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Introduction: Ligand-conjugated liposomes are promising for the treatment of specific receptor-overexpressing cancers. However,
previous studies have shown inconsistent results because of the varying properties of the ligand, presence of a polyethylene glycol
(PEG) coating on the liposome, length of the linker, and density of the ligand.

Methods: Here, we prepared PEGylated liposomes using PEG-linkers of various lengths conjugated with folate and evaluated the
effect of the PEG-linker length on the nanoparticle distribution and pharmacological efficacy of the encapsulated drug both in vitro and
in vivo.

Results: When folate was conjugated to the liposome surface, the cellular uptake efficiency in folate receptor overexpressed KB cells
dramatically increased compared to that of the normal liposome. However, when comparing the effect of the PEG-linker length
in vitro, no significant difference between the formulations was observed. In contrast, the level of tumor accumulation of particles
in vivo significantly increased when the length of the PEG-linker was increased. The tumor size was reduced by >40% in the Dox/FL-
10K-treated group compared to that in the Dox/FL-2K- or 5K-treated groups.

Discussion: Our study suggests that as the length of PEG-linker increases, the tumor-targeting ability can be enhanced under in vivo
conditions, which can lead to an increase in the antitumor activity of the encapsulated drug.

Keywords: PEGylated liposome, ligand-conjugated liposome, folate receptor, PEG-linker length

Introduction
Use of nanotechnology in cancer treatment has gained considerable interest in recent times for drug delivery.'™
Numerous researchers have employed nanotechnology to improve drug bioavailability and mitigate the toxicity and
adverse effects associated with drugs.””’ In particular, various types of nano-sized drug-delivery systems, such as
liposomes, nanogels, polymeric micelles, and lipid nanoparticles, have been developed to maximize drug efficacy by
controlling drug release from tumor tissues.® '

Liposomes are the most commonly used drug-delivery systems.'*'® They can encapsulate both hydrophilic and
hydrophobic molecules and improve cellular uptake at the tumor site owing to enhanced permeability and retention
(EPR). When liposomes are pegylated, they are often referred to as “stealth carriers” because the PEG coating reduces

their recognition and clearance by the immune system.'® ' Compared to small molecules, the liposome system offers
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Graphical Abstract

Effect of PEG linker length in vitro and in vivo
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various advantages such as self-assembly, biocompatibility, and favorable physicochemical properties that can change the
properties of drugs.'>?? An important feature of liposomes is that various functional groups can be introduced on their
surfaces that provide an attractive scaffold.”* >

However, liposomal nanoparticles lack selectivity for cancer cells.”® To overcome this drawback, many researchers
have used active targeting strategies by applying targeting ligands such as targeting molecules, antibodies, and peptides
to the scaffolds.”’ ' Active targeting strategies not only enhance drug accumulation in cancer cells, but also diminish
toxicity by reducing drug delivery to non-specific tissues.'>**** However, active targeting strategies for nanoparticles
have not always been successful.>**>=” For example, targeted liposomal nanoparticles may fail in their purpose because
of differences in tumor model types and PEG coatings, linkers for conjugate targeting ligands, and differences in the
properties of targeting ligands.*®

PEG on PEGylated liposomes performs two roles: (i) it prolongs circulation times by coating the particles, and (ii) it
connects a targeting ligand with the liposome. PEG is an ideal molecule to improve the bioavailability of liposomal
nanoparticles, although several researchers use PEG with 2000 Da molecular weight (PEG,;) as a linker for traditional
reasons rather than scientific considerations.***! In certain delivery systems, the use of a longer linker, such as PEG with
5000 Da molecular weight (PEGsy), is more appropriate because longer linkers might provide a targeting ligand that is
not under the influence of the PEG coating.>”*'**> However, several studies have reported that a short linker may afford
a more favorable receptor—ligand interaction by limiting the conformational freedom of the ligand.*® Therefore, it is
necessary to design an appropriate PEG-linker with a suitable length as a PEG coating for targeted liposome delivery.

