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Abstract
Brain cancer treatments have been largely unsuccessful due to the blood-brain barrier. Several
publications support the presence of glutathione (GSH) receptors on the surface of the BBB and
consequently the products such as the 2B3-101, which is almost 5% pre-inserted GSH PEGylated
liposomal doxorubicin, is under process in clinical studies. Here we conducted the PEGylated
nanoliposomal doxorubicin particles that are covalently attached to the glutathione using the post-
insertion technique. The post-insertion methodology is noticeably simpler, faster, and more cost-effective
compared to the pre-insertion method which makes it desirable for large-scale pharmaceutical
manufacturing. The 25, 50, 100, 200, and 400 ligands of the DSPE PEG(2000) Maleimide-GSH complexes
were incorporated into the available Caelyx. According to the animal studies such as biodistribution,
�uorescent microscopy, and pharmacokinetic studies, the 200L and 400L treatment arms were the most
promising formulations compared to the Caelyx. They proved that post-inserted nanocarriers with 40
times lower levels of GSH micelles compared to the 2B3-101 have signi�cantly increased the penetrance
through the blood-brain barrier. Other tissue analysis showed that the doxorubicin will likely accumulate
in the liver, spleen, heart, and lung in comparison with the Caelyx due to the expressed GSH receptors on
tissues as an endogenous antioxidant. In conclusion, as was expected, the post-insertion technique was
found a successful approach with more pharmaceutical aspects for large-scale production. Moreover, it is
highly recommended further investigations to determine the e�cacy of 5% post-inserted GSH targeted
nanoliposomes versus the 2B3-101 as a similar formulation with a different preparation method.

1. Introduction
Brain cancer is among the most aggressive and devastating types of malignancies. Statistically, it
includes almost 90% of primary tumors in the central nervous system (CNS). The American cancer
society has estimated 23,890 newly diagnosed cases and 18,020 deaths as a result of brain tumors in
2020. A relative 5-year survival rate of 32.6% has been reported between 2010-2016 for brain cancer. The
survival rates considerably depend on several factors including age, sex and tumor types [1, 2]. The
clinical management is often through surgery, radiotherapy, or chemotherapy interventions either
individually or in combination [3, 4]. Even though tumor resection surgery has improved overall survival
rates and other related outcomes, it is not as effective as when it is combined with other available
treatments. Tumor heterogeneity and complexity plus the visual bias at the tumor margins during tumor
removal are just a few of the complications impacting the e�cacy of this procedure. Moreover, due to the
aggressive nature of the surgery, alternative options are preferred by patients [5-7]. Recently, radiotherapy
both independently or in combination with other treatments has become one of the main approaches for
the treatment of brain tumors and has been successful in prolonging patients' survival rates. However,
even with the most novel radiation devices, the accuracy of radiotherapy procedures is not perfect and as
a result, the radiotherapy-associated adverse effects cause radiation restriction [8-11]. Chemotherapy is
the least aggressive and most e�cient choice that has been developed and improved over the years.
However, the adverse effects, poor bioavailability, and limited e�cacy are still challenging issues and
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further improvements seem necessary [12-14]. Recently, nano-formulations have demonstrated promising
preclinical and clinical results in the treatment of cancer especially brain cancer. An encouraging example
of nanocarrier products in the clinic is Caelyx® or PEGylated liposomal doxorubicin. It has been widely
and successfully used for many types of cancer. The liposomal nanostructure not only has diminished
the previously reported doxorubicin toxicities (such as cardiac, hepatic, skin, neuronal toxicities, etc.), but
it also has improved and enhanced the e�cacy and bioavailability [15-18] making it a better approach
than the conventional formulations with the hydrophilic PEGylated shell and nano-sized structure
(approximately 100 nm). Additionally, the �exibility in physicochemical modi�cations and preparation of
liposomal nanostructures has enhanced the e�cacy and dramatically decreased the adverse effect [19-
21]. The in�ammation caused by malignancies increases permeation through the blood and decreases
retention from the tumor site leading to enhanced permeation and retention (EPR), which is a highly cited
mechanism for cancer drug nano delivery systems [22, 23]. Despite many advances in the characteristics
of liposomal nanoparticles, crossing the blood-brain barrier (BBB) remains a challenge with available
formulations [24-26]. A successful drug delivery approach to the brain has to circumvent several BBB
limitations. The BBB e�ux transporters minimize therapeutics entrance resulting in a phenomenon called
pharmacoresistance. The paracellular pathway is limited due to the tight junctions among BBB cells.
These connections make the intercellular gaps less than 1 nm, which is only permeable to the water and
a few trace elements. Among different strategies, the intracellular pathway represents the most promising
approach for lipophilic structures with less than 500Da molecular weight. Most of the essential
compounds for the central nervous system pass through the BBB via the receptors on the BBB outer layer.
For example, glucose, insulin and transferrin get through the BBB by receptor-mediated transcytosis.
Previous studies proposed the e�ciency of nano-carriers in the anti-cancer agents' brain delivery can be
improved by active targeting as a result of increasing receptor-mediated uptake. The aforementioned
receptors have been the target of numerous nanocarrier investigations so far but none have been
successful in the clinic [27-35], although there is still a need to investigate formulation that could make
their way to the clinical phases.

