00U DHd  Q1eXoNOoyRN -IOWILIPUS(  PuB dNLIPUd oNLIpUAQ L
SWId)SAS
Jo11IRd 3nap
Jo sentadoid
Suraoxdwy
KIoAT[Op
Snip poyadie],
s1020301d o1
-sougelp pue
onnaderdy
Jo Koeouje suor g  uonesdeoua pudi| pue
[6€ ‘0zl ) 9ouryuUy SNOUIABIU] sowosodr]  -o9jur [eSunyg Ddad  upugoydwy rewosodr oiqoydoipAH pidrp 9
K12A1[9p
3nip pojasre
P PaI9oItL dnoi3
Kyanoe [euonouny
onouodRW uonesnfuod pue oyroads oyroads
[zz ‘6] -reyd peseorou]  snosueinoqng  so[oNIedoIdI sajoqeIq 0dd urnsuy onewizuyg -owAzuyg -owAzug S
uonensiuIupe  pausisop wo) uon uonesnfuoo (s)dnoi3
QOURIY SYIRWIY JOOPOIN  -SAS AIOAI[9  -IpUOD [BOIUI[D) QWERU JIOWA[O] owreu 3niq JO POy [euonoung QWRU IOYUI] "OU IS

(ponunuod) | sjqer

pringer

A s



Applied Biochemistry and Biotechnology

fipiqers poon
aseafar
3nip pared
-3im-owAzuyg dnois
Koeouyo sa1es $9J9q uones [euonouny
l6t ‘8% pedouequyg  snoaueindqng  -nfuod opndog -e1p g odAp, 0ad opneuaxyg  -nfuod opndog pue opndog opndog 11
uon
-09[9s 1a31e)
uadnue 1a10g
SISYUIL 9[qelS
sonnad
-BIQY) [AON
srowAjod saresnluod a3ueyoxe J9Y3001Y)
[L¥ ‘oF]  olqepeiSeporg snoudAenu] SnIp-Apoquuy  I9dUBD jseargq Ddd ~ qewnzmsel], 9py[nsIp-[ory], pue [ory [, IOU)R0IY], 01
KIOAT[Op oud3
OIIA UI pU®
OATA UI IOJ
renuajod jeain
Koeoyyo dnoi3
onnaderay sores suon eydre uones [euonouny
(St “v1] onoidw]  snosuenogng  -nfuod ur)oid -O0JUI [RIIA 0dd -uoIoJINU]  -nfuod urdjoIg pue urajo1d urd)oid 6
uonensiuIupe  pausisop wo) uon uonesnfuoo (s)dnoi3
QOURIY SYIRWIY JOOPOIN  -SAS AIOAI[9  -IpUOD [BOIUI[D) QWERU JIOWA[O] owreu 3niq JO POy [euonoung QWRU IOYUI] "OU IS

(ponunuod) | sjqer

pringer

As



Applied Biochemistry and Biotechnology

onryd
Kyanoe -yduwe pue
[¥6 “€s] paroxduy [eIQ  SO[[eOTWOUBN  UOHRWWEHUL Ddd urnom))  A[quiasse-J[os o1qoydoipAH onydiydwry Il
dnoi3
KIoAT[Op soyes uones [euonouny
[zs ‘161 Snap poyd3ie], snoudAenu] -nfuodo Snipoid 10U Ddd [wemolon[d-¢ -nfuod Snipoid pue Snipoid Snipoig €1
uonensuad
Te[n[[ooenul
paoueyuyg
$1091)2
9SIQAPE 2INPAY
$100)9 dnoi3
Inownnue uonesn(uod [euonouny
[0S “6¢] paoueyuyg snouaAeIU] soxo[dA[od  Suroud[ls auaD 0dd VNYIS Poseq-a3eAed[)  pue d[qeAed[) J[qeAR) 4!
uonensiuIupe  pausisop wo) uon uonesnfuoo (s)dnoi3
QOURIY SYIRWIY JOOPOIN  -SAS AIOAI[9  -IpUOD [BOIUI[D) QWERU JIOWA[O] owreu 3niq JO POy [euonoung QWRU IOYUI] "OU IS

(ponunuod) | sjqer

pringer

A s



Applied Biochemistry and Biotechnology

- VAY
W B <},(>

Polymer Drug

o
K\°
o‘\'\“"a
C

A A :
)

<.4> 4\.4> Imaging
YL VA agent

Polymer Drug

Conjugate (PDC)
*

Encapsulation

Theranostic
Nanoparticle

Theranostic
Nanoparticle Theranostic Application

Fig.2 A general overview of the preparation of polymer-drug conjugate-based theranostic nanoparticles
[55]

One commonly employed conjugation method is direct chemical conjugation, where
the drug and PEG are functionalized with reactive groups that undergo a specific chemi-
cal reaction to form a covalent bond. For example, thiol groups on the drug can react
with maleimide groups on the PEG backbone through a thiol-maleimide coupling reac-
tion, resulting in stable drug attachment [9, 56]. Similarly, amine groups on the drug
can react with carboxyl or NHS ester groups on the PEG backbone through amide
bond formation [29]. Recent advancements have also utilized bioorthogonal reactions
(Fig. 3 depicts the bioorthogonal chemistry reactions which is a set of high-yielding
chemical reactions that occur in biological contexts quickly, selectively, and without
causing negative side effects to endogenous functional groups.), such as click chemistry,
to achieve selective and efficient conjugation [57, 58].