Various cancer-cell-specific receptors have been examined for tumor-targeted drug delivery.*> One such receptor is the
folate receptor (FR), widely used as a tumor marker. It is expressed only minimally in normal tissues but abundantly in various
human tumors such as ovarian cancer cells (IGROV-1, SKOV-3), lung cancer cells (H1299), breast cancer cells (MDA-MB
-231, MCF-7), colorectal cancer cells (HCT-116, HT-29), and cervical cancer cells (HeLa, KB, KB—Vl).‘VMg In FR-mediated

delivery, folic acid exhibits a high affinity to receptor binding and causes endocytosis, even though it binds covalently to
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Scheme | Structure of folate-conjugated liposomes (FLs) with different PEG-linker chain lengths and schematic of the behavior of FLs in vivo.

nanoparticles.*>>° Liposomes linked with folates via PEG spacers have been utilized to deliver chemotherapeutic drugs and
oligonucleotides to tumor cells overexpressing FR, such as KB cells.’'~* FR-mediated delivery enhances the cytotoxicity and
cellular uptake against FR-expressing tumor cells, which vary depending on the linker length and the presence or absence of
PEG coating.****>>° However, FR-mediated delivery has a few limitations. (i) PEGs of only up to 5K (PEGs;) have been
investigated as linkers so far. (ii) Very few in vivo experiments have been conducted. (iii) Finally, no studies have yet been
conducted on the biodistribution of linkers based on their length.?*-4>>%¢

In this study, we develop FR-targeted liposomes with PEG-linkers of various lengths (PEG 2000, PEG 5000, and
PEG 10000, denoted as PEG,k, PEGsk, and PEG(k, respectively). Doxorubicin hydrochloride (Dox), a model antic-
ancer drug, was encapsulated in liposomes and assessed for therapeutic efficacy. Physicochemical properties such as
particle size, zeta potential, and morphology of liposomal formulations were characterized. Furthermore, the targeting
capability of folate-conjugated liposomes (FL) were assessed in vitro and in vivo using human cervical cancer KB cells
that overexpress folate receptors on their surface. The overall study is outlined in Scheme 1.

Materials and Methods

Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene  glycol)-2000]  (DSPE-PEG,,), L-o-
phosphatidylcholine, hydrogenated (Soy) (HSPC), and cholesterol were obtained from Avanti Polar Lipids Inc.
(Alabaster, AL, USA). Folate-conjugated DSPE-PEG (DSPE-PEG,-Folate) and DSPE-PEG,-FITC were obtained
from Nanocs (New York, USA). Chlorin e6 (Ce6) was purchased from Frontier Scientific (Logan, UT, USA). Dox
was purchased from Boryung Co. (Seoul, Korea). KB human nasopharyngeal cancer cells (KB cells) were purchased
from the Korean Cell Line Bank (Seoul, South Korea).

Fetal bovine serum (FBS), Dulbecco’s phosphate-buffered saline (DPBS), folate-free RPMI 1640 medium, trypsin-
EDTA, and penicillin—streptomycin were purchased from Welgene (Gyeongsan-si, Gyeongsangbuk-do, South Korea).
The Cell Counting Kit-8 (CCK-8) was obtained from Dojindo Molecular Technologies (Tokyo, Japan). All other
chemicals were of analytical grade.
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Preparation of Dox-Loaded Folate-Conjugated Liposomes

Liposomes were prepared by a thin-film hydration method, as previously reported.'”” Briefly, HSPC, cholesterol and
DSPE-PEG,, were dissolved in chloroform at concentrations of 20 or 10 mg/mL, respectively. To prepare non-targeting
liposomes (NTLs) without folate conjugation, a mixture of HSPC (1 mg), cholesterol (0.36 mg), and DSPE-PEG,,
(0.32 mg) (55:40:5 molar ratio) was added to chloroform and a thin film was obtained by removing the solvent and
drying the remaining mixture in vacuo. To optimize the proportions of the PEG-linker to PEG coating, the ratio of
DSPE-PEG,—Folate was varied from 20% to 80% of the total DSPE-PEG. After fixing the ratio, a mixture of DSPE-
PEG,-Folate (n = 2k, 5k, and 10k for FL-2K, FL-5K, and FL-10K, respectively) and DSPE-PEG,; (molar ratio of 1:4)
was used, instead of DSPE-PEG,, and the FLs were prepared using the same procedure as that used for preparing NTL.
The lipid films suspended in deionized water were sonicated for 30 min and extruded as previously reported.’® The
composition ratios of the prepared liposomes are shown in (Figure 1a) and Table S1.