Glutathione (GSH) is an endogenous tripeptide with a negative charge that has shown a neuroprotective
role in the CNS due to the antioxidant effects [36, 37]. Previous publications have shown that GSH
receptors expression on the surface of the BBB [38-40].

Glutathione PEGylated nanoliposomes have well been used as a brain drug delivery platform. 2B3-101,
which has �nished the phase I/IIA clinical trial, is glutathione coated Doxil®/Caelyx® which is prepared by
incorporation of DSPE-PEG(2000) Maleimide-GSH into the Caelyx’s structure [41-43].

2B3-101 is prepared by GSH anchored PEG micelles into the liposomal structure with conventional lipids
followed by remote loading of the Doxorubicin [44-47]. This method is a promising modi�cation
approach with the least drug leakage in the preparation process. However, the orientation of targeting
ligands towards the inner surface of liposomes results in increased viscosity and extrusion di�culties,
and sterically destabilization. Moreover, the pre-insertion method s not economically and technically ideal
for valuable targeting ligands. The post-insertion technique offers a simpler, faster, and more cost-
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effective approach making it desirable for large-scale pharmaceutical manufacturing. In this method, the
ligand-coupled PEG-lipid derivatives are applied to the liposomes from a micelle phase [48-53]. Previously,
we demonstrated the high e�ciency and reproducibility of the post-insertion method in the preparation of
actively targeted liposomal Dox [54, 55]. In a temperature- and time-dependent manner, the micellar DSPE-
PEG(2000) Maleimide-GSH complex has been incorporated into the PEGylated liposomal doxorubicin
structure. The optimum time and temperature have been obtained through the outputs of previous
experiments [48, 56].

This study aims to demonstrate that glutathione decorated PEGylated liposomal doxorubicin distribution
to the brain is approachable successfully through utilizing the post-insertion technique to which the GSH
targeting ligands are incorporated into the commercially available Caelyx®. The post-insertion
methodology produces robust and highly reproducible products in comparison with the pre-insertion
method which has been used by Gaillard et al in similar studies in tumor-induced rodents. Moreover, we
showed that in comparison to the 2B3-101, 40 times lower levels of GSH micelles have signi�cantly
increased the penetrance through the blood-brain barrier establishing the minimum required numbers of
ligands for effective delivery to the brain. [57, 58]

2. Material And Methods

A. Materials
Methoxypolyetheleneglycol (M.W. 2000) distearylphosphatidylethanolamine (mPEG2000-DSPE) was
prepared from Lipoid (Ludwigshafen, Germany). Doxorubicin hydrochloride (Dox) was purchased from
Sigma–Aldrich (St. Louis, MO). Maleimide PEG2000 di stearoyl phosphatidylethanolamine or DSPE-
PEG(2000) Maleimide was purchased from Avantipolar (Alabaster, AL).  γ-L-Glutamyl-L-cysteinyl-glycine
(L-Glutathione) and Doxorubicin hydrochloride were purchased from Merck and Sigma-Aldrich (St. Louis,
MO), respectively. Isopropanol was purchased from Merck for acidi�ed isopropyl alcohol preparation. The
90% isopropanol/0.075 M HCl was arranged by the addition of 2.5 ml water and 7.5 ml HCl 1 M to the 90
ml isopropanol. Commercially available Caelyx® was prepared from BehestanDarou Company (Tehran,
Iran). Other reagents and solvents were used as a chemical grade. Acidi�ed isopropyl alcohol (90%
isopropanol/0.075 M HCl) was prepared by adding 2.5 mL water and 7.5 mL HCl 1 M to 90 mL
isopropanol (Merck, Darmstadt, Germany).