Another approach for conjugation is the use of activated PEG derivatives. PEG can
be modified with specific reactive groups, such as succinimidyl ester or isocyanate,
which react directly with nucleophilic groups on the drug to form stable conjugates.
This method allows for efficient and site-specific drug attachment, ensuring high con-
jugation efficiency and minimal loss of drug activity. Additionally, the insertion of tar-
geted ligands or other capabilities to improve the conjugate’s therapeutic qualities is
possible when using activated PEG derivatives (see Fig. 4 which shows different linkers
to create PEG derivatives) [59].

Enzymatic conjugation methods have also gained attention in recent years. Enzymes,
such as transglutaminases, can catalyse the formation of covalent bonds between the
drug and PEG through enzymatic reactions, providing a mild and selective approach to
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Fig.4 Different linkers are used to activate polyethylene glycol to create its active PEG derivatives [6].
Where (1) trichloro-s-triazine (cyanuric chloride) method; (2) a variation on the cyanuric chloride
method;(3a) method of PEG-succinimidyl succinate; (3b) glutarate substitution by succinate residue; (3c)
adding an amide bond to replace the aliphatic ester in 3a; (4) imidazolyl formate method; (5) and (6) are
variations using phenyl carbonates of PEG; (7) succinimidyl carbonates of PEG; (8) succinimidyl active

esters of PEG

@ Springer



Applied Biochemistry and Biotechnology

conjugation [59]. Enzymatic conjugation allows for site-specific drug attachment, pre-
serving the drug’s activity and minimizing non-specific interactions (see Fig. 5 which
shows different groups that are catalysing the conjugation which is very crucial for the
activity).

The choice of the conjugation method should consider factors such as the stability of the
drug, reaction kinetics, and the desired control over drug loading. Additionally, the scal-
ability and reproducibility of the conjugation process should be taken into account to facili-
tate translation from the laboratory to clinical settings. A few of the reported methods of
conjugation have been tabulated in Table 2 with different drugs conjugated with different
linkers with their key features and applications.

Characterization Techniques

Characterization techniques play a crucial role in evaluating the physicochemical
properties and performance of polymer-drug conjugates and ensuring their successful
development and effective drug delivery. Various techniques are employed which pro-
vide valuable insights into the structural characteristics, stability, drug loading, release

(a) Acyl donor Amine group
o Isopeptide bond

(b) Acyl donor Water
o [0}
TGases
+ o]
A AN Y
W H Z NH3 or
(C) Pro-se}]uence

[/
Yy

3 »/5 y
Y- '2 N
L0

Zymogen

Fig.5 mTGase is an enzyme that catalyses conjugation. a The free amine group and the acyl donor. By
releasing an ammonia group, the isopeptide link between these two molecules is created. b Water and an
acyl donor when there are no free amine groups. ¢ The mTGase crystal structure from S. mobaraensis (PDB
ID 3IU0). (Left) Due to the pro sequence, the zymogen form of mTGase folds into a helix that covers the
active site (C64). (Right) This is essential for activity, the active form of mTGase exposing the active site
(C64) of proteases [60]

@ Springer



Applied Biochemistry and Biotechnology

[cL €]

[12]

[oL “c9l

[69 ‘L9]

[69 ‘891
(89 “L9]

[sel
[99 ‘591
LS ‘0€]
[¥9 “€9]

[29 ‘191

asearar
paurelsns ‘UONUIAI pue

Anqiqeswrad paoueyuyg
Qoue)sIsaI Snip
QWO9I9A0 0} AJI[Iqe pue
‘Knigess ayenbape Ay

-01X0) MO] ‘Koedryye Y3y
Kouaro

-JOPOUNUILIT SOAI[NY
Koeoyje onnaderoy)
juedyrudis ‘syuofe
onnaderay) jo asesfar

pue peoj ay) [oNuoD)
sjuode
onnade1ayy Jo aseo[ax

puE peoj 3y} [oNuo)
s3nip 10y

WoJSAS AIOAI[Op Iopog
Kouonb

-313 o8es0p Padnpay
Kyoyroads

pue Kruyye 193181 ySiyg
9sea[al SnIp PA[[ONU0d

pue Sunosie) sansuyg
Kyanoe [eod

-13oj0oewreyd poaorduy
Sunosre) 1o130q

pue AoedoLyo paoueyuyg

SIOPIOSIP JT[OqeIAA

Kderoyjounwwy

sonnaderoy) urajorg

Surreoursus anssiy,

Kdeioyy peyagie],
K1oa1op Snig
SNOTIBA

SNOLIBA

suoneordde spdnnjy

SNOLIBA

I00UB)D)

uonesnfuod apndeg

uonednfuod Apoqnuy

uonesn(uod urejoid

uonensdesus [o301pAH

uones
-nfuod paseq-IoWLIPUd(

uonensdeous fewosodr|

uonesnfuod onewizug
uon

-e3nfuod [eorwayd 30211

Ansmuayd o1

UOTJRWLIOJ PUOQ APIWY

Surd
-N0J OPIWId[EW-[OTY ],

Toyuif opndod

TONUI] JOYIR0IYL

IoUI] UI10)0IJ

IOUI[SSOID)

