Wiley

Advances in Polymer Technology

Yolume 2025, Article D 4707146, 18 pages
https://doi.org/10.1155/adv/4707 146

WILEY

Review Article

Polymer-Lipid Hybrid Nanosystems: An Emerging Advanced
Therapeutic Tool

Nnamdi Ikemefuna Okafor ®,' Nkeiruka N. Igbokwe,”* Ngozi Francisca Nnolum-Orji,' and
Yahya E. Choonara®'

'Wits Advanced Drug Delivery Research Unit, Department of Pharmacy and Pharmacology, School of Therapeutic Sciences,
Faculty of Health Sciences, University of Witwatersrand, Johannesburg, South Africa

2Department of Pharmaceutics and Pharmaceutical Technology, University of Maiduguri, Maduguri, Borno State, Nigeria
*Department of Pharmaceutics, University of KwaZulu Natal, Durban, South Africa

Correspondence should be addressed to Nnamdi Ikemefuna Okafor; okafornnamdil7@gmail.com and
Yahya E. Choonara; yahya.choonara@wits.ac.za

Received 6 March 2025; Revised 16 October 2025; Accepted 18 October 2025
Academic Editor: Srijoni Sengupta

Copyright © 2025 Nnamdi Ikemefuna Okafor et al. Advances in Polymer Technology published by John Wiley & Sons Ltd. This is
an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Polymer-lipid hybrid (PLH) nanoparticles have become an appealing therapeutic delivery system owing to their special properties.
These nanoparticles are made with polymer and lipid components and have garnered significant interest across therapeutic
applications. The combined properties of the polymers and lipids enable improved drug delivery by enhancing the stability,
biocompatibility, and controlled drug release of the nanoparticle. The versatility of this form of drug carrier, including biomimetic
and biocompatible features, allows the encapsulation of a wide range of therapeutic agents, including hydrophilic and hydrophobic
compounds, proteins, and nucleic acids. These drug carriers can be modified and adapted to target the desired site of action,
specific cells, and tissues, while minimizing the possibility of off-target and adverse effects. Thus, this review provides an in-depth
analysis into PLH nanoparticles as a novel delivery system, their inherent characteristics, the functionalization strategies, and their

wide applications, while providing their potential for future possibilities.
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1. Introduction

Polymer-lipid hybrid (PLH) nanoparticles (Figure 1) are
nanoscale drug delivery systems with both polymer and lipid
components. These are core-shell nanoparticles with the
physical stability and biocompatibility of polymeric and lipo-
somal nanoparticles, composed of a polymeric core and
lipid/lipid—polyethylene glycol (PEG) shells [1] (Figure 1).
While polymeric nanoparticles have good structural integ-
rity, reduced polydispersity, and prolonged duration of
plasma circulation, their drawbacks include biocompatibility
issues due to polymer degradation and reduced drug encap-
sulation efficiency (EE) for hydrophilic drugs [2]. On the
other hand, lipid nanoparticles can encapsulate both

hydrophilic and hydrophobic drugs; however, their reduced
biological stability, high polydispersity, and limited surface
functionalization scope impact their utilization in drug deliv-
ery (2, 3). PLH nanoparticles are, therefore, amongst the
most studied and alternative delivery strategies aimed
towards transforming treatments and overcoming the limita-
tions associated with polymeric and lipid nanoparticles [4].

The distinctive characteristics of PLH nanoparticles such
as, enhanced stability and adaptability in protecting the ther-
apeutic agents, have enabled targeted delivery and increased
bioavailability; hence, PLH nanoparticles have been investi-
gated for a wide range of applications, including bioimaging,
gene delivery, and vaccine delivery [5-7]. They are regarded
as a promising drug delivery tool for several drugs, including
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FiGure 1: Diagrammatic presentation of drug-loaded PLH nanoparticles adapted from Sivadasan et al. [1].
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Fiure 2: Schematic demonstration of formation of PLH nanoparticles using one-step and two-step nanoprecipitation methods [12].

anticancer drugs, due to their stable lipid and polymer com-
position, which also promotes enhanced biocompatibility
and controlled drug release [1, 8]. The surface functionaliza

tion properties of these nanoparticles make them the perfect
drug delivery device for targeted delivery, which is very
appealing in the clinical field [9, 10]. This has enabled ease
of drug release on demand, in response to environmental or
physiological factors [10, 11]. PLH nanoparticles are very
scalable and known to self-assemble via a one- or two-step
nanoprecipitation process (Figure 2) in a reproducible and
predictable manner and have been prepared using natural,

synthetic, and semisynthetic polymers [1, 7]. The presented
review has therefore paid keen attention to highlighting
the properties, functionalization strategies, characterization
approaches, and the different applications of PLH nanopar-
ticles as emerging therapeutic delivery platforms.

2. Properties of PLH Nanoparticles and Their
Role in Drug Delivery

PLH nanoparticles generally contain lipids and polymer
components. They comprehensively combine the biological
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TasLE 1: Summary of properties of PLH nanoparticles and their role in drug delivery.

S/N

Properties

Description

Reference

—

Biodegradability and biccompatibility

Encapsulation of hydrophilic and
hydrophobic drugs

Modifiable drug release profile

Highly biodegradable due to the polymer core in their structure acting as a
cytoskeleton, which provides mechanical stability, regulates morphology, and
offers a larger specific surface area with a small particle size.

Their biocompatibility is due to the lipid shell surrounding the core, which
behaves similarly to cell membranes. This lipid shell is versatile in interacting with
other membranes or surfaces of various molecules,

Compared to liposomes and polymeric nanoparticles, they can encapsulate more
hydrophobic drugs with a therapeutically high drug loading. At the same time, the
amphiphilic nature of incorporated lipids can facilitate the adsorption of
hydrophitic compounds on a bilayer surface, allowing multiple hydrophilic and
hydrophaobic therapeutic agents to be coloaded when needed.

The drug release profile can be modified by optimizing the core, shell material, or

[21-24)

[22-24)

(7, 25]

bath, to achieve a controlled, sustained, or prolonged release pattern.

Compared to liposomes, other lipid-based nanoparticles, and polymeric

4 Better stability

Capability for passive and active
targeting

nanoparticles, PLH nanoparticles can be stored longer and maintain their serum

[26]
stability.

In addition to their passive targeting ability, which depends on particle size, they
can be functionalized for smart-active targeting, especially with targeting ligands
such as aptamers, peptides, folic acid, transferrin, and antibody.

[27]

compatibility of lipid-based systems with the mechanical
robustness and controlled-release features of polymeric sys-
terns [13]. The biodegradability, biocompatibility, modified
release ability, better stability, capability for encapsulation of
hydrophilic and hydrophobic compounds, and the ability for
passive and active targeting make PLH nanoparticles optimal
platforms for advanced drug delivery. Each of their cardinal
propetties significantly contributes to a functional advantage,
including prolonging the circulation time, reducing toxicity,
improving drug loading, enhancing tissue penetration, and
ensuring precise control over drug release {14-16]. These
benefits have made PLH nanoparticles very desirable in areas
of cancer therapy, mRNA, and gene delivery as well as in
poorly soluble drug delivery [17-20]. Table 1 summarizes the
cardinal properties of PL nanoparticles and their specific role
in drug delivery.

3. Functionalization Approaches for PLH
Nanoparticles Modification

The process of functionalizing PLH nanoparticles is essential
for medifying their characteristics and actions for particular
drug delivery and targeting uses [28, 29]. Some well-known
functionalization approaches that have been explored for
these nanoparticles include the conjugation of different tar-
geting ligands, PEGylation of the nanoparticle, attachment of
stimuli elements, or even imaging agents to the nanoparticle
surface (Figure 3) [30]. These strategies can enhance the
uptake of the nanoparticles by the targeted cells while further
maximizing the therapeutic efficacy and minimizing possible
adverse and off-target effects [31}. The main functionaliza-
tion approaches for the modification of PLH nanoparticles
are summarized below.