B. Glutathione complex preparation
In order to covalently link the GSH peptide to the DSPE-PEG(2000) Maleimide, the peptide was dissolved
in dimethyl sulfoxide and added to the DSPE-PEG(2000) Maleimide chloroform solution. The peptide to
maleimide molar ratio was 1.2:1 and the DMSO to chloroform volumetric ratio was 1:1. They were mixed
continuously for 48 h at 37 °C for the mentioned reaction. In the end, with a rotary evaporator (Heidolph,
Germany), the solvents were removed and were freeze-dried (VD-800F, Taitech, Japan) [59].



Page 5/26

C. Glutathione complex evaluation
The freeze-dried product was dissolved in ammonium sulfate and analyzed by thin-layer chromatography
(TLC). The peptide-lipid conjugate was monitored against the TLC plate with the ratio of 45/9/1
chloroform/methanol/water mobile phase and iodine vapor exposure.

Moreover, the peptide reaction with the PEG was evaluated with reverse-phase liquid chromatography
(Shimadzu, Japan). The complex was assessed in an isocratic gradient condition with the 0.001
phosphoric acids HPLC grade water as the mobile phase.  For the procedure validation, free GSHs were
added to the �nal product without any maleimide reactive groups and were treated the same as others.

D. Post-inserted formulation preparation
The GSH-PEG prepared micelles were incubated with Caelyx® at 60 °C for 1 hour (h) while stirring gently.
Then, their phosphate content was determined by the Bartlette assay. Consequently, the GSH-Caelyx®

post-inserted formulations were prepared by insertion of 25, 50, 100, 200, and 400 ligands on the
liposomal surface. The number of peptide molecules per liposomes was calculated based on the
following parameters: Caelyx® phospholipids concentration, liposomal average size and per liposomes’
lipid molecules for their average size, liposomal numbers per each milliliter, total peptide content, peptide
molecules per each milliliter of peptide-micelles, and peptides’ number aimed to put on each liposome
surface [54, 56, 60, 61]. The liposomes were analyzed based on the �uorescent of Dox to estimate drug
content post-reaction. The �uorimetry device was used for the mentioned purpose.

E. Liposomal characterization
Produced 25, 50, 100, 200 and 400 ligand nanoliposomes were characterized based on size, zeta-
potential, and polydispersity index (PDI) by a Dynamic Light Scattering instrument (Nano-ZS; Malvern,
UK). Bartlette phosphate assay was used to determine the preparation’s phosphate contents [62]. Dox
encapsulation e�ciency was measured before and after puri�cation. The encapsulated Dox percentage
was determined by the following formula: % Dox encapsulated = ([Dox concentration after puri�cation]/[
Dox concentration before puri�cation]) × 100.

Release studies were conducted by the dialysis method in three different media with a pH of 7.4 (PBS),
6.5 (dextrose histidine), and 5.5 (dextrose succinate) [63, 64]. The dialysis bags with formulations content
separately were put in mentioned buffers and incubated at 37℃ overnight. Samples were collected at
0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 8, 10 and 24 hours time points. Sampling was followed up with the dialysis
buffer refreshments. In the end, the released Dox was determined with spectro�uorimetry (Shimadzu
RF5000U, Japan) at 490 nm excitation and 585 nm emission [65].
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F. Animal studies

1. Ethical statements
All animal experiments were conducted in compliance with the Institutional Ethical Committee and
Research Advisory Committee of Mashhad University of Medical Sciences guidelines. For the
biodistribution and pharmacokinetic studies, 8 to 10-week old healthy female NMRI mice were used. They
were housed in standard cages with free access to water and food (standard laboratory rodent’s chow).
The animal house temperature with a 12-h light/dark cycle was maintained at 23.9/30.8C. All efforts
were made to reduce the number of animals used and to minimize animal suffering.