Ioyur| SnLIpua
Toyury prdry
oyoads-owAzuyg
19)$9 [ApIuIIuIoong
aukyre/opizy
19189 SHN

opruIoey

s3nip paseq-opndog

sarpoquuy

s3nIp paseq-ure)oid

s3nIp o[qn[os-TaJeAy

S3NIp SNOLIBA

s3nup o1qoydoIpAH
sSnIp snorrep

s3nap oriydosonN
SSnIp snoLIeA

s3nip Furureuod-auIUy

s3nIp Sururejuod-[ory L,

opndad-nHd

Apoqnue-Hgd

ur01d-o7dg

[9801pAY-DHd

JowLIpuap-Ogd
swosodi-Hgdq
s1sAe1es owkzus-nHJ
19)89 [Aprururoons-Had
Ansmayd Y219-HHd
19159 SHN-Ddd

spruerew-HHd

QIOURIRJY

W3IySH

UOnIpUOd [edrur)

poyiow uonednfuo)

pasn Ioyur]

pare3nfuod Snig

Qwreu 9je3nfuo)

suoneordde pue sarmjedy Aoy oy} (M SIONUI] JUSIOPIP YIIm pajesSn[uod s3nip JuaRyIq g 3jqel

pringer

A s



Applied Biochemistry and Biotechnology

[es]

[z8 18]

[08 ‘6L]

[8L°LL]

(9 ‘5Ll

L ‘eL]

KISAT[op-00 pajasie)
‘Koeoryye Teorwayo0Ayd
S, WAISAS SNOATIU
[enuod oy} Suroueyuyg
sOav
QJes pue 9AII0Y IO
Korxoy
paonpal pue ‘own
uone[noaIrd paguojoxd
“10dsuen) oueIquIOW
-sueI) 19319q ‘ATIqnjos
pue A[iqess paoueyuyg
SWA)ISAS AIQAT[Op
3nap aarsuodsal-nuns
‘osuodsar Tnwms as1ald
Sunasie) ostoard
J90JJ0 UONUDIAI puR
Aynpiqeswred pasueyu
“Knquedwooorq
pue Aqiqess paaoaduy
soxo[dwod
jrews o[qewwesSoxd
se soronIedoueu YN

Kde1ay) Jueprxonuy

QUIDIPIW ANBIUAZTY

Kde1ay) uoneuiquo))

uonezZINIqn[os Sni(y

KISAT[Op Snip pasueyuyg

Kdeoyy auan

uonednfuod jouaydLjog

uone3nluod Hyn

uonednfuod sponredoueN

UOTJBULIOJ S[[ITA

uone3n(uod 3nrpoig

uonesnfuod YN

1yur] joudyd&jod

J[nosjow 19oedg

Toyul] priqAH

Toxury orrydrydury

IoYUT] A[qBABS[D

IoUT] 9[qBABS[D

s3nip paseq-jouaydAjod
s3nip paseq
-uedA[Sourwesodk|n

S3nIp snoLIeA

s3nup oiqoydorpAH

sSnIp snorrep

s3n1p paseq-yN

[ouaydAjod-Hg4

ueoA[SouruesodA[3-0gd

9rontedoureu puqAy-H7d

S[[edT-HHd

Snipoid-Hgd

VNU-Ddd

QOURIRJY

WSYSTH

UONIPUOD [T

poyiow uonednfuo)

pasn Ioyur|

pare3nfuod 3nig

Qwreu 9)e3nfuo)

(ponunuoo) zs|qe

pringer

As



Applied Biochemistry and Biotechnology

[96 ‘6l

[v6 ‘col

[26 ‘161

[06]

(68 ‘881

[L8 “¢]

[98 ‘9]

(8 ‘¥8l

Kyoyroads
pue 309y9 paroxdwy
S[[99 10818} £q oyerdn
pasearour ‘Surpuiq
urojoxd wnIas paonpar
“Kimiqueduwooorq pue
Aiqereaeorq pasueyuyg
K1aA1[op Snap
Pa1a5Ie) ‘u0109)9p Jo
3582 pue AJI01X0) SSI

K19AT[9p SnIp poyegie],
K)191X0) MO] ‘KIQAT[OP
juajod ‘Koedyje poon
Aqess ysiy
‘SOAT[-J[BY POPUSIX
‘Kyiqe Sunedie) pue
Aynpiqnyos 119y 2a01dwy
Koeoyyo pue A3
-oy1oads oy Suraoxdwr
‘Kderoy) poyadie],
uonepeIdop asedjoid
jsureSe uoneatosard
9sATejeo pue ‘osesfor
paurejsns ‘AoeoLJo
Surpeo] y3iy ‘Aoeoyyo
onnadesay Snap Sur
-SBOIOUT ‘S[[00 JoS1E)
0 s3n1p pajerodioour
JO KIoAT[Op QouBqUH