Dox-loaded NTL (Dox/NTL) or FL (Dox/FL) was obtained by the remote loading method using the Sephadex G-25
column (GE Healthcare, Buckinghamshire, UK).>'~>° Briefly, the prepared thin films were suspended in an ammonium sulfate
solution (300 mM), and the liposomal solution was sonicated and extruded. The liposomal solution was passed through
a Sephadex G-25 column using the HEPES buffer (10 mM, pH 7.4) to remove the free ammonium sulfate solution and to
obtain pH gradient condition. The liposomal solution was incubated with the Dox solution for 2 h at 60 °C. The liposomes

were then passed through a Sephadex G-25 column to separate the free Dox from that entrapped in the liposome.

Characterization of the Prepared Liposomes

To characterize the prepared liposomes, the effective hydrodynamic diameters (D,y), particle size distribution, and zeta
potential of the prepared liposomes were determined by photon correlation spectroscopy using Zetasizer Nano-ZS
(Malvern Instruments, Worcestershire, UK) equipped with a multi-angle sizing option (BI-MAS).'®>” Before performing
the measurements, all sample solutions were incubated at 25 °C for 30 min. Each sample was measured thrice to

determine their respective Dz, polydispersity index (PDI), and zeta potential values.

(a) (b)
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Figure | Preparation and characterization of FITC-labeled folate-conjugated liposomes (FITC-FLs). (a) Composition of liposomes (molar ratio %), particle size,
polydispersity index (PDI), and zeta potential of liposomes. (b) Flow cytometric analysis of cellular uptake 5 h after sample treatment.

Notes: *(p < 0.01), and ***(p < 0.001).

Abbreviation: n.s, not significant.
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Morphologies of the prepared liposomes were investigated using FE-SEM (Carl Zeiss Meditec AG, Jena, Germany).
The formulation samples were dropped on a glass slide and dried in vacuo. The sample surfaces were coated with
platinum using ion sputtering and then their microphotographs were obtained.

Next, the drug-incorporating efficiency and content were evaluated. The liposomes were dissolved in 1% Triton
X-100 aqueous solution to destroy liposomal vesicles and were then analyzed using a UV-1200 spectrophotometer
(Labentech, Incheon, Korea) at 481 nm. The Dox-loading efficiency and content were determined using the following

equations:

weight of drug in liposomes(mg)

Drug — loading efficiency(wt%) = x 100

weight of initially adding drug to formulation (mg)

weight of drug in liposomes(mg)

Drug — loading efficiency(wt%) = x 100

weight of initially adding drug to formulation(mg)

Cellular Uptake and in vitro Cytotoxicity Assay

Human cervical cancer KB cells were cultured in folate-free RPMI supplemented with 10% FBS and 1% penicillin—
streptomycin. The cellular uptake of the liposomes was determined by confocal microscopy and flow cytometry using
KB cells in folate-free media. For confocal imaging, the KB cells (40x10* cells/well) were seeded in each confocal dish.
After 24 h of incubation, they were treated with Free Dox, Dox/NTL, Dox/FL-2K, Dox/FL-5K, or Dox/FL-10K. The
samples were then prepared for assessment, as mentioned previously.42’54’6° Briefly, after 5 h of sample treatment, the
cells were washed thrice with cold PBS and incubated with the Vectashield mounting medium containing 4',6-diamidino-
2-phenylindole (Vector Laboratories, Burlingame, CA, USA) for 15 min. The treated cells were analyzed under
a confocal microscope (LSM 510 Meta, Carl Zeiss AG, Jena, Germany). For flow cytometry analysis, the KB cells
(20x10* cells/well) were seeded in 12-well plates. The next day, the cells were treated with FITC-NTL or FITC-FLs for 5
h. The cells were washed thrice with cold PBS and harvested by adding the 200 pL of trypsin in each well. The FITC
fluorescence intensity was analyzed with a FACSCalibur flow cytometer and Cell Quest Pro software (BD Biosciences,
San Diego, CA, USA).®' For the folate-competition study, the KB cells cultured in 1mM folate containing RPMI medium
were seeded in 12-well plates (20x10* cells/well), and the cells were treated with Dox-loaded liposomal formulations for
5 h. The cells were washed thrice with cold PBS and the Dox fluorescence intensity was analyzed with a FACSCalibur
flow cytometer and Cell Quest Pro software (BD Biosciences, San Diego, CA, USA). For cytotoxicity of the formula-
tions, 10* of KB cells in 96-well plates were treated with Free Dox, Dox/NTL, Dox/FL-2K, Dox/FL-5K, or Dox/FL-10K
(0.001-10 pg/mL) for 48 h. The cell viability was measured using CCK-8.