2. Biodistribution and pharmacokinetics
In order to provide a technique with the highest encapsulation e�ciency and stability, the formulations
were prepared almost an hour before animal administrations. Brie�y, the GSH-PEG prepared micelles were
lyophilized and stored in sterile vials. Immediately before the administration, the separate components
(micelle powders and the dextrose buffer) were mixed, solubilized, and post-inserted into the
commercially available Caelyx® nanoliposomes at 60 °C for 1 h [66-68]. The formulations were injected
via the tail vein at 10 mg/kg of doxorubicin either as encapsulated in post-inserted preparations or
Caelyx®. The controlled mice received dextrose 5%. Before euthanasia, mice were deeply anesthetized
through a ketamine-xylazine cocktail by intraperitoneal injection. For all mice, blood samples were
collected by heart puncture, and the whole brain, spleen, lungs, kidneys, heart, and a portion of the liver
were dissected, weighed, and homogenized with a bead beater (Bead Beater, Biospec, Bartlesville, OK) at
5,000 rpm. Regarding the blood serum collection, the blood was allowed to coagulate at 4 ºC and
followed with centrifuged for 10 min at 14,000 rpm. The serum (upper phase) was collected. The
homogenized tumor samples and the sera were stored at 4 ºC overnight to extract the drug. The samples
were then centrifuged at 14,000 rpm and the supernatants were diluted and assessed at Ex: 490 nm, Em:
590 nm using a spectro�uorometer. The calibration curves were prepared using serial dilutions of the
tumor and sera extracts of the control mice.

For the histological study, mice were injected i.v. by a dose of 10 mg/ml of each formulation (n = 3). 24 h
after injection, animals were euthanized, the brains of mice were removed and �xed. After embedding in
para�n, sectioning was performed and tissues were stained using �uroushiled™ with DAPI (Sigma-
Aldrich). Then each section was photographed using �uorescent microscopy and penetration of Dox into
the brain tissue was determined.

G. Statistical analysis
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Statistical analysis was conducted using GraphPad Prism version 6 (GraphPad Software, San Diego, CA).
Two-way analysis of variance (ANOVA) plus Tukey's post-test was used to �nd out signi�cant differences
between different groups. Data were considered signi�cant when P < 0.05.

H. Pharmacokinetic studies
The blood samples were collected from each mice at 24, 48, and 72 hours post-injection, and the Dox
concentrations were assessed by spectro�uorimetry (Ex: 490 nm, Em: 580 nm). Considering the linear
trapezoidal method and non-compartmental analysis for data obtained after intravenous bolus 10 mg/kg
dose, the area under the concentration-time curve (AUC), area under the �rst moment curve (AUMC) were
calculated. Furthermore, the mean residence time (MRT) is obtainable via the AUC and AUMC
measurements. The elimination rate constant (Ke) and half-life (t1/2) plus the total clearance (Cl), and the
volume of distribution (Vd) values were also determined.

3. Results

I. Characterization of glutathione targeted liposomes
The �nal product of conjugation was assessed by the TLC and the HPLC to con�rm that the linking
reaction was achieved e�ciently. Before the GSH-PEG2000 complex incorporation into the liposomal
structure, the peptide to lipid conjugation has been assessed by TLC and HPLC [59]. The unconjugated
peptide and lipid plus the product of conjugation reaction due to different mobility on silica gel paper
were con�rmed with the TLC (Figure 1). As expected, PEG and the GSH have traveled farther compared to
the GSH-PEG2000 complex. No spots were found corresponding to the free PEG or the peptides migration
distance suggesting a 100% linking e�cacy in the conjugation reaction.

 The free peptide and the �nal product’s HPLC chromatography based on the retention time are shown in
Figure 2. At �rst, the free peptide was assessed and 5 minutes post-injection a peak of the graph was
made. Similarly, a conjugation �nal product was injected into the HPLC column and 7 minutes post-
injection the complex graph was achieved. In the end, a mixture of free peptide and the complex were
injected to verify and identify the presented curves (Figure 2).