3.1. Conjugation of Targeting Ligands. This is one of the
functionalization techniques that has proven to enhance

the properties of the conventional nanoparticles to specifi-
cally target and bind to cells through the conjugation of the
targeting ligands to the surface of the nanoparticles [6, 31].
This involves attaching specific molecules like peptides, small
molecules (e.g., folate), aptamers, or antibodies to the surface
of the nanoparticles (Figure 4). These ligands are selected
based on their binding affinity to specific receptors or bio

markers expressed on the target cells or tissues [33, 34].
Therefore, this method enables PLH nanoparticles to be spe-
cifically designed to target the desired biological sites, opti-
mizing the delivery of therapeutic medicines to the targeted
site [6, 35]. This strategy achieves a targeted delivery by
improving the absorption or uptake of the nanoparticles by
the intended cells, thus, improving the efficacy of the treat-
ment and lowering possible off-target consequences [3, 7].
Moreover, the conjugation of targeted ligands approach
tends to avoid the rapid clearance mechanism of the nano-
particles from the body, thus, bypassing the biological bar-
riers and extending the circulation half-life [36). This has
been demonstrated to improve the overall drug delivery effi-
cacy and helps minimize any possible adverse effects
assigned with non-specific distribution [37, 38]. Conjugation
of the targeting ligands is a potent approach for ameliorating
the performance of PLH nanoparticles and further enhanc-
ing their properties as highly efficient drug carriers with
precise targeting [33, 35].

3.2. Stimuli-Responsive Functionalization. The stimuli-
responsive functionalization has been adopted to augment
the PLH nanoparticles’ performance [3]. These nanoparticles
are modified by utilizing this technique, enabling them to
react to specific physiological conditions due to the attach-
ment of certain stimuli-responsive elements, thus, enhancing
targeted, controlled, and stimulated drug release [39, 40].
The stimuli-responsive PLH nanoparticles can be designed
to combine with temperature-responsive lipids or pH-
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Ficuse 3: Diagrammatic demonstration of PLH nanoparticle func-
tionalization, adapted from Gajbhiye et al. [7].

sensitive polymers to particularly control the release of the
drugs in response to changes in the physiological environ-
ment. These pH-sensitive polymers vary in their shape in
acidic or alkaline environments and, therefore, have become
one of the strategies for stimuli-responsive modifications
[41]. These nanoparticles, when in contact with acidic con-
ditions, may be in tumor microenvironments or endosomal
compartments within cells, enable pH-triggered release of
the drugs [10]. One other form of the stimuli-responsive
functionalization is the incorporation of temperature-
responsive lipids into the nanoparticles, which in turn can
facilitate the release of drugs in response to modest hyper-
thermic conditions, frequently observed in infected and dis-
eased tissues, or by the application of the regulated
hyperthermia externally [42, 43]. Other external and internal
stimuli have been investigated, including light, magnetic,
enzyme, redox, and ultrasound, during the functionalization
of these nanoparticles (Figure 4). A high level of accuracy
and noninvasive drug release control can be achieved by
adding the light-sensitive, enzyme, redox, or magnetically
responsive components into the nanoparticle design [37,
44]. This may result in the design of novel PLH nanoparticles
for external stimulation-assisted targeted delivery, with pro

spective uses in deep-seated tissue-controlled release or
localized cancer therapy [45].

3.3. PEGylation. PEGylation, which simply refers to surface
functionalization of nanoparticles with PEG, represents the
next frontier in improving the performance of PLH nanopar

ticles for efficient and targeted delivery of drugs and gene
materials to the intended cells, tissues, and organs [1, 2, 46].
Regarding drug delivery, PEGylation, which entails the cova-
lent attachment of PEG chains to the surface of nanoparticles,
offers several advantages [47). One of its advantages includes
preventing the immune system identification and clearance of
the nanoparticles, prolonging their systemic circulation and
enhancing their general pharmacokinetics [46, 48]. PEGyla-
tion of the nanoparticles has the ability to drastically minimize
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Figure 4: Representation of the various stimuli-responsive functio-
nalization strategies, adapted from Tahir et al. [4] and Baghel and
Bhattacharya [32].

nonspecific interactions with biological components, thereby
limiting off-target effects and improving the accuracy of
targeted drug delivery [46]. By designing PEGylated PLH
nanoparticles, extended circulation, biodistribution, and con-
centration at the targeted biological areas can be achieved
through the modification of the nanoparticles with PEG
chains [49]. Similarly, the PEGylation process has been shown
to enhance and increase the stability of the nanoparticles by
decreasing aggregation and strengthening colloidal stability,
which is essential for long-term drug delivery system deploy-
ment and storage [9, 50]. PEG chains added to the surface of
the nanoparticles can also help conjugate stimuli-responsive
moieties or targeting ligands, enabling the smooth integration
of various functionalization techniques to produce synergistic
effects in precision-targeted drug delivery [16]. The possibility
of developing advanced drug delivery systemns with increased
efficacy and fewer off-target effects is becoming increasingly
appealing as studies continue to investigate the possibilities of
PEGylation functionalization in PLH nanoparticles [51]. The
overall biocompatibility of the nanoparticles is increased by
the PEGylation process [36).

In general, the goal of functionalization strategies for
PLH nanopatticles is to maximize their potential for trans-
forming therapeutic delivery and targeting in clinical settings
by improving their performance, targeting capabilities, and
biological system compatibility [6]. Table 2 summarizes the
PLH nanoparticles functionalization approaches, the poly-
mer and lipids used, therapeutic applications, and outcomes.

4, Characterization of PLH Nanoparticles

4.1. Physicochemical Characterization: Dimensions and
Structural Morphology. Understanding the morphological
properties of PLH nanoparticles from a microscopic perspec-
tive, such as size dimensions, zeta potential, polydispersity
index, and shape, is essential to developing recommendations
for creating innovative PLH nanoparticles [27]. Observing



Advances in Polymer Technology

(19]

Aderarp 1a0wes J0j uonemurio;
pa1eiire)-toumy Jus[axa ‘ewoueIw
1sureSe £jianoe Jowninue pasueyuyg

WM [eAlAIOS

JusUnEsn
Iaoues o) Sunefiey soumy aAnOY

saprredoueu

H1d paypow (goy) dsy-Ao—Sry

[eamsajoyd ‘urymds] ‘ssawdjodos (proe
anjeadB-oa-omoe)iAjod—(j0248 susjdypa)iiod lpawouow