Kde1ay) 100ued pajagie],

aseafar Snip pafjonuo)

Kdeioy) eurayioloyq
Funesie) onoudeN

KISAT[Op Te[ny[eoenu]

9SBI[I PI[[ONUOD)

SurSewn poyedie],

UONEITUNUILIOD [[3)

uones
-nfuod aqmjoueu uoqIe))

uonensdeoud rowk[od

uonesn(
-u09 9pontedouru pjon

uonesnfuod
arontedouru onouSeA

uonez
-Irewrajur paseq-opnded

uonednfuod
Snipoid paseq-1owA[od

uonesnfuod ApoqoueN

uonesnfuod swosoxg

IOMUI] SQNIOUBU UOGIE))

Toyury orprydorpAH

13u1] PloD

IoUT[ ONAUSEN

opndad Sunensuad-1jo)

Snipoid 1owAjod

9[noojow 19oedg

IOYUI] PIATISP-SWOSOXH

s3nIp J90UBI-NUY

sSnup o1qoydoIpAH

syuage onnaderay],
s3nip onouSeN

S3NIp SnOLIBA

SSnIp SnOLIBA

SOIPOqOUBN

SOINOS[OW ATIOROTY

aqnjouru uoqIed-NIJ

1owAjod
oniydorpAy-Hdd

sronaedouru pioS-ogd

Jronted
-oueu onuSeW-NHJ

opndad
Sunensuad [[90-07d

Snipoid rowAjod-Hgd

Kpoqoueu-Hgd

QWOSOXo-DFJ

QOURIRJY

WSYSTH

UONIPUOD [T

poyiow uonednfuo)

pasn Ioyur|

pare3nfuod 3nig

Qwreu 9)e3nfuo)

(ponunuoo) zs|qe

Springer



Applied Biochemistry and Biotechnology

[co1]

‘vo1 ‘€01l

[zo1 ‘1011

[oor1 ‘661

[86 ‘881
[L6]

S[[99 I19oULd OJul
uonezieurul Snip
PoZIuIXeWw pue ‘KIIor
-X0) OTWIA)SAS PIJBIAD[[E
‘uonnqInsip 1o31e}-uou
JO oouEpIOAE ‘S3NIp JO
K1oA119p oyroads-jadie],
sonnaderoy
urajold pue apndad
paduryu AJ[ROTIIaYD
“xopur onnaderay) ysiy
pUE UIIOUOD AJ9Jes MO
Kyoruagounuurwr
PaseaIo9p ‘sonssn
pue s[[2o 12518} 0)
K19AT[9p QU3 pue Inip
Jo Koeoyjye padueyuyg
S1091J9 IpIS
onnedeIay [[eI19A0 oY}
SOZIWIUIW YIIYMm [01)
-u09 Terodway-oroeds
pUE JuaWIeaI) PIZI[BI0]
‘SSQUQATSEAUT [EWTUTU
‘KI1AT3O90S JOYSTH
K)11X0) MO] ‘KISAT[OP
juajod ‘Koeoyje poon
Koeoyye paroxduy

SISBASIP
PAJB[aI-SSAIS QAIBPIXO

SurSewr renosoN

uoneande 3nip pajadie],

Kdexayy orwreukpojoyd

Sunesie) anowny,
Anqiqeys Snap pasueyuyg

uonednfuod jueprxonuy

Surpaqejorpey

uone3nfuod Snipoig

uonesnfuos unkydiog

uorn
-e3nfuod proe ooineAHq

uonesn(uod urunqry

IOYUI] JUBPIXONUY

I0)B[aYD

1yurf Snipoid

1ovur] utikydiog

JIoyuI| PIoe druoIn[eAH
JoyuI[ urunqry

sjueprxonuy

s3nip aAnoeoIpRY

Snipoig

SIOZNISUSOJ0YJ

sSnip
Paseq—proe druoImeAHq
sSnip Surpuiq-urungry

Jueprxonue-Had

adojostorper-ogd

Snipoid Snip-ngd

unikydiod-ngd

proe oswoineAy-Had
urunqre-HHd

QOURIRJY

WSYSTH

UONIPUOD [T

poyiow uonednfuo)

pasn Ioyur|

pare3nfuod 3nig

Qwreu 9)e3nfuo)

(ponunuoo) zs|qe

pringer

As



Applied Biochemistry and Biotechnology

kinetics, and biocompatibility of the conjugates. Several advanced techniques have
been employed to assess the key parameters of polymer-drug conjugates, including the
following.

Nuclear Magnetic Resonance (NMR) NMR spectroscopy is widely used to confirm the
successful conjugation of drugs to polymer carriers. It enables the identification and quan-
tification of drug-polymer interactions, confirms the successful conjugation of the drug to
the polymer backbone, and determines the degree of drug incorporation [106].