Bovine Serum Albumin (BSA) Binding Analysis

Any change in the intrinsic fluorescence of tryptophan residues within the BSA caused by Free Dox, Dox/NTL, Dox/FL-
2K, Dox/FL-5K, or Dox/FL-10K was evaluated. Briefly, samples containing various concentrations of Dox were added to
1 mg/mL of BSA in pH 7.4 PBS solution and mixed for 30 min. Then, using a Scinco FS-2 fluorescence spectrometer,
the emission spectra were recorded from 300 to 500 nm after excitation at 280 nm. The excitation/emission slits were set

at 5 nm.%>%

Animal Care

All animal care and experiments were performed under the protocol approved by the Institutional Animal Care and Use
Committee of Chung-Ang University (Seoul, Republic of Korea) and the National Institute of Health guidelines (“Guide
for the care and use of laboratory animals” and “Animal Protection Law in Republic of Korea”). The experimental
protocol was approved by the Institutional Animal Care and Use Committee of the Chung-Ang University of Korea
(approval number: 2020-00071).
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In vivo Tumor Inhibition

To establish tumor xenografts, KB cell suspensions at a density of 5x10° cells were injected subcutaneously into the right
flank of 4-week-old female nude mice (BALB/c, nu/nu mice; Nara Biotech, Seoul, South Korea). The tumor volume was
analyzed using the following equation.

(width)*

Tumor volume = length x

All in vivo studies were initiated when the tumor volume reached approximately 50100 mm?.

The KB tumor-bearing mice were randomly divided into six groups. On days 1 and 4, the mice were intravenously
injected via tail vein with various samples, including saline (as a control group), Free Dox, Dox/NTL, Dox/FL-2K, Dox/
FL-5K, and Dox/FL-10K, with each sample containing a dose of 4 mg/kg of Dox. Changes in the tumor size and body
weight were checked for 24 days.

In vivo Fluorescence Imaging

To study biodistribution of the prepared liposomes, Ce6 was used as a dye to obtain fluorescence images in real time. To
prepare the Ce6-loaded NTL or FLs (Ce6/NTL, Ce6/FL-2K, Ce6/FL-5K, or Ce6/FL-10K), Ce6 was added into the lipid
mixture and the subsequent process was performed as described before. Ce6/NTL, Ce6/FL-2K, Ce6/FL-5K, or Ce6/FL-
10K was injected into the tail veins of mice bearing KB tumors at the same amounts of Ce6. The biodistribution of
liposomes as a function of time after injection was monitored using a Fluorescence In Vivo Imaging System (FOBI
system, Neo Science, Suwon, South Korea). At 48 h post-injection, the nude mice were sacrificed, and the tumor and
various organs were collected to analyze ex vivo fluorescence levels.

Statistical Analysis

GraphPad 5.0 was used for the statistical analysis. Numerical results are expressed as mean+tstandard deviation in figures
and tables.®* For comparison within two groups, an unpaired two-tailed #-test was conducted.®® For comparison among
multiple groups, one-way analysis of variance (one-way ANOVA) with Turkey’s test or two-way ANOVA by Bonferroni
post-tests were employed for statistical analysis (Tables Sng).“ *P < 0.05, **P < 0.01, ***P < 0.001.