unyiaf weaqdos pue pioe oy (000T-Od-3dSc) (100418

smaphipadrod) Axopaws] auturejouezoydsoyd-¢-osasi@ sapuredoueu Hid paresodep

uaixe ‘ayeidn 2o pue sisoydode Bunafrey owm ureig/ewo
(0] vmwu .@_zbwﬁé __,_E w N ”_mi N e -us-JAoIeasTp-7'1 (VOTd) 2pN0a4(3-0-apnoe- ‘p)ijod Cuany) spndad/prze mog
QI OfA Ui Yt (3dsq) surwrejoueipsoydsoyd-¢-012042-us-fAoreaysip-z'1
198 Y3 ‘000T
SoUeISISaI SrUp 135U AU02IA0 0] 2OURSISI P sapruedoueu
[6s] ] -(1024[8 susphpadiod) [Aurrns] -N-sumwejoueyiaeydsoyd
Araarpap Brup nsidrouds wi Sursnuory  Snupnmur ‘Adersgowayd eoue)y ¢-0130A8-us-ThoInsTp-7'] ‘U9 weaqhog H1d 1&1s pIzijeuonauny piae JioyD
000Z-{[0248 suapipadjod)
JAurons]- n-aururefoueyaeydsoyd-¢-01304[3-us-hornsp saprredoueu
(3] 1aye upny-12oues pasueyuy Adesan 1sues onesrouRgd 71 PRICUTIIN-FPTRURRW ((007-([02A[8 suspdtpaiod) H1d pa1e8nfuo> Apognue-jrey
Axoqres-N-auwe-jouepzoydsoyd-¢-01204[3-us (vaD) usdnue rruoliquizourresnuy
-[£0TESIP-7°T PRIBUTULIS)-[AXOQIED “UN|IID3] URSQAOS ‘¥
21210} {(0007-0Fd-9dSA) [000Z-(10413 ustdyiadiod)
(9] FaRliped jo feaep paiSig Adesary paredes-zoumy, Axoyyaur] -A-suTrRTOURRROYdsoyd-¢-01204(2-us sapnredoueu HId psUIpow-31e[o]
10 uofieMuLIO} pazisoueu Suistwold o .
-[horesisip-z1 {0248 ausjaps)djod {auorecides-3)djog uoneSnfuor
sapuaak[3 o
z¢-jhxodjod (orests ‘THN-(000Z-D3d-TdSA) 000Z-(02413
[95] iy uw.ulww N_“ﬁw“n“m udor JaoUed 15831g auafdtpadjod) Aumans] - N-surwejouepseydsoyd-¢-o1a048 uu_uu.qwﬂﬂ.w“ww_maus
WRIP ITEIRGE pUe R28iRa0ld -Us-14012)81p-7' 1 ‘outwre [A1eals ‘Juadeique(e]zuaqliipaunp Hld paieent d
-Z1¢Z ‘asoony-1 *ducioejosdesifod ‘op1s prdroydsoyg
sapusedouru {4 paesodiodur
[ss] pxeped jo Kaatpap Sruq SISH {SISH [onjog pue womd
! Apqess pue uoIsaypeoINW paURYU 1P pue ‘€714 ‘SOd.L sndn[os ‘uesolny> 2eajoouo JA0A10 ‘ajeutoans (00413 susdipadjod
jesaydosor-o-q) stonquyut d3-4
(QA-0002-O3d-3dSA) [000Z-(109418
susplpadiod) [osapoeaatoys [-N-auTwrejoueysoydsoyd
s> -g-03234[3-us-1ho1ea)-SIp-7' 1 Pue (0002-DId-TdSA) 0002 sapnledoueu
(sl euroueru g1 g paedre Apuayyg JHSUNEAR EWOUERI -([oo418 ausjAypadiod) [Aumans) -N-suturejoueipaeydsoyd H'1d p3Z1[eucnduny £ UIueys
-g-01924(3-us-[do1a1stp-7'T “(DdSH) sunoyprépneydsoyd
4os pareusaBorpdy ‘joraisaporp ‘(pioe sjoadd-os-onzeAjog
[ooog-([024[8 suspitpadiod) .
[¥<] swaned Suipuig uryoad Suong Aaamep Srug Axoqaes] -N-sumweiowepaotdsoyd-¢-013o48-us-[doseasip .Rxo&”wn._m o“.h_ﬂ__ﬂhw_um _?NQMH .
-Z'T (102418 auapiapa)djod (spros4j8-0o-spnoel-T'q)dod Rdh b neyipo 3105
ST £-4DW ul stsoxdode jo uononput 0000
[es) pue ‘Aymqnios SnIp pasueyua I2DURD 35821 . . ssprzedouey Hd pAeAodd
«arshs presdeoua aqers v 02418 suaipaiiod uopepidesiod oyesre Kudog
sjuswradxs Jreurans phiaydoom uonel{nad
OATA UT U7 Uone[suen 10f [enusjod pue 1aatrEs 15858 *31eUTIONS Ax0IpAy-u ‘surplidd (ourweldipaunp)-F wyeuoons sspnredoueu 14
[zs) JUIUIEII) 12IUE) I0] SIORIIX? [eqay weaig sy [Aassaporp ‘foyosre (hutadjod ‘(jooAd susidyie)diod  peredniuos pioe sfuomeAY ‘FRAD
Jo Azaarap payadie) 10§ renuaod SpIUIPEW (I[Es UMIPOs) pre stuoinjedy ‘(poe stjoad[B)ijod
$IIUIIIIY JwoNn suoneondde snynadesay, pasn pudi/rauiijog sapdurexy aon 8._””““““

‘suonestjdde snnadessyy snourea 10§ sareosdde uonezifeuonoury sspnredousu 4 PIZHURWWNG 7 I1AV]



Advances in Polymer Technology

(69]

[89]

i29)

Jworpuis sfjoqelow
poaosdun “Aanisuss umsul
paI01sa1 ‘sis01eAs Meday parewdlly

sseapa1 Snap pofonuod ‘S[|eY 125ULd
Ise231q T W UOTO0p3l JUeogusis

Aimqnedurodolq
I|qeloar) pue ‘goy paredie
30 uoissardxs pasealsul S3UYS
uenemsdesus yNgd yIiH

lusunean
aseastp 12A1 ANe] SNoyodeuUCN

Adesaypoway> 1adue)

uondsjsuen YNQ pruse|d

0600Z- (102418 susiimpadiod) Axowpaw-N

-auure-joueyisoydsonyd- ¢ -01934[3-us-[Aoreaistp-z ‘uesonyD  peseq-unespusd pue unwopauwijod

IpRo
uour *([ooA[8 suspdyiakjod) Lxoqies-N-suiwrejoueyiaoydsoyd
‘unpy3] ueaghos (proe JljodAl8-os-onoeL[od
000¢ sutureysazody] ‘0248 susphpadied dxoyiaw
-N-auturejoueizoydsoyd ‘(jo1aiss[oy-0(q) pIoyr0IpAY
[03MS[0Y> [[Aoureqres-(UeIpsoUTUIRAGISWTD
-N N)-N|-g¢ ‘0015 #fespna 001d werpng

sapnredoueu 14

sapnaedoueu
H1d paieanse-ppy snsulepy

sapnredoueu Hd aanisuas-Hd

satsuodsal imumg

(99]

[s9]

[¥sl

le9]

[z9]

S1S082)5 JRMOISIACIIELU
P?o1MpaI pue ‘uolE[WINIIE
pidy paonp3s ‘uondmy Jaay|

pasoadun 's7a43) pidi] poolq paonpay

saupjodd> Arojewrareun-oad Jo
uoniqryut e1s Sunafie; uonewureyut
‘Annqe Supensuad-snonus Juapeoxg

saruzadoad
Arojewnwuepul-nue JUEoXe
‘uonemuUMIdE remppoenul Jouadng
Kages peoy Bunaosdur
10j yoeosdde [eLaseqnue ue se
$2IM3e3) 3sEI[I-pafionuod Fustwory

19302 Neysoxd 1o Adesaryy
uoneUIquos JNsidasuds renusied
pue “A1aarpp Snip-co Susnuoxd

“OuspYY2 UoNIqIYUT Ioum)
3[QENIBWAN “UONBIUTOYE JOTIM]

Y31y “Amiqe voRIqruT [122 PooD

JusuIesI}
35e2SIp 13A1] ANe) DIOYOOTRUON

aseastp
[9#0q ATOJPUTUIR[JUT JO JUSUNEALL

Amfuy
Asupiy sinoe pasnput-Adesapowsay
Amfuy remaRL

UAWIEsn [RIQOISTWIDUY

Aderaq) 130ted Apers01g

0002- (10248 2usjitpadjod)
Axoqaw-pN-suture-roueyisoydsoyd-¢-oraadd-us-jhoreasip
-7'T 'unQIa] uesqos ‘uesoyyd ‘(pie stead(d-or-onse Ao

[000Z-({1ov4Bausidipa)itod)are|o)]-N
-sunwepoueyizoydsoyd-¢-01904[3-us-loresi-sip-z1 (0007
-({ooA18 aushyia)ded) Axoyraw] -sururejoueyisoydsoyd
-g-01304[3-us-fhoresysip-z ‘suedord-umiuowure{ypaurLn-g
Hoaqotp-z°1 ‘apijoad[B-0o-apioe)) Ajod pajeuruiisy-Axoqie]