J. Liposomal characterization
The post-insertion method was performed at 65 ◦C for 1 h with gentle stirring of 25, 50, 100, 200, and 400
ligands PEG-GSH with the commercially available Caelyx®.   The �nal liposomes were assessed for the
drug remained in liposomes after post-insertion by the �uorimetry method (Table 1). Moreover, the
physical properties of the liposomal formulations including zeta potential, average size, and the PDI were
obtained by dynamic light scattering (DLS) (Table 1). Most of the formulations sizes were less than 100
nm which is preferable for nano-drug delivery through iv administration. The PDI reports the uniformity of
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nanoparticles which is desirable (less than 0.2). The size of liposomal formulations was slightly
increased by the number of the ligands as a con�rmation of post-insertion. Although the size differences
were not signi�cant. Furthermore, the general particle size was negative due to the presence of DSPE-
PEG(2000) Maleimide.

The release test as the leakage stability experiment was performed in different pH as 5.5, 6.5, and 7.4 to
simulate the endosomal, tumoral, and physiological release (Figure 3). All of the formulations followed
an increasing trend in presence of more acidic conditions. The release pro�le was 2-3 percent increased
when formulated with the post-insertion method based on the number of the ligands compared to the
Caelyx®. Although none of the differences between modi�ed and unmodi�ed nanostructures were
signi�cant after 24 hours of release assessments.

K. Biodistribution studies
In order to assess to track formulations distribution through the main organs (Brain, liver, spleen, kidney,
lung, heart, and blood) we performed a comprehensive analysis of each tissue targeted liposomes
transportation, after 10 mg/kg doxorubicin formulations single-dose iv administration (Figure
4 and Figure 5). It continues with a ratio of brain, spleen, and liver tissue microgram distributed drug per
gram tissue per milliliter serum. Additionally, the brain/heart ratio was assessed to provide further
information concerning how effective they are to get to the brain besides cardiotoxicity as a doxorubicin
serious side effect (Figure 6).

Based on the data represented in Figure 4, the blood serum after 24 hours did not show any signi�cant
differences (P > 0.05) between formulations. The level of doxorubicin concentration was fallen drastically
after 48 hours and continued downward after 72 hours. The formulations showed no signi�cant
differences in later time points. Generally, the serum concentrations declined gradually since 24 hours
after iv injection.

The analysis of whole-brain tissue (Figure 5-A) elucidated that all the GSH post-inserted formulations had
a higher level in the brain compared to Caelyx®. They have gradually decreased over time with no
signi�cant differences. However, over 24 hours post-administration, the 200L group showed a huge
difference over Caelyx®. It also had a signi�cant difference versus the 100L treatment group. The 100,
200, and 400 ligand formulations markedly showed a signi�cant difference after 48 hours post-injection.
The 200L formulation had the most concentration level in the brain tissue after 2 days. Moreover, a
dramatic difference was detected between the 200L formulation in comparison with the Caelyx® group.
Its brain tissue doxorubicin level was almost 2.8 and 1.7 folds greater than 50 and 25 ligand
formulations, respectively. After 72 hours, the 200L and the 400L formulas showed better distribution
over other treatment groups including Caelyx®, 25, and 50 ligands.

Even though the doxorubicin liver pro�le was fell gradually over time, it was observed that its topmost
concentration among treatment arms was dedicated to the 400 and 200 ligands in all-time points (Figure



Page 9/26

5-B). On contrary, the spleen accumulations did not follow a constant trend over time and were elevated
after days 1 and 2 post-injection (Figure 5-C). However, they were slightly decreased after 72 hours.
Noteworthy that the 400L and 200L spleen concentrations were signi�cantly higher than Caelyx® after 24
and 48 hours after administration, respectively. None of the formulations showed any signi�cant
differences against each other in liver tissue except the 200L which had a meaningful drug content
compared to the 50L after 48 hours. Furthermore, the 200L at its topmost concentration among treatment
arms after 48h was found signi�cantly more than the Caelyx® group.

Generally, targeted treatment concentrations were higher than Caelyx® as non-targeted nanoparticles
based on the heart tissue analysis (Figure 5-D). Furthermore, the GSH targeted nanocarriers especially the
25L, 100L, 200L, and 400L were observed with signi�cant values over the Caelyx® in different time points.
Based on the analysis of various tissues, there was no signi�cant difference between the formulations in
the kidney for 24 and 48 hours post-injection (Figure 5-E). However, the Caelyx® level was not fell
signi�cantly in contrast with the targeted formulas after 72 hours that were drastically decreased. The
glutathione-targeted nanoliposomes were penetrated the lung tissue meaningfully compared to the
Caelyx® with the least drug level in all-time points (Figure 5-F). Generally, the post-inserted formulas were
accumulated in the heart and lung greater than the Caelyx®.