Fourier Transform Infrared Spectroscopy (FTIR) FTIR is commonly used to identify the
functional group and confirm the chemical bonding between the polymer and drug by ana-
lysing the characteristic peaks of functional groups involved in the conjugation process it
provides information on the chemical structure and compatibility of the conjugates [107].

Dynamic Light Scattering (DLS) DLS is used to measure the size distribution and stabil-
ity of polymer-drug conjugates in solution as well as the size distribution of polymer-drug
conjugates in solution. It provides insights into their stability, aggregation behaviour, and
potential for controlled drug release valuable information on the hydrodynamic diameter,
polydispersity, and aggregation behaviour of the conjugates [108].

Transmission Electron Microscopy (TEM) TEM allows for the visualization of polymer-
drug conjugates at the nanoscale level. It provides insights into the morphology, shape, and
size of the conjugates, confirming the formation of desired nanostructures [109].

In Vitro Release Studies To assess the release kinetics and drug release patterns from pol-
ymer-drug conjugates, in vitro release experiments are carried out. To simulate the drug
release behaviour in the target region, these experiments are often conducted in physiologi-
cally realistic settings. To examine the drug release profiles, several techniques including
dialysis, dissolution, or Franz diffusion cells are used [110].

Size Exclusion Chromatography (SEC) The molecular weight distribution and homogene-
ity of polymer-drug conjugates are assessed using SEC. It aids in determining how conju-
gation affects the size and stability of the polymer [109].

Mass Spectrometry (MS) The molecular mass and structural integrity of polymer-drug
conjugates are determined by MS analysis. It gives details on purity, the ratio of drug to
polymer, and if any degradation products are present [111].

Differential Scanning Calorimetry (DSC) Polymer-drug conjugates’ thermal behaviour
and phase transitions are assessed using DSC. Any modifications in the melting point or
thermal stability brought on by drug conjugation can be detected [112].

X-ray Diffraction (XRD) The degree of drug incorporation and crystallinity within the pol-
ymer matrix are investigated using XRD analysis. It aids in determining the drug’s phys-

icochemical condition and diffusion throughout the circulatory system [111].

Thermal Analysis The thermal behaviour, melting point, and thermal stability of polymer-
drug conjugates are evaluated using methods like differential scanning calorimetry (DSC)
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and thermogravimetric analysis (TGA). They aid in comprehending medication stability
and release patterns in varied environments [113].

Biological Assays The biological activity and biocompatibility of polymer-drug conju-
gates are evaluated using a variety of biological tests, such as cell viability, cytotoxicity,
and cell uptake studies. These tests give information on the conjugates’ therapeutic effec-
tiveness and safety [62, 114—116].

It is essential to remember that the choice of characterization methods depends on
the unique characteristics and needs of the polymer-drug conjugates under investigation.
Combining these methods provides a thorough understanding of the properties and per-
formance of the conjugates, helping their development and improvement for therapeutic
uses.

Applications in Therapeutics

Due to their capacity to increase drug delivery, enhance pharmacokinetics, and target
certain tissues or cells, polymer-drug conjugates have demonstrated tremendous prom-
ise in a variety of medicinal applications. Some significant uses for polymer-drug conju-
gates include the following.

Cancer Therapy By increasing the selectivity and effectiveness of anti-cancer medica-
tions, polymer-drug conjugates have revolutionized cancer therapy. PEGylated liposomal
doxorubicin (Doxil®) is one example [15]. Paclitaxel that has been PEGylated (Genexol-
PM®) [117] (Fig. 6 displays many polymeric conjugates that are utilised for anti-cancer
therapy) demonstrates improved tumour accumulation, extended circulation, and lower
systemic toxicity.

= Polymer

O — Drug, Therapeutic Agent,
= Targeting, Imaging Agent

:

W 4

Linear conjugate  Amphiphilic diblock

Drug-Polymer conjugate

Dr Drug-polymer
injected to the blood conjugate
vessel

Dendritic

*

Micellar conjugate  Micellar capsule

-

Core Cross-linked ~ Shell Cross-linked W Cancer Cell
Micelle Micelle

el

Polymeric conjugate releases the drug in the cancer cell

Types of Polymer-drug conjugates throuah endocvtosis

Fig. 6 Conjugate delivers medications into the body’s systemic circulation in a certain sequence [118]
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Targeted Drug Delivery Targeting certain tissues or cells can be done actively or passively
with polymer-drug conjugates. Active targeting involves attaching ligands or antibodies to
the polymer backbone, while passive targeting relies on the enhanced permeability and
retention (EPR) effect. These strategies improve drug concentration at the desired site and
minimize off-target effects [21].

Controlled Drug Release Polymer-drug conjugates offer the advantage of controlled drug
release, allowing sustained and localized delivery of therapeutic agents. Stimuli-respon-
sive polymers, such as temperature, pH, or enzyme-sensitive linkers, enable triggered drug
release at specific sites (Fig. 7 illustrates the process of transporting and releasing activity
of pH-sensitive linkers in the delivery system) [119].