FUNRIPAUS[ALI2 30q-N B18U0S 00T (o418
susplipadfod [o1sydosoy-n-(T ‘(Uneaisin) aereasin (K140

WUMQ[e WIS JUIA0q
‘wesoy ‘arepottad wingpos oWy ‘URXIP ‘G QLY [PNa1g

{10248 suspipa)diod-(apnood8-00
-sprpe-T)4[od ‘Tawerde 7'g-o1v ‘sutoydipneydsoyd-o-1

sapnredouen
Hld pRZiEUOROUny UBSOIT)

sapiedoueu Hd
paiaysanbas sawlzua yueponuy

sepRIedouey Hd Uapel-y
unpom parssutdua poe sifoquren

sapmaedoueu g
Pepeol-[OWAY: M pezieuonouny
speaq [ooapdy uesonyD

sopnredoueu |14 [Pxenzeqes pue
unumsma pazieUonaun-tsumdy

amoNny

suoneoridde anpnadesay

pasn pidsrauijog

sajdurexy

sapeordde
aonezIfeuoToUn,]

‘panumuoyy 7 T8V



Advances in Polymer Technology

such morphological influences has increased prospects for
developing PLH nanoparticles for distinct applications. The
size, shape, and surface zeta potential of nanoparticles are
crucial physical factors affecting their in vivo performance,
serum, and storage stability. These factors are generally influ-
enced by process parameters such as mixing rate, the ratio of
solvent used in preparation, the type and polarity of solvent
and drug encapsulated, and the general method applied in
preparing the nanosystem [49, 70]. Elkateb et al. [71] studied
the effects of different synthesis parameters and ways to opti-
mize the formulation of PLH nanoparticles dual-loaded with
darunavir and ritonavir for HIV treatment. They established
an optimum stabilizer to polymer core ratio at 20% w/w and
70% wiw of the total stabilizer (Brij 78) mass was required to
stabilize phosphate-buffered saline. Moreso, using PEG, cryo-
protectant, and freeze-drying yielded PLH nanoparticles
with a size of 150 nm after redispersing the nanoparticles in
water [71].

Generally, spherically shaped nanoparticles spontaneously
stimulate the connections between cell membrane receptors,
induce novel attachment-dependent phenotypes in cell mem-
branes, and increase drug accumulation at target sites of inter-
est. These results have provided valuable opportunities to
customize new PLH nanoparticle applications. Moreover,
the surface charge also greatly affects the nanoparticle inter-
actions with cell membranes, circulation duration, potential
for targeted drug delivery, and extent of intracellular penetra-
tion. Compared to neutrally and negatively charged nanopar-
ticles, positively charged nanoparticles can increase
intermolecular cross-links, allowing medications to escape
from the lysosome and demonstrate perinuclear localization.
Also, positively charged nanoparticles favor the formation of
ionic interactions with negatively charged cell membranes to
increase the absorption of drug-loaded nanoparticles. The
ability of cell membranes to reversibly expand and contract
in response to protonation and deprotonation processes at
varying pH values causes a change in cell shape and facilitates
the uptake of medicines. Studies by Pho et al. [72], Guo et al.
[73], and Zhao et al. [74] suggested that negatively and neu-
trally charged nanoparticles can delay the circulation time
relative to positively charged nanoparticles by blocking plasma
protein adsorption.

Therefore, to obtain detailed information on the physi-
cochemical characteristics of PLH nanoparticles, a combina-
tion of techniques involving electrophoretic light scattering,
dynamic light scattering, nanoparticle tracking analysis
(NTA), scanning electron microscopy (SEM), and transmis-
sion electron microscopy (TEM) has been well-reported.
Dynamic light scattering and NTA have been used to deter-
mine the particle size, PDI, and zeta potential. However,
because the light scattering techniques do not obtain the
core—shell structural configuration, structural homogeneity,
and related dynamic integrity, the development of micro-
scopic imaging technology has aided in collecting structural
proof for the nanometric dimensions. High-resolution SEM
has been used to see the hybrid nanoparticles’ topological
shape. TEM and atomic force microscopy have also been
beneficial in successfully characterizing individual hybrid

nanoparticles. The internal core—shell lipid polymer distri-
bution, along with the thickness of the lipid shell over the
polymer core, could be observed with the help of TEM. In
addition, Fourier transform infrared (FTIR)} and UV-Vis
spectroscopy (UV-Vis) are versatile surface-sensitive techni-
ques for studying nanomaterials [75]. They provide quanti-
tative information on functional group compositions and
structural changes upon intermolecular interactions. Fur-
thermore, attenuated total reflection (ATR)-FTIR spectros
copy and X-ray diffraction (XRD} have also been used to
investigate the surface chemistry and structure of PLH nano-
particles on an atomic scale [76].

4.2. Drug EE, Drug Loading Capacity, and Drug Content
Analysis. Many factors must be considered when designing
PLH nanoparticles to encapsulate different molecular weight
therapeutics. The therapeutic agents can be entrapped within
the nanocarrier, or they may be conjugated onto the surface
of nanostructures. The encapsulation of therapeutics into
hybrid vesicles can improve their pharmaceutical properties
by decreasing drug leakage and maximizing circulation time.
The drugs can be loaded into nanoparticles of polymer-rich
or lipid-rich domains, which work as sorting platforms. In
addition, the choice of preparation methods plays an impor-
tant role in optimizing the loading properties of PLH nano-
particles by providing optimal intermeolecular interactions
and binding strength. Various weak and strong drug inter-
actions and anionic polymeric core or cationic lipids drive
the fusion process. However, strong and irreversible interac

tions make it difficult to release drugs, while weak bonds
allow quick dissociation of drugs and may affect formulation
performance in vivo.

There are two established methods for drug content
determination. The direct method involves the separation
of the nanoparticles from the free drug using techniques
such as centrifugation, ultracentrifugation, or ultrafiltration,
after which the amount of drug contained in the nanoparti-
cles is broken down using a suitable organic solvent and the
drug content is quantified using suitable analytical methods.
Yalcin et al. [77] used this method to determine the EE of
gemcitabine hydrochloride-loaded PLH nanoparticles. They
mixed 5 mg of the lyophilized PLH nanoparticles with 5mL
of dichloromethane, then added 10 mL of phosphate buffer
solution (pH 7.4) and sonicated in an ultrasonic bath for 60
min. Finally, the remaining aqueous dispersion was filtered,
and high-performance liquid chromatography (HPLC) was
used to analyze the samples at a wavelength of 268 nm. An
average EE of 45.2 % was reported [77].

In comparison, the indirect method estimates the free
drug concentration in the solution after removing the nano-
particles. It is important to note that the choice of method
depends on the characteristics of the loaded drug. Muso-
Cachumba et al. (78] investigated the accuracy of both meth-
ods in calculating the EE of polymerosomes. They reported a
reasonable agreement between the two methods and further
recommended that a combination of both methods would
produce a more reliable result [78). Schober et al. [79]
recently described a method involving the determination of



EE for RNA-loaded PLH nanoparticles via modified Quant-
it RiboGreen Assay (Thermo Fisher Scientific).

For direct method : % EE =

Actual amount of drug in PLH nanoparticles
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Depending on the method used, EE is calculated using
the formula below.

X 100.

Total initial amount of drugadded

Total amount of drugadded — free or unloaded drug y

100.

For the indirect method : % EE =

Drug loading capacity is the amount of drug loaded or
encapsulated per unit weight of the nanoparticle. This
parameter depends on the structure of the loaded drug and
excipients, as well as the physical and chemical interactions
between the drug molecules and the carrier materials [80].
Limited compatibility between the drug and excipients in the
formulation results in very low drug loading; therefore, it is

Total amount of drug in PLH nanoparticles

Total amount of drug added

important to optimize these factors during the preparation of
the PLH nanoparticles [81]. The direct method protocol is
most preferred for determining drug loading capacity. Sha-
fique et al. [82] used this method to determine the % DLC of
doxorubicin-loaded PLH nanoparticles and reported a drug
loading of 0.391%.