Results and Discussion

Preparation and Characterization of Folate-Conjugated Liposomes
PEGylated liposomal nanoparticles are widely utilized in drug-delivery systems because of their advantages such as increased
stability and long circulation time.”*®” The liposomes prepared in this study comprised HSPC, DSPE-PEG,y, and cholesterol
(55:5:40 molar ratio). This composition is similar to that of liposome DoxIL, approved by the Food and Drug Administration.'*%®
Folate is a ligand with high affinity for FR (K; = 0.1 nM). It has 38-kDa glycosyl-phosphatidylinositol membrane-
anchored glycoproteins, which are overexpressed in KB cells.** On binding to its receptor, the glycoprotein is
internalized through receptor-mediated endocytosis.*” The folate-targeting strategy affords a higher cellular uptake
than that achieved by the non-targeting strategy in vitro. However, this strategy is affected by various factors, including
the PEGylation of particles, length of the PEG-linker conjugated with the folate, and ligand density per drug carrier.®®""
Here, we evaluated how the cellular uptake efficiency of liposomes changes when folate is conjugated to the liposome
surface. The ratio of DSPE-PEG,,-Folate varied from 20% to 80% when the total DSPE-PEG and DSPE-PEG,,-FITC
was fixed at 20%. Next, the particle size, PDI, and zeta potential of the prepared liposomes were evaluated. All the
formulations had ~100-nm particles with a narrow size distribution. In addition, the zeta potential of the particles was
around—30 mV; however, no significant differences were observed between the formulations (Figure 1a). When the KB
cells were treated with formulations in vitro, the cellular uptake efficiency of the FL dramatically increased compared to
that of the NTL. This phenomenon is caused by the increased interaction between the FR overexpressed on the KB cell
surface and the liposomes decorated with the folate ligand. However, the cellular uptake efficiency for each formulation

did not change significantly when the folate ratio was >20% (Figure 1b).
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Characterization of Folate-Conjugated Liposomes at Different PEG-Linker Lengths
Decorating 20% of the total DSPE-PEG with folate was sufficient to target the FR overexpressed on the KB cell surface.
Therefore, after fixing DSPE-PEG,,-Folate to 20%, the length of the PEG-linker was varied to check various physico-
chemical properties before and after drug encapsulation. First, the morphology and size distribution were investigated
after encapsulation of the model drug, Dox, into each liposomal formulation. Regardless of the PEG length, all
formulations showed spherical morphology with narrow size distribution (Figure 2a). Next, the particle size, PDI, and
zeta potential values of each formulation were investigated. When Dox was encapsulated in the liposome system, the
particle size slightly increased. No dramatic change in the particle size occurred, although a change in the length of the
PEG-linker was observed. As the length of the PEG-linker increased, the zeta potential of the particles decreased. The
zeta potential of the NTLs was approximately —25 mV. The negative value of zeta potentials could be due to the
occurrence of DSPE-PEG,, a negatively charged lipid, in the formulation.”>”®> As the length of the PEG-linker
increased, the negative charge on the surface decreased and became —20 mV. This might be related to the shift in the
hydrodynamic phase of shear away from the liposome surface. The long PEG may also decrease the Brownian motion of
liposomes (Figure 2b).”*”> The zeta potential value of liposomal formulation could be changed due to the effect of the
PEG-linker length. However, this may not be a sufficient explanation because the PEG-linker accounts for only 20% of
the total PEG. Therefore, additional characterization data of PEG-Liposomal formulations with various PEG molecular
weights were added. When the non-targeted liposomal formulations (NTL) were prepared with 2K, 5K, and 10K PEG
(DSPE-PEG 5k sk, or 10x), there were no big changes in particle size (Figure Sla). However, the zeta potential value of
5K and 10K PEG based formulations were more dramatically decreased compared to that of the FL-5K and FL-10K
(Figure S1b). These data strongly support that PEG neutralizes surface charge by sterically protecting membranes with
increasing length. The prepared liposomes showed good stability in aqueous solutions without any change in their
particle size and precipitation for 28 days (Figure 2c).

Cellular Uptake and in vitro Cytotoxicity

To investigate the influence of the length of PEG-linkers for targeting KB cells, the cellular uptake of liposomes with
PEG-linkers of different molecular weights was evaluated. As shown in the confocal fluorescence imaging (Figure 3a),
the Dox-loaded liposomal formulations were translocated into cells (red). The red fluorescence was more vivid in the
cells treated with Dox/FLs than that of the Dox/NTL-treated groups. The difference in cellular uptake between FITC-
labeled liposome-treated groups was quantitatively analyzed using flow cytometry (Figure 3b). Clearly, the level of
cellular uptake of FLs increased by >1.8 times compared to that achieved with NTL; no significant differences among the
FLs based on the length of PEG-linkers were observed. However, the cellular uptake may vary kinetically, depending on
the incubation time of the sample. Note that no significant change was observed under the 5-h incubation condition.
A folate-competition experiment conducted using folate-pretreated media did not show any difference in the tested
formulations (Figure S2). This result indicates that free folate hamper the enhanced cellular uptake of FL**>* and that the
intracellular uptake occurred by receptor-mediated endocytosis.”®

The cytotoxicity of NTL and FLs against KB cells was assessed based on a cell-viability test conducted by a CCK
assay under a series of equivalent concentrations of Dox for 48 h. The ICs, values (ug/mL) of the Free Dox, Dox/NTL
and FLs (2K/5K/10K) were 0.0896, 0.1214, 0.1197, 0.1077, and 0.1125, respectively. However, no significant differences
between the liposomal formulations were observed (Figure 3c). These data suggest that folate decoration on the liposome
surfaces could enhance the cellular uptake efficiency; however, this difference could decrease over time, leading to
a similar anticancer activity of the formulated drug in vitro.