Gene Delivery Polymer-drug conjugates have also been explored for gene delivery appli-
cations (see Fig. 8 exhibits the different drug delivery systems, which have been designed
using PDCs). PEGylated polymeric nanoparticles can efficiently encapsulate and protect
nucleic acids, enabling their delivery to target cells for gene therapy or RNA interference
[121].

Anti-inflammatory and Immunomodulatory Therapy Polymer-drug conjugates can be
designed to deliver anti-inflammatory or immunomodulatory drugs to treat various inflam-
matory and autoimmune diseases [122, 123]. Examples include PEGylated glucocorticoids

NORS > -

Synthesis - Self assembl
Polymer backbone —Y——-, /\ﬁ\m/\/ b LN

o

Stimuli responsive linkers

J OH
- % ve)
Tumor tisue \ @
pH 6.5-6.9 e — E = o

Lysosome/endosome Se f% C -
pH4.5-6.5 <l N oo

Fig. 7 Using pH-sensitive linkers, PDCs are delivered into cancer cells and released [120]

@ Springer



Applied Biochemistry and Biotechnology

Polymeric conjugates for drug delivery:

Water-soluble linear polymers Dendrimers Polymeric micelles

Fig. 8 Polymeric drug conjugates for drug delivery [2]

for the treatment of rheumatoid arthritis [105] and PEGylated cytokines for immunother-
apy (see Fig. 9 where methods for managing the inflammatory cascade and inflammation
through neutrophils, monocytes, lymphocytes, macrophages, etc. are conveyed) [124].

These applications (Table 3) demonstrate the versatility and potential of polymer-drug
conjugates in improving therapeutic outcomes and addressing the limitations associated
with conventional drug delivery systems.

Delivery Systems Designed from PEGylated Polymer-Drug Conjugates
(PEG-PDCs)

Polymer-drug conjugates (PDCs) have emerged as a revolutionary platform for drug deliv-
ery, offering numerous advantages over conventional drug delivery systems [120, 144].
These advantages include improved solubility, enhanced pharmacokinetics, controlled drug
release, and targeted delivery [145]. This review critically analyses various delivery sys-
tems designed by PEG-PDCs, highlighting their key features, advantages, and limitations.

Types of Delivery Systems from PEG-PDCs

PEG-PDC:s can be utilized to design various delivery systems, catering to diverse therapeu-
tic needs. Some of the prominent types include:

1. Micelles: Amphiphilic PEG-PDCs can self-assemble into micellar structures, encap-
sulating drugs within the hydrophobic core. Micelles offer improved drug solubility
and controlled release, making them suitable for hydrophobic drugs and sustained drug
delivery [146-148].

2. Liposomes: PEG-PDCs can be incorporated into the phospholipid bilayer of liposomes,
providing them with enhanced stability, prolonged circulation times, and improved drug
delivery. Liposomes enable targeted delivery through surface modifications with ligands
[36, 149, 150].

3. Nanoparticles: Polymeric nanoparticles loaded with drugs offer enhanced bioavail-
ability, controlled release, and targeted delivery. PEG-PDCs can be used to design
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Fig. 9 a Recruitment of neutrophils and their roles in inflammation. By expressing P-selectin glycoprotein ligand
1 (PSGL1) and L-selectin, which bind to their respective ligands on the endothelium, neutrophils gently roll along
the endothelium. Once at the region of inflammation, intercellular adhesion molecule 1 (ICAM1) on the endothe-
lium and lymphocyte function-associated antigen 1 (LFA1) expressed on the neutrophil lock to start transmigra-
tion to the infected or inflammatory tissue area. To stop the spread of infection, neutrophils at the site of infec-
tion either phagocytose pathogens or release granules, reactive oxygen species (ROS), or neutrophil extracellular
traps (NETs). After that, neutrophils commit to apoptosis, which starts other immune cell types migrating. By
using efferocytosis, monocytes and macrophages eliminate dead cellular materials (pathogens and neutrophils),
and they eventually go to the liver and lymph nodes to eliminate and deal with pathogenic materials. Furthermore,
in order to support tissue repair, post-efferocytosis monocytes change to a pro-resolution phenotype. b Therapies
not dependent on particles that control inflammation. stem cell therapies: mesenchymal stem cells (MSCs) that
have been transplanted have the ability to generate cytokines that suppress the immune system, which can reduce
immune cell recruitment and activation, increase the creation of regulatory T (Treg) cells, and block the develop-
ment of T helper 1 (TH1) and T helper 2 (TH2) cells. Cytokines and antibody-based treatments: inflammatory
cytokines attach to blocking antibodies or decoy receptors, which prevents their activation and reduces systemic
inflammation. Vascular endothelial cells are the target of biological treatments that block certain leukocyte adhe-
sion molecules, preventing immune cells from transmigrating and so inhibiting the inflammatory response. Tar-
geted blocking of immune cells: by preventing certain receptors on the surface of immune cells, medications can
directly revent immune cells from becoming pathologically activated. Monoclonal antibodies, or mAbs [125]
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nanoparticles with specific sizes, surface properties, and drug release profiles for tailored
therapeutic applications [12, 151-153].