DLC can then be calculated from the equation below.

% DLC =

100.

Total amount of drug added + total amount of excipients used

Quantifying the amount of drug in the supernatant or amount
present in PLH nanoparticles can be achieved using different
methods involving HPLC and UV-Vis spectroscopy instru-
ments. In addition to these, other techniques such as mass
spectroscopy (MS), gel electrophoresis, and fluorescence mea-
surements have also been used to quantify loaded drugs.

4.3, Stability Assessment. The stability and integrity of PLH
nanoparticles in serum and saline solutions are other impor-
tant factors that must be carefully considered in PLH nano-
particles” physicochemical characterization. These are done to
predict the physical and chemical stability in vivo utilizing in
situ approaches. Factors such as concentration of nanoparti-
cles, surface charge and polarity, surface hydrophobicity, and
lipid concentration at the interface have been reported to
influence the stability and integrity of PLH nanoparticles.
The lipid coating on the entire nanoparticles’ interface and
steric repulsion imparted by the PEG layer over the nanopar-
ticle surface also impact the stability of the nanoparticles. PEG
concentration, molecular weight, and length of chain influ-
ence nanoparticle stability (83]. The physical stability of PLH
nanoparticles is also assessed to determine the effects of tem-
perature, pH, light, moisture, and reactive oxygen species on
the developed formulation to determine the shelf life or best
storage condition. Usually, the finished formulation is exposed
to the desired test conditions for a determined time, which
may last up to 3 months, for long-term stability measurement
and 1 month for short-term stability measurement. As such,
researchers have consistently established stability and integrity
parameters by assessing the average size, PDI, zeta potential,
and entrapment efficiency of the PLH nanoparticle formula-
tions. These parameters are monitored and assessed overtime.
Shafique et al. [82] assessed the physical stability of prepared
DOX-PLH nanoparticles formulation at refrigerated and

room temperatures. They determined the size over 90 days
and reported an increase in size at the initial 30 days, followed
by stabilization overtime at both temperature conditions. This
may be attributed to the amorphous nature of the loaded drug
and, consequently, the dissolution of smaller particles while
being deposited onto the surface of the larger ones, a common
phenomenon with amorphous particles [82]. More so, the
higher the concentration of nanoparticles, the higher the ten-
dency for aggregation; hence, a higher PDI will be imminent.
This also depends on the stabilization mechanism, density,
and surface charge of the nanoparticles [84].

Nanoparticles in the systemic circulation rapidly form a
protein corona over their surface by selective adsorption of
serum proteins based on hydrophobic interactions, Van der
Waals forces, and electrostatic interactions, forming aggre-
gates with greater particle size and polydispersity [85]. This
phenomenon established the need for serum or plasma sta-
bility assessment of the nanoparticles. Serum and plasma
stability could be evaluated in vitro using 10%—100% fetal
bovine serum and extracted blood plasma, respectively [86,
87]. An accelerated stability study of optimized formulations
can also be performed per the International Council for
Harmonization guidelines for Stability Testing of New
Drug Substances and Products [88).

4.4, Surface Functionalization/Association Efficiency (AE)
Assessment. An AE assay calculates the percentage of tar-
geted ligands successfully incorporated onto the nanoparticle
surface. In this assay, after functionalization, nanoparticle
dispersions are centrifuged at room temperature at 9300x g
for 10 min using suitable ultrafilters to separate nanoparticles
from the nonincorporated fraction of the targeting ligand,
which remains in the subnatant. Afterwards, the fluorescence
or amount of this subnatant can be determined using a
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suitable analytical technique. The microplate reader and
UV-Vis spectroscopy have been extensively used [89]. The

AE(%) =

The total amount of targeting ligand added ~ free ligand in the supernatant

surface functionalization efficiency is then calculated using
the equation below.

HPLC is another technique used to quantify uncoupled ligands
in supernatants after centrifugation of predialysis solution. The
main disadvantage of the HPLC method is the indirect quan-
tification of bound fractions based on the direct estimation of
unbound ones. This may result in over- or underestimation of
the amount of targeting, especially due to improper purifica-
tion processes during the HPLC technique.

Despite the mentioned techniques, other complementary
methods, including FTIR, circular dichroism (CD}), MS,
SDS-PAGE, and SPR, can detail the structural changes of
proteins and peptides adsorbed onto the surface of the
PLH nanoparticles. Among them, MS and SDS-PAGE have
been widely used to investigate protein corona composition
and electrophoretic mobility of each component in the
surface-decorated nanoparticles, respectively [90]). Notwith-
standing the benefits of SDS-PAGE to separate coated PLH
nanoparticles domains according to the electrophoretic
mobility, the comigration of macromolecules with similar
size distribution in the complex mixture may still occur.

Moreover, a combination of these techniques can be used
depending on the desired result, nature, and constituents of
the nanovesicle. In combination with LC, MS is a widely used
method to qualitatively and quantitatively study the interac-
tions between large proteins such as albumin and various
nanopatticles [91]. The CD techniques with the FTIR
method can be used to probe secondary and tertiary struc-
tural changes of proteins or peptides after association with
nanovesicles [92].

4.5. Drug-Release Characterization. Drug-release characteri-
zation usually involves an in vitro assay carried out to study
the release behavior of the drug from the formulation, com-
monly called the in vitro dissolution studies [76]. For this
study, the drug-loaded PLH nancparticles are incubated in a
dialysis sac in the presence of dissolution media in constant
sink conditions at 37 & 0.5°C under agitation, and samples
are collected at predetermined intervals. The samples are
analyzed using HPLC, UV-Vis, and other analytical tools
to quantify the loaded drug amount and determine the
cumulative drug release overtime, The drug released with
time is then subjected to various data fitting kinetics models
like Peppas—Korsemeyer, Higuchi, Hixon-Crowell, zero
order, and first order to gain further insights into the drug
release mechanisms {93). The drug release assay has also
been modified by scientists to mimic different physiological
conditions and to release loaded drugs to target sites dis-
tinctly. Shen et al. [94] described a release assay containing
1% Tween 80 as a surfactant, a reduced form of nicotinamide
adenine dinucleotide phosphate to establish a hypoxic con-
dition, and H,O; to establish a peroxidative condition.

x 100,

Totat amount of targeting ligand added

Several factors influence the drug release profile of the
PLH nanoparticles, including the interaction between
the drug and polymer, the drug’s solubility, the polymer’s
rate of degradation, and the particles’ size. The release of the
drug from the PLH nanoparticles, which is physically encap-
sulated, occurs through drug diffusion and depends on the
polymer’s erosion rate. For chemically encapsulated drugs,
the release depends on the linker hydrolysis (the link between
the polymer chain and the drug). The uniform distribution
of the drug molecules in nanoparticles improves the release
kinetics of the drug with expressively reduced burst release
effect [76].

4.6. The Cell-Based Assays. Cell uptake, transport mechan-
isms, apoptasis, cell cycle arrest, and cytotoxicity assays are
commonly carried out to study the effect of the nanoparticles
on in vitro cultured cell lines. These cell-based assays are
used to assess the efficacy, safety, and mechanism of activity
of the drug-loaded PLH nanoparticles in vitro, and the
results are correlated to in vivo estimations. Cytotoxicity
assays assess the cytocompatibility of the PLH nanoparticles.
The cell viability and cytotoxicity experiments are generally
performed by incubating the test samples (the nanoparticles
and free drug) with the desired cell lines for a specified
period, usually 24-72h. After which, the cell viability is
established using a suitable ATP, XTT/MTT-based assay.
MTT assays assess colorimetric reactions whereby viable
cells reduce yellow tetrazolium salt to purple formazan crys-
tals, indicating their metabolic activity. This assay mostly
uses normal healthy cells [93].