The presented analyzed data of brain/serum ratio (as a representative of the term brain-penetrant)
elucidates that the post-inserted nanocarriers tend to accumulate and penetrate to the brain tissue than
circulating in the blood. The mentioned term quantitive numbers have appeared higher for 25, 200, and
400 GSH ligand nanoliposomes (Figure 6-A). Although the 24 and 72 hours time points do not show a
noteworthy difference 48 hours past the drug injection the brain/blood ratio was found greater than 0.04
for 25,200 and 400 ligand formulas as the most brain-penetrants. At the same time point, the highest
ratio was 0.06 for the 200L and 400L groups compared to 0.01 for the Caelyx®. Figure 6-B shows that the
targeted nanocarriers' net accumulation in the brain is much more than their distribution in the heart
which causes cardiotoxicity. The 200L had the highest brain/heart ratio in all times plus the 400L which
had signi�cant differences over other formulations especially the PEGylated liposomal doxorubicin
(Caelyx®) at 72h. The liver/serum and spleen/serum ratios illustrate that the liver and spleen clearance of
targeted treatments was increased over time and inconsistent with the number of GSH ligands (Figure 6-
C). However, except for the 50L in 48h and 200L in 72h compared to Caelyx®, none of the elevations were
found signi�cant.

Figure 7 demonstrates the amounts of Dox penetrations in the brain tissue based on the intrinsic
�uorescence of the Dox. Quali�cation of the amounts of Dox penetrated using �uorescent microscopy
shows the higher accumulation of the 200L and 400L formulations compared to the others.

L. Pharmacokinetic studies
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The given pharmacokinetic parameters in Table 2, presents comparable values of AUC, AUMC, MRT, Ke,
t1/2, and Vd between Caelyx® and GSH-targeted formulations. The Caelyx had the least value for the
AUC, as a representative of systemic exposure to treatment agent, compared to the targeted
nanoliposomes such as 200 and 400 ligands.  The total area under the �rst moment curve (AUMC) was
highest for the 200L and 400L nanoparticles. Accordingly, the MRT as a result of the AUC and AUMC
values was found higher for the Caelyx treatment arm and was lessened inconsistent with increasing the
number of the targeting ligands on the surface of the liposomes. The elimination rate and the volume of
distribution were the least values for the Caelyx. The half-life value which is the result of 0.693/Ke
equation was the most for the non-targeted formulation (Caelyx). The obtained total clearance was
achieved by dividing the dose by the AUC and was found the minimum for the 200 and 400 targeted
nanoliposomes. None of the proposed parameters had signi�cant differences between each group.

4. Discussion
In this body of research, we have determined the least possible GSH ligand effect to pass through the
BBB in healthy mice. Moreover, the post-insertion method to incorporate targeting ligands into the
liposomal structure was investigated. More precisely, the main objectives were applying and assessing
the 25, 50, 100, 200, and 400 GSH ligands e�cacy besides the post-insertion method’s applicability as
one of the most preferable fast and cost-effective procedures in novel targeted nano-drug delivery
systems with fewer preparation challenges [69, 70].

Brie�y, the �rst experiment was to conjugate the GSH and DSPE-PEG(2000) Maleimide before the post-
insertion[71]. Conjugation of DSPE-PEG(2000) Maleimide and GSH was con�rmed by TLC and HPLC to
con�rm the attachment was done perfectly which is shown in Figure 1 and Figure 2. Table 1 is obtained
after the post-insertion application. It evaluates the size, negative charge, PDI, and liposomal Dox content
after the targeting ligands incorporation. The doxorubicin content of the Caelyx® did not alter signi�cantly
due to post-insertion [72, 73]. The targeted formula size was approximately 96 nm which is slightly more
than Caelyx®. The larger size could be due to the presence of the hydrophilic GSH peptide on the surface
of the liposomes. The PDI for all of them was less than 0.2 which signi�es their uniform distribution [74,
75]. As was expected, they had more negative charges than the Caelyx® as the result of the GSH negative
charge. The alteration of the size and zeta potential could be a sign of GSH conjugation on the surface of
the nanoliposomes [76, 77]. However, none of the sizes and charges were found signi�cant in