We also investigated the level of quenching of the fluorescence of tryptophan residues within the BSA, which could
be used to evaluate the drug-protein binding affinity (Figure 3d). Compared to Free Dox, Dox in liposomal formulations
significantly reduced the quenching level of tryptophan, which demonstrates that encapsulation of drugs into liposomes
reduces albumin binding. However, no difference was observed when liposomal formulations at different PEG-linkers
were compared.
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Figure 2 Physicochemical characterization of folate-conjugated liposomes (FL). (a) Morphology and size distribution of Dox-loaded folate-conjugated liposomes (Dox/FL) at
various PEG-linker lengths. (b) Loading content, loading efficiency, particle size, polydispersity index (PDI), and zeta potential of prepared liposomes. (c) Stability of FLs or
Dox/FLs at various PEG-linker lengths.

Effect of PEG-Linker Length on Distribution of Liposomal Formulation at Tumor Site
To compare the tumor-targeting ability of FLs in vivo depending on the length of PEG-linkers, time-dependent biodistribution
was evaluated in live and subcutaneous KB cell xenograft mouse model with Ce6-loaded liposomes (Ce6/NTL, Ce6/FL-2K,
Ce6/FL-5K, and Ce6/FL-10K). The formulations were injected into the tail vein of the tumor-bearing nude mice. All groups
showed a gradual increase in fluorescence intensity at the tumor site (Figure 4a). This result could be due to liposome coating via
DSPE-PEG. The PEG-coated liposomes could extend the blood circulation time of the particles by avoiding the immune system
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Figure 3 In vitro evaluation of FLs. (a) Confocal assay of cellular uptake of Dox/FLs and (b) flow cytometric analysis of cellular uptake of FITC-FLs 5 h after sample
treatment. (c) Cytotoxicity of Dox in KB cell line. (d) Tryptophan fluorescence quenching assay by adding either Free Dox, Dox/FL-2K, Dox/FL-5K, or Dox/FL-10K at
a given concentration of Dox.

Note: **(p < 0.001).

Abbreviation: n.s, not significant.

and accumulating at the tumor site owing to the EPR effect.** Here, the fluorescence intensity of the Ce6/FL-10K-treated group
was significantly higher than that of the group treated by other formulations. To quantitatively confirm the fluorescence intensity,
the main organs and the tumor were excised from the sacrificed mice 48 h after injection (Figure 4b and c). All the FLs showed
better accumulation at the tumor site than that of NTL. In addition, the Ce6/FL-10K group showed significantly enhanced
fluorescence intensity at the tumor site, clearly demonstrating the effect of PEG-linker length on tumor targeting in vivo.
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Figure 4 Distribution of Ceé-loaded PEG-Lipo formulations (Ce6/NTL or Ce6/FLs) in KB tumor-bearing mice. (a) Non-invasive whole-body imaging at given time points.
(b) Fluorescence image of harvested organs (tumor, liver, heart, lung, kidney, and spleen) 48 h after sample injection. (c) Quantitative fluorescence intensities of tumors and
main organs.

Note: ***(p < 0.001).

In vivo Tumor Inhibition

We further explored the antitumor activity of Dox in the KB tumor-bearing mouse model by intravenously administrating
Free Dox or Dox-loaded liposomes at 4 mg/kg (equivalent Dox concentration) twice a week. All liposomal formulations
showed a significant antitumor activity and inhibited the tumor growth (Figure 5a). In addition, when the folate was
conjugated to the surface of the liposome, the tumor growth dramatically delayed compared to that observed with the
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Figure 5 In vivo characterization. (a) In vivo antitumor activity, and (b) body weight changes in KB tumor-bearing nude mice after intravenous administration of saline, Free
Dox, and Dox-loaded liposomes. (c) Optical images of tumor-bearing mice at days | and 24.
Note: **(p < 0.001).