Cellular uptake studies can quantitatively and qualita-
tively investigate the ability of the drug-loaded PLH nano-
particles to be internalized within the target cells and induce
biological effects [76]. To qualitatively assess the uptake of
leaded PLH nanoparticles, the nanoparticles are tagged with
suitable fluorescent dyes/probes such as flucrescence isothio-
cyanate (FITC), coumarin-6 (C-6), and 2'-7'-dichlor0dihy—
drofluorescein diacetate (DCFDA), which demonstrates cell
internalization at specific absorbance and excitation wave-
lengths under fluorescent conditions. Imaging can be done
using a confocal laser scanning microscope (CLSM) or a
fluorescent microscope. Rajana et al. [76] described a quan-
titative assay for cell uptake investigation in which the cells
were incubated with the test samples and collected at different
time intervals, washed, and broken down. Then, the quantity
of the loaded drug, Palbociclib, in the cells was determined
using a suitable RP-HPLC procedure at 356 nm [76]. Pang
et al. [95] used flow cytometry to quantitatively assess the
cellular uptake of PLH nanoparticles for delivery of erlotinib
plus bevacizumab to non-small cell lung cancer. The cellular
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Ficure 5: Schematic illustration of different applications of PLH nanoparticles.

uptake of nanoparticles in vitro depends on two mechanisms:
endocytosis or nonspecific inundation. Therefore, to assist in
cellular uptake of the PLH nanoparticles, targeting ligands
have been typically conjugated to the surface of PLH nano-
particles to trigger receptor-facilitated endocytosis. In this
regard, a variety of targeting ligands, such as proteins, pep-
tides, and aptamers, have been used to facilitate cellular
uptake and binding specificity [15, 26, 76].

Cell apoptosis and cell cycle arrest, on the other hand,
could be estimated using flow cytometry studies. Here, the
capability of the PLH nanoparticles and free drug to induce
apoptosis and the mechanism by which they induce cell death
is investigated. Rajana et al. [76] investigated cell apoptosis
using a standard externalization assay of phosphatidyl serine
in the cancer cell membrane with FITC-labeled Annexin V/PI
dual staining assay. MCF-7 and MDA-MB-231 cells were incu-
bated with the test samples for 48 h, washed and stained, and
then, subjected to FACS Calibur flow cytometry to determine
the live and dead cells [76].

4.7. Release Mechanisms of PLH Nanoparticles. The drug
release mechanisms of nanoparticle-based delivery systems
differ depending on their structure, composition, and physi-
cochemical characteristics [50}. As a result, common drug
release mechanisms involving diffusion, degradation, swell

ing, stimulus triggers, and fusion have been reported. More-
over, for PLH nanoparticles, the most reported mechanisms
are diffusion, fusion, and stimuli-controlled release mechan-
isms. Diffusion-controlled drug release is driven by the dif-
ference in concentration gradient across membranes [96].
Here, the drug is dissolved in the central part and diffuses
through the membrane to exert activity. This is the most
common mechanism of drug release for most PLH nanopar-
ticles, where the drug molecules are usually encapsulated
within the core polymer matrix [97].

On the other hand, the degradation-controlled drug
release mechanism involves the release of the drug through
enzymatic breakdown [98, 99]. Certain enzymes break down
the amide or ester bonds in the nanosystem or induce hydro-
lysis. This is typically a feature for carriers containing biode
gradable polymers and lipids. For the stimuli-controlled

release mechanism, drug release from the PLH nanoparticles
is controlled by temperature, pH, light, ultrasound, and mag-
netic or electric fields. Such carriers have been extensively
explored for targeted delivery [100). In addition to the described
mechanisms, different mathematical models have been
developed and used to predict and further explain drug
release mechanisms. To this end, mathematical models
such as the Higuchi, Korsmeyer—Peppas, first-order and
zero-order release kinetics, Weibull release model, the two-
film model, biomembrane, and the toroidal models have been
studied [93].

5. Different Applications of PLH Nanoparticles

PLH nanoparticles have been applied across diverse fields for
different applications and have shown enormous advantages
across these fields. By combining two nanocarriers (organic
to inorganic or inorganic to organic nanoparticies), these
nanoparticles have demonstrated interesting properties, syn-
ergistic effects due to the combinational features of the poly-
mer and lipids, and their ability to foster targeted drug
delivery. As a result, they have been explored most signifi

cantly as drug carriers for delivering vast therapeutic agents
and treating different diseases [12]. Given the adaptable and
surface modification features of PLH nanoparticles, they
have been investigated in various applications, including tar-
geted drug delivery, gene delivery, vaccine delivery, biomed

ical and multifunctional imaging, and personalized medicine
(Figure 5).

5.1. Targeted Drug Delivery. The hybrid architecture of PLH
nanoparticles allows for both passive and active targeting
drug delivery approaches. Passive targeting exploits the
enhanced permeation and retention (EPR) effect, particu
larly in tumor tissues. In contrast, active targeting is achieved
by functionalizing the nanoparticle surface with certain
stimuli-responsive moieties or biomolecules such as folic
acid, antibodies, aptamers, or peptides that bind to overex
pressed receptors on target cells [5]. The application of PLH
nanoparticles in targeted cancer therapy is one of the most
extensively investigated areas. Their ability to deliver chemo-
therapeutic agents such as doxorubicin, paclitaxel, gemcitabine,
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or combinations thereof, specifically to tumor sites, reduces ofi-
target toxicity and improves the therapeutic index of anticancer
drugs (6, 101]). Moreover, dual-ligand strategies, where two
different targeting moieties are simultaneously attached, have
been developed to improve selectivity further and overcome the
heterogeneity of receptor expression in tumors (6]. Studies
have demonstrated that nanoparticles such as folate-modified,
antibody-conjugated, and peptide-targeted PLH nanoparticles
significantly enhance internalization by cancer cells through
receptor-mediated endocytosis, leading to improved tumor
regression and survival outcomes in animal models [57, 102].
Beyond cancer therapy, PLH nanoparticles have been investi-
gated for antimicrobial applications, particularly in addressing
the challenge of antibiotic resistance [103]. The design of PLH
nanoparticles allows for the targeted delivery of antimicrobial
agents to infection sites, thereby reducing the effective dose
required and minimizing systemic toxicity [101, 104]. Studies
have demonstrated that encapsulating antibiotics within PLH
nanoparticles leads to sustained drug release profiles and
improved penetration into biofilms, critical for eradicating per-
sistent infections associated with resistant bacterial strains [6].

In treating neurological disorders, PLH nanoparticles
offer significant advantages for delivering therapeutic agents
across the blood-brain barrier (BBB), a major challenge in
neuropharmacology. The small size and surface modifica-
tions of these nanoparticles enable them to penetrate the
BBB efficiently, thereby facilitating the delivery of neuropro-
tective drugs, peptides, or genes to target sites in the brain
[1]. This capability is particularly beneficial in the manage-
ment of neurodegenerative diseases such as Alzheimer’s and
Parkinson’s, where conventional drug delivery approaches
have historically shown limited efficacy. Similarly, in cardio
vascular applications, PLH nanoparticles have been engi-
neered to deliver drugs specifically to diseased vasculature
or myocardial tissues, which can improve treatment out-
comes in conditions such as atherosclerosis, myocardial
infarction, and other heart diseases. By offering controlled
release and targeted delivery, these hybrid nanoparticles help
to mitigate systemic side effects and enhance therapeutic
efficacy in these sensitive organs [5). The potential of PLH
nanoparticles in oral drug delivery has also been demon-
strated. This involves the incorporation of enteric coatings
and pH-sensitive lipid layers that protect the loaded drug
from the harsh gastric environment and promote absorption
in the intestine [105}. In essence, modification of PLH nano-
particles using passive, active, or endogenous mechanisms to
circumnavigate the biological barriers to target the intended
cells, tissues, or organs would enable using these nanoparti-
cles as a targeted drug delivery platform for treating diverse
diseases.