4. Hydrogels: PEG-PDCs can be incorporated into hydrogels for sustained and localized
delivery of drugs. Hydrogels offer excellent biocompatibility and can provide a con-
trolled release environment for sensitive drugs [30, 43, 69, 154, 155].

5. Conjugates with targeting ligands: PEG-PDCs can be conjugated with targeting ligands,
such as antibodies or peptides, to specifically target diseased tissues. This approach
reduces systemic exposure and enhances therapeutic efficacy while minimizing side
effects [66].

Research Examples of Delivery Systems Derived from PEG-PDCs

The following table (Table 4) summarizes recent research on delivery systems designed
from PEG-PDCs, highlighting key aspects of each study.

Current Challenges and Future Perspectives

PEG-PDC-based delivery systems offer significant advantages over conventional drug
delivery methods [55, 163]. They can improve the therapeutic efficacy and safety of vari-
ous drugs while providing controlled release and targeted delivery [32, 164]. However, fur-
ther research is needed to address certain challenges, including:

Development of more efficient and cost-effective synthesis methods [163].
Improved targeting strategies for specific diseases and tissues [25].

Overcoming potential immunogenicity concerns of PEGylation [116].

Developing strategies to control and optimize drug release profiles [110, 165, 166].

Despite these challenges, PEG-PDC-based delivery systems hold immense potential
for revolutionizing drug delivery and improving patient outcomes. Future research efforts
focused on addressing the existing challenges and exploring new applications will further
propel the advancement of this promising technology.

Overcoming Limitations in PEG-Based Polymer-Drug Conjugation

Despite the significant progress in the field of PEG-based polymer-drug conjugates, sev-
eral challenges still need to be addressed. One of the challenges is the efficient and selec-
tive conjugation of drugs to PEG polymers. The development of novel linker chemistries
and conjugation strategies that provide controlled and site-specific drug attachment to PEG
can enhance the stability and therapeutic efficacy of the conjugates [9, 167]. Addition-
ally, optimizing the ratio of drug to polymer and the polymer size can further improve the
drug loading capacity and release kinetics of the conjugates [168, 169]. Overcoming these
limitations will contribute to the development of more effective PEG-based polymer-drug
conjugates.

Limited In Vitro Validation The study primarily relies on in vitro experiments [165, 170,
171]. While these experiments provide valuable insights into the basic mechanisms of
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action of the PEG-PDC-based delivery systems, they cannot fully predict the complex bio-
logical environment in vivo [172]. Further studies involving animal models and clinical
trials are crucial to assess the safety and efficacy of these systems in humans.

Potential for Off-Target Toxicity While PEG-PDCs are generally considered biocompat-
ible, there is still a risk of off-target accumulation and potential side effects [173]. This is
particularly concerning for nanoparticles that accumulate in organs such as the liver and
spleen. Future research should focus on optimizing targeting strategies, such as by incorpo-
rating specific ligands or antibodies, to minimize off-target delivery.

Limited Drug Loading Capacity Some PEG-PDC-based delivery systems may have lim-
ited drug loading capacity, restricting their effectiveness for certain therapeutic applica-
tions [152]. This is especially true for hydrophobic drugs that are difficult to encapsulate
efficiently. Developing strategies to enhance drug loading without compromising stability
and biocompatibility is crucial for realizing the full potential of these systems.

Scalability and Cost-Effectiveness Scaling up the production of some PEG-PDCs can be
challenging and expensive, limiting their widespread clinical use [174]. This is a major
hurdle that needs to be overcome before PEG-PDC-based therapies can be made available
to patients on a large scale. Future research should focus on developing cost-effective and
scalable methods for PEG-PDCs production, such as continuous flow synthesis or micro-
fluidic technologies.

Limited Understanding of Long-Term Effects The long-term effects of PEG-PDC-based
delivery systems are not fully understood [172, 175]. This is a significant concern, as nano-
particles can potentially accumulate in the body and cause long-term toxicity. Further stud-
ies are needed to investigate the potential for long-term effects and bioaccumulation of
PEG-PDC-based systems before they can be widely adopted in clinical practice.

Regulatory Considerations and Clinical Translation of PEG-Based Systems

The clinical translation of PEG-based polymer-drug conjugates requires careful considera-
tion of regulatory aspects. Understanding the regulatory requirements for the development,
manufacturing, and clinical evaluation of PEG-based conjugates is crucial for their suc-
cessful translation into the clinic. Issues related to the safety, toxicity, pharmacokinetics,
and immunogenicity of the conjugates need to be thoroughly investigated [39, 176]. More-
over, scalability and reproducibility of the synthesis and manufacturing processes should
be addressed to ensure consistent product quality. Collaboration between researchers, clini-
cians, regulatory authorities, and industry partners is essential to navigate these regulatory
challenges and facilitate the clinical translation of PEG-based polymer-drug conjugates
[130, 151].