NTL-treated group. However, no dramatic changes in body weight were observed in all groups, which suggested that the
treatments did not induce any systemic toxicity (Figure 5b). Optical images of tumor tissue are presented in (Figure 5c).

The above results suggest that the FR targeting strategy via liposomal formulation is effective even under in vivo
conditions. However, unlike the previous results on particle distribution, the length of the folate-conjugated PEG-linker
did not have a great effect on the therapeutic efficacy of the encapsulated drug. Clearly, the growth rate of the tumor was
slower in the Dox/FL-10K-treated group than that in the Dox/FL-5K- or Dox/FL-2K-treated groups, although no
statistical difference was observed between the groups. This occurred probably because the effect of the PEG-linker
length is somewhat reduced because of the continuous release of the drug from the formulation after administration
in vivo. Overall, folate conjugation showed a clear targeting effect under in vivo conditions, and as the length of the
PEG-linker increased, the PEGylation effect became stronger, and the targeting ability further increased.

Discussion

We evaluated the effect of the PEG-linker length of FL on the treatment of FR-overexpressing solid cancers. Here, to
sufficiently expose the targeting moiety in the shell part of the liposomal formulation, PEG 2K was used as a component
of the liposomal vehicle. Then, the targeting comparison study was performed using a molecular weight of 2K or higher
for the PEG linker length. FLs were formulated by preparing three types of PEG-linkers (FL-2K, FL-5K, and FL-10K)
and fixing the length of the coated PEG to 2K. Regardless of the length of the PEG-linker, all liposomes were of 110—140
nm with a spherical shape. However, the zeta potential of the formulations increased when the linker length increased.
Because of the lipid present on the particle membrane, the formulations have a negatively charged surface. However, as
the length of PEG increases, it sterically protects the membrane, thereby neutralizing the surface charge.

In our previous study, we had reported that the zeta potential further increased to —10 mV when the entire liposome
was coated with 10K PEG without any decoration. In contrast, when the liposome surfaces were coated with 2K PEG
(DSPE-PEGy,y), the zeta potential was approximately —30 mV. This result is similar to our current research trend and
proves that the surface becomes more neutral as the PEG layer is increased.
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We compared the targeting ability of folate ligand conjugated liposomal formulation against two cell lines (KB cell and
SKOV-3 cell) that is known to have overexpressed folate receptor on the surface. As shown in Figure S3, we confirmed that
the folate receptor targeting ability of FITC-FL (FITC and Folate ligand conjugated liposomal formulation) was higher in the
KB cell lines than that of SKOV-3 cell lines. Thus, we used KB cells as a model cell line in this study.

We demonstrated that the rates of intracellular uptake of nanoparticles in KB cells increased when the surface is decorated
with folate. However, when evaluating the cell viability, no significant difference was observed between NTL and FL. As the
cells and the liposomal formulations continuously interact with each other and the drug is also continuously released during
the 48-h incubation under the in vitro condition, the PEG-linker difference could be ignored.

When the effect of the PEG-linker length on the cellular uptake efficiency is compared, no significant difference was
observed under 5-h incubation. Hence, the length of the PEG-linker is not a very important in vitro condition. However,
it should be considered that the binding affinity between the PEG-linker lengths of liposomes and the FR-overexpressed
cell membrane could be kinetically changed. Interestingly, the level of tumor accumulation of particles significantly
changed based on the length of the PEG-linker under in vivo condition. The longer the length of the PEG-linker is, the
stronger the targeting ability is. However, this should be interpreted as a complex phenomenon that appears as the
PEGylation effect becomes stronger owing to the increase in the length of the PEG-linker.

In our previous study, we did not observe any difference in terms of tumor accumulation and antitumor activity
between the liposomes coated with SK PEG (DSPE-PEGs)) and 10K PEG (DSPE-PEG ). In contrast, in the present
study, significant changes were observed, depending on the lengths of 5K and 10K PEG-linkers, which can be seen as the
PEG-linker playing a complex role along with PEGylation in vivo.