5.2. Stability Enhancement. PLH nanoparticles are capable of
shielding encapsulated therapeutics from degradation and
premature leakage, even under harsh physiological condi-
tions, thereby extending storage stability and simplifying
leng-term transport of pharmaceutical formulations [1, 8].
Stimuli-responsive functionalization offers an additional
advantage by enhancing nanoparticle stability and shelf-life
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[2]. Optimizing these design features enables the creation of
systems that remain inert during storage yet release their
drug payload efficiently when exposed to specific biological
triggers [106]. Achieving an optimal balance between stabil-
ity and responsiveness is essential for translating such smart
PLH nanoparticles into clinical applications [2]. Surface
modifications such as PEGylation further contribute to pro-
longed circulation, improved stability, and reduced immune
clearance, minimizing off-target effects and enhancing ther-
apeutic precision [107]. Collectively, these strategies high-
light the significant promise of PLH nanoparticles in
advancing drug delivery, particularly through stimuli-
responsive engineering and PEGylation, to achieve enhanced
stability, extended half-life, and improved therapeutic out-
comes [7, 35).

5.3. Diagnostic Imaging and Theranostics. PLH nanoparticles
have also been explored for diagnostic imaging [1]. The inte-
gration of imaging moieties, such as fluorescent dyes or
contrast-enhancing agents, into the structure of nanoparti-
cles enables them to act as imaging probes in advanced diag-
nostic techniques. This dual functionality enhances
visualization of pathological tissues and facilitates the detec-
tion and monitoring of various medical conditions [1, 12].
Therefore, through careful engineering and surface functio-
nalization, PLH nanoparticles hold significant potential for
improving the early detection and accurate assessment
of various diseases, notably cancer and inflammatory
conditions [12}. Given this, fluorescent-labeled antibodies,
ligands, and peptides have been reported as surface markers
in tumor detection [108]. Different imaging agents can be
incorporated into PLH nanoparticles, such as gadolinium for
magnetic resonance imaging (MRI), quantum dots for fluo-
rescence imaging, and gold nanoparticles for computed
tomography (CT), to provide complementary diagnostic per-
spectives. Embedding these agents within the nanocarriers
enables real-time visualization of nanoparticle biodistribu-
tion and supports the monitoring of therapeutic outcomes
in cancer and other pathological conditions (101, 109]. Fur-
thermore, PLH nanoparticles can be coloaded with therapeu-
tic and diagnostic payloads, rendering them effective
platforms for multifunctional theranostic applications that
integrate disease detection with treatment [12]. These sys-
tems are often designed to respond to physiological triggers,
including pH variations or redox imbalances, thereby facili-
tating controlled drug release while simultaneously enhanc-
ing imaging contrast—features that are highly valuable for
prognostic assessment [110].

5.4. Gene Delivery. Another prominent application of PLH
nanoparticles is in gene delivery, where they act as nonviral
carriers for the transport of nucleic acids, including siRNA,
DNA plasmids, and mRNA, to specific cells [S]. PLH nano-
particles protect these sensitive genetic materials from enzy-
matic degradation and other sources of instability in the
systemic circulation, while improving cellular uptake and
intracellular trafficking to achieve effective gene silencing
or expression [5]. They are considered good candidates for
gene delivery applications due to their adaptability, high
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stability, and biocompatibility properties (2, 111]. Their
core—shell architecture, particularly when combined with
cationic polymers such as polyethylenimine, facilitates the
formation of stable ionic complexes with nucleic acids,
thereby further enhancing delivery efficiency through the
proton sponge effect that encourages endosomal escape
[112]. The surface or structure of these PLH nanoparticles
may be altered to improve target cells’ effective uptake of
therapeutic genes {1, 113]. For instance, PLH nanoparticles
can be modified with targeting ligands to achieve cell-specific
gene delivery, which is especially important in treating
genetic disorders and cancer, where therapeutic gene modu-
lation is critical [6]. By modifying the surface and fine-tuning
the size and charge of the nanoparticles, an efficient contact
with cell membranes, possible internalization of the nano-
particles and subsequent transfer of the therapeutic genes to
the targeted intracellular locations could be achieved [114,
115]. Applying PLH nanoparticles in gene delivery can also
reduce possible side effects and prolonged delivery of the
encapsulated genetic drug in a controlled approach [37,
116]. Studies have reported significant improvements in
both in vitro and in vivo gene transfection efficiency using
PLH nanoparticles, thereby highlighting their potential to
serve as reliable and safe alternatives to viral vectors in clini-
cal gene therapy for both inherited and acquired diseases
[6, 117].

5.5. Vaccine Delivery. The use of PLH nanoparticles in vac-
cine delivery has attracted considerable interest, given their
special properties. By encapsulating protein antigens, pep-
tides, or even mRNA within their polymeric cores and coat-
ing them with lipids that can include immunostimulatory
components, PLH nanoparticles facilitate a more potent
and sustained immune response [118]. These nanoparticles
are ideal for the entrapment of adjuvants and antigens, pro-
tecting vaccine constituents and promoting specific immune
reactions [1, 119]. PLH nanoparticles can be designed to
target immune cells and improve vaccine efficiency by
manipulating vaccine components’ release kinetics through
exploring the nanoparticles’ adaptable features [12, 120].
They enable enhanced antigen stability, improved delivery
to antigen-presenting cells (APCs), and prolonged immune
activation [6). They can protect antigens and adjuvants from
degradation and stabilize them throughout storage and deliv-
ery [121). Several experimental vaccine formulations based
on PLH nanoparticles have demonstrated enhanced immu-
nogenicity in preclinical trials, setting the stage for future
clinical applications in combating infectious diseases as
well as in cancer immunotherapy [1]). Moreover, their ability
to co-deliver adjuvants alongside antigens further improves
the quality and durability of the immune response, demon

strating significant potential in next-generation vaccine plat

forms [12].

5.6. Tissue Engineering. The extensive properties of PLH
nanoparticles make them a useful instrument for various
biomedical fields beyond drug delivery [115, 122]. Tissue
engineering and regenerative medicine are other areas where
PLH nanoparticles have been explored. The regenerative
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medicine field involves replacing organs or tissues that
have been lost or destroyed because of diseases, trauma, or
congenital disabilities [123). It offers the possibility to
address healing issues resulting from a variety of disorders
or ailments that were once thought to be incurable. In this
way, the challenges of the transplant therapy, including the
donor tissue’s limited availability and the possibly damaging
host immune responses, are highly minimized [123]. To this
effect, regenerative medicine adopts different strategies,
including cell therapy, tissue engineering, and the delivery
of therapeutic agents such as drugs, proteins, and even genes
to the targeted tissue that aid in the process of healing and
repair [123]). The adaptability of the PLH nanoparticles
makes it possible to transport the bioactive molecules, such
as growth factors and cytokines, to the exact location of the
tissue regeneration or injury [50, 123, 124]. These nanopar-
ticles enable the controlled and localized release of these
therapeutic substances, aiding tissue repair and regeneration.

5.7. Other Applications of PLH Nanoparticles. Application of
PLH nanoparticles has also been explored for certain pur-
poses beyond above stated. In the realm of immunotherapy,
PLH nanoparticles have been applied to modulate immune
responses in autoimmune diseases and inflammatory condi-
tions by targeted delivery of immunomodulatory agents.
This opens up new therapeutic avenues for disorders that
require precise immune system regulation [125, 126). In
addition, the utility of PLH nanoparticles in photothermal
and photodynamic therapy has been demonstrated, wherein
these nanoparticles are combined with photosensitizers or
metallic nanoparticles to achieve site-specific thermal abla-
tion of diseased tissues upon light irradiation {125]). PLH
nanoparticles have also been applied for codelivery and syn-
ergistic therapeutic strategies, such as the simultaneous
encapsulation of chemotherapeutic drugs and gene-silencing
agents like siRNA, thereby enabling combined modalities of
treatment to overcome multidrug resistance and improve
treatment outcomes [6]. Dual-drug-loaded formulations
have been used to achieve synergistic anticancer effects, for
example, by codelivering doxorubicin with a chemosensitizer
or radiotherapeutic agent to coordinate chemotherapy and
radiotherapy modalities [5]. These strategies enhance the
pharmacokinetic profile of the drugs and facilitate a more
controlled spatial and temporal release potential for syner-
gistic activity [102].