Emerging Trends and Future Directions for PEG-Based Research

The field of PEG-based polymer-drug conjugates is continuously evolving, and several
promising trends and future directions can be identified. One such trend is the develop-
ment of multifunctional conjugates that combine therapeutic agents with imaging probes
or targeting ligands to enable personalized medicine and improve treatment outcomes
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[177, 178]. Furthermore, the integration of stimuli-responsive properties into PEG-based
systems allows for on-demand drug release at specific disease sites, enhancing therapeu-
tic efficacy and minimizing off-target effects [179, 180]. Exploring new polymers, such
as dendrimers, hyperbranched polymers, or supramolecular polymers, holds promise for
expanding the versatility and functionality of PEG-based conjugates [22]. Additionally,
advances in nanotechnology and nanomedicine can offer innovative strategies for the deliv-
ery of PEG-based conjugates, including the development of novel nano-carriers or combi-
nation therapies [22, 181]. The development and clinical use of PEG-based polymer-drug
conjugates will be aided by continued research efforts in these fields.

Future Scopes

Development of Novel PEG-PDC-based Platforms New PEG-PDC-based systems with
improved functionalities, such as stimuli-responsive release, multimodality imaging, and
combined drug delivery, can be developed to address specific therapeutic needs. These
advanced systems can offer greater control over drug delivery and improve therapeutic
efficacy.

Integration with Advanced Technologies PEG-PDCs can be integrated with nanotech-
nologies, biomaterials, and artificial intelligence to create more sophisticated and personal-
ized delivery systems. This integration can lead to the development of smart and respon-
sive systems that can tailor their delivery behaviour to the specific needs of each patient.

Exploration of New Therapeutic Applications PEG-PDCs can be explored for the deliv-
ery of various therapeutic agents, including gene editing tools, nucleic acids, and cell-
based therapies. This opens up a wide range of potential applications for PEG-PDC-based
systems in treating various diseases.

Improved In Vivo Studies More comprehensive preclinical studies using relevant animal
models are essential to assess the safety and efficacy of PEG-PDC-based systems in vivo.
These studies should involve testing the systems in various disease models and evaluating
their long-term effects.

Clinical Translation The successful translation of PEG-PDC-based delivery systems into
clinical practice requires robust clinical trials to demonstrate their safety and efficacy in
humans. These trials should be well-designed and conducted following ethical guidelines
to ensure the safety and well-being of patients.

Discussion and Conclusion

The design and production of PEG-based polymer-drug conjugates and their therapeutic
uses, as well as the existing difficulties and promising future directions in this sector, have
all been covered in this article. The discussion has highlighted the significance of PEGyla-
tion as a tactic to improve drug delivery system effectiveness and get around the drawbacks
of traditional formulations.

The benefits of PEG-based polymer-drug conjugates include better solubility, longer
circulation times, less immunogenicity, and tailored drug delivery. These conjugates have

@ Springer



Applied Biochemistry and Biotechnology

proven to improve drug stability, controlled release, and selective targeting of particular tis-
sues or cells through logical molecular design, linker selection, and conjugation techniques
[130, 150, 182-184]. The effectiveness and specificity of drug conjugation are greatly
influenced by the choice of linker and conjugation technique. The intended release kinetics,
stability, and biocompatibility of the conjugates should be taken into account while choos-
ing and designing suitable linkers and conjugation techniques [120, 123, 185]. Characteri-
zation methods are essential for evaluating the physicochemical properties, stability, and
efficacy of PEG-based polymer-drug conjugates. Numerous techniques, including spectros-
copy, chromatography, and microscopy, may be used to analyse the structural characteriza-
tion of the conjugates, release kinetics, and efficiency of drug loading. These techniques
help to guarantee the consistency and quality of the conjugates for use in clinical trials
and additional research [153, 180, 184, 186]. The conjugates have enhanced treatment out-
comes, decreased systemic toxicity, and patient compliance. They might be designed to
specifically target cancer cells or tumour microenvironments, enabling site-specific drug
delivery and minimizing adverse effects. PEG-based conjugates can be changed to add
other capabilities, such as imaging agents or stimuli-responsive components, expanding
their potential for application in diagnostic and therapy monitoring [187-190]. PEG-based
polymer-drug conjugates have demonstrated great potential, but there are still several prob-
lems that need to be fixed. Overcoming limitations in conjugation efficiency, stability, and
scalability is crucial for their successful translation into clinical use. Regulatory consid-
erations play a significant role in the development and approval of PEG-based systems for
therapeutic applications, necessitating rigorous preclinical and clinical evaluations. Future
research should focus on developing more advanced and multifunctional conjugates,
exploring novel polymers, optimizing drug loading and release kinetics, and addressing
potential immunogenicity issues.

In conclusion, PEG-based polymer-drug conjugates represent a promising approach for

improving drug delivery in various therapeutic areas. Their rational design, selection of
appropriate linkers and conjugation methods, and comprehensive characterization enable
enhanced therapeutic efficacy and reduced toxicity. The applications of these conjugates in
cancer therapy and other diseases highlight their potential impact in the field of therapeu-
tics. However, further research and development efforts are required to overcome existing
challenges and realize the full potential of PEG-based polymer.
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