When the antitumor activity is compared, the difference between Dox/FL-10K and other formulations was not
significant under the two-way ANOVA analysis condition. However, when looking at the tumor size as an absolute
value, the average tumor size in the Dox/FL-10K-treated group reduced by >40% compared to that in other Dox/FL-
treated groups. This difference may further increase, depending on the number of drugs administered, the frequency of
the administration, and the dosing amount. In general, a drug is continuously and rapidly released after its nanoformula-
tion is administered in vivo. Because of the different drug-release patterns, there may a slight reduction in the antitumor
activity of the drug, depending on the length of the PEG-linker.

Similar studies to this research have been conducted by various groups. For example, Fazhan Wang et al, conducted
research on delivering mRNA using mannose-conjugated liposomes.”” They varied the length of PEG linker to 100,
1000, and 2000 to explore its impact on mRNA delivery. Hang Xing et al also conducted research on targeted drug
delivery using liposomes conjugated with aptamers with different linker length.”® While both studies emphasized the
variation in targeting effect by adjusting the linker length, they are limited to in vitro experiments. Phei Er Saw et al
conducted research on targeted drug delivery using liposomes conjugated with peptides that target fibronectin.*® This
study also varied the length of the PEG linker to investigate its importance in in vitro and in vivo experiments. However,
their research screened PEG lengths from 550 Da to 2 kDa. In contrast, our study varied PEG lengths from 2 kDa to 10
kDa and found that the effect was most enhanced when the PEG linker was lengthened up to 10 kDa, which had not been
previously confirmed. This emphasizes the novelty of our study.

In our study, the length of the PEG-linker demonstrated a more significant effect in vivo than in vitro. This is because
under in vitro conditions, nanoparticles constantly interact with cell membranes, resulting in a kinetic variation in cellular
uptake efficiency. However, in vivo, nanoparticles operate in a more dynamic and systemic manner, highlighting the
importance of in vivo evaluation and revealing a clearer demonstration of the effect of the PEG-linker length.

Fluorescence dyes can be used to track the distribution of nanoparticles in vivo. However, it is important to note that
fluorescence imaging has limitations in terms of depth penetration and tissue autofluorescence, which can affect the sensitivity
and specificity of detection. The suitability of a fluorescence dye for in vivo imaging depends on several factors, including its
excitation and emission range. Doxorubicin’s fluorescence properties are not typically strong enough for in vivo tracking of
nanoparticles. The excitation and emission ranges for optimal imaging are typically in the visible or near-infrared range, where
tissue autofluorescence is relatively low. However, doxorubicin’s excitation and emission wavelengths of 470 nm and 590 nm,
respectively, do not match these ranges. Therefore, other fluorescent dyes such as chlorin €6, which have higher excitation and
emission ranges, are typically preferred for in vivo tracking of nanoparticles.
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Positioning of the targeting moiety can have a significant impact on targeting efficiency, depending on whether it is
located on the inside or outside of the liposome. However, in the sample preparation method used in our study, it is
unclear whether the folate ligand is distributed more on the inside or outside, and it can generally be assumed to be
randomly and evenly distributed. To address this issue, some studies prepare drug-loaded liposomes first and then
conjugate the targeting moiety in the final stage.” ®* However, this approach may not be preferred from a translational
perspective due to problems such as drug linkage during conjugation and removal step of unconjugated ligand.

In future research, it will be necessary to compare the targeting efficiency of liposomal formulations by conjugating the
targeting ligand directly onto pre-made nanoparticles. This will ensure that all ligands are exposed to the surface, thus enabling
a more accurate assessment of the impact of the ligand on targeting efficiency. Additionally, the optimization of the ligand
conjugation process is also essential to address various issues such as stability, drug leakage, purification, and any other potential
problems that may arise.

Conclusion

In conclusion, this study aimed to evaluate the impact of PEG-linker length on the distribution and pharmacological
efficacy of folate-conjugated liposomes encapsulating Dox in vitro and in vivo. The results indicated that the cellular
uptake efficiency in folate receptor-overexpressing cells increased significantly with folate-conjugated liposomes, and the
length of PEG-linkers was crucial to the tumor-targeting ability and pharmacological effects of encapsulated drugs
in vivo. Specifically, the level of tumor accumulation of particles significantly increased as the length of the PEG-linker
was increased, resulting in a more than 40% reduction in tumor size in the Dox/FL-10K-treated group compared to the
Dox/FL-2K- or 5K-treated groups. This study provides valuable insights for the development of ligand-conjugated
liposomes for the treatment of specific receptor-overexpressing cancers.
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