5.8. Emerging Frontiers in Personalized Medicine. The modi-
fiable and flexible features of PLH nanoparticles make them
intriguing candidates for designing and developing person-
alized therapeutic interventions owing to the increased inter-
est in personalized medicine [7]. Personalized medicine
refers to a tailored and individualized approach to treatment
management that aims to provide the appropriate drugs at
the optimum dose for each patient [127). This is necessitated
by understanding the undesired drug adverse effects in dif-
ferent individuals and the variation in the pharmacological
efficacy from person to person depending on the drug class
[127]. Personalized medicine and nanotechnology have been
reported to intersect across several fields. The first field of
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application was diagnostics, where nanotechnology can be
extremely helpful in pharmacogenetic testing, investigating
the state of certain drug targets, and doing both in vitro and
in vivo testing. Another aspect is in therapeutics, where
nanomedicine is utilized in the treatment to achieve a tar-
geted delivery for a specific disease in a particular patient [35,
127]. These nanoparticles can be designed to encapsulate
specific drugs or genetic material, and their distribution opti-
mized for individualized treatment plans. A significant mar-
gin can exceed the non-formulated drugs maximum
tolerated dose because of its targeting capacity; hence, the
dose can be adjusted following the unique circumstances of
each patient [127]. PLH nanoparticles can be designed to
boost customized drug response influenced by the heteroge-
neity in cytochrome P enzymes (CYPs) and drug transpor-
ters in various populations [128]. With the capacity to tackle
patient-specific demands with improved efficacy and fewer
side effects, advances in precision-targeted delivery and con-
trolled release kinetics further contribute to the achievement
of personalized medicine [129].

6. Challenges With the Application of
PLH Nanoparticles

The application of the PLH nanoparticles has shown enor-
mous therapeutic potential; however, they still face chal-
lenges that must be resolved, eliminated, or minimized
before their broad clinical adoption can be realized [26,
125). One primary concern is the issue of large-scale repro-
ducibility and the maintenance of uniform physicochemical
properties, such as particle size, surface charge, and drug
loading capacity, which are critical for ensuring consistent
therapeutic outcomnes [5, 130]. Most PLH nanoparticles are
currently produced in small batches in a lab, and it is not easy
to produce PLH nanoparticles with the same properties in
large batches in an industrial setting. Clinical translation and
commercial feasibility depend on keeping a uniform size
distribution, reproducibility of surface changes, and large-
scale maintenance of functional structures {105, 131). The
development of scalable methodologies with highly depend-
able in vivo qualities would enable faster clinical translation
[102]. The long-term stability and storage circumstances of
these nanoparticles present another difficulty. For clinical
application and shelf-life, it is essential to preserve the stabil-
ity of encapsulated cargo and the integrity of nanoparticles
for prolonged periods of time, particularly in different envi-
ronmental conditions, through formulation refinement and
advanced quality-by-design {QbD) approaches {132, 133].
Furthermore, while incorporating targeting ligands has
improved the specificity of PLH nanoparticles toward certain
cells or tissues, optimizing the density and orientation
of these ligands to achieve effective targeting without
compromising nanoparticle stability remains a critical area
of ongoing research [5). Another challenge involves the
immunogenicity of the surface modifications, such as PEGy-
lation, which, although beneficial for prolonging circulation
time, may trigger the production of anti-PEG antibodies in
some patients and reduce the stealth capability of the
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nanoparticles over time [101]. Regulatory challenges also
persist, particularly related to the complexity of these multi-
component systems and the need for rigorous characteriza-
tion methods that can comprehensively assess their safety,
pharmacokinetics, and biedistribution in vivoe [5, 45]. Effec-
tive and targeted delivery of these nanoparticles is also ham-
pered by the intricate biological microenvironments in
disease sites. One of the key goals for improving the effec-
tiveness of targeted distribution is to get beyond biological
barriers, including the extracellular matrix and physiological
barriers in particular tissues [134]. A further consideration is
the in vivo fate of PLH nanoparticles after drug delivery.
Understanding their degradation pathways, clearance
mechanisms, and potential accumulation in off-target tissues
is essential for ensuring long-term safety and therapeutic
efficacy [6}. Through overcoming these challenges, PLH
nanoparticles can reach their maximum potential in biomed-
ical applications, facilitating the progress of targeted thera-
peutics, precision medicine, and diagnostics [45, 135].

7. Conclusion and Future OQutlook

The discovery of PLH nanoparticles has shifted attention
toward multifunctional therapeutic vehicles capable of pre-
cisely targeting malignant cells, tissues, and organs while com-
bining the complementary advantages of polymeric
nanoparticles and liposomes. While preclinical studies high-
light their promise, clinical acceptance requires bridging criti-
cal translational and regulatory gaps. Key challenges,
including scalable manufacturing, batch-to-batch reproduc-
ibility, long-term storage stability, mitigation of potential
immunogenicity, and regulatory bottlenecks, remain major
barriers to their clinical application. Advances in synthesis
technologies, particularly microfluidics and QbD approaches,
are expected to mitigate these issues by enabling reproducible,
cost-effective, and industry-compatible production [6]. Suc-
cessful translation of PLH nanoparticles will also require
closer alignment with regulatory frameworks. The U.5. Food
and Drug Administration (FD'A) and the European Medicines
Agency (EMA) emphasize standardized characterization pro-
tocols, validated bioanalytical assays, and comprehensive pre-
clinical toxicity evaluations before nanotherapeutic approval.
Establishing globally harmonized guidelines for evaluating the
pharmacokinetics, biodistribution, and immunogenicity of
hybrid nanoparticles is essential to ensure their safety and
efficacy in humans.

Looking ahead, PLH nanoparticles could be synergisti-
cally integrated with disruptive biomedical technologies such
as gene editing, immunotherapy, 3D bioprinting, and per-
sonalized medicine platforms. This convergence may yield
hybrid systems that not only deliver therapeutic payloads but
also provide real-time diagnostic feedback, advancing the
field of theranostics. Biomimetic strategies, such as cell mem-
brane coatings and immune-evasive surface modifications,
further hold promise for enhancing in vivo compatibility,
extending circulation time, and reducing risks of rapid clear-
ance or off-target effects [1].
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Future research must also emphasize systematic evalua-
tion of toxicity and biocompatibility, as understanding nano-
particle interactions with biological tissues and the immune
system is critical for reducing adverse effects and improving
therapeutic outcomes. In parallel, predictive computational
modeling and artificial intelligence could accelerate nanopar-
ticle design optimization, streamline regulatory assessment,
and reduce translational bottlenecks.

To fully realize the promise of PLH nanoparticles, mul-
tidisciplinary collaboration will be indispensable, drawing on
expertise from nanotechnology, clinical medicine, regulatory
science, and bioethics. Clinical studies must extend beyond
proof-of-concept and rigorously evaluate safety, tolerability,
and therapeutic benefit in diverse patient populations. By
integrating diagnostic, imaging, and therapeutic functionali-
ties into a single platform, PLH nanoparticles can evolve into
multipurpose tools for precision medicine, offering tailored
therapies across a wide range of diseases. In essence, the
future of PLH nanoparticles lies not only in scientific discov-
ery but also in overcoming industrial, translational, and reg-
ulatory hurdles. Therefore, with continued innovation and
harmonized regulatory guidance, PLH nanoparticles have
the potential to redefine precision medicine and establish
themselves as a cornerstone of next-generation therapeutics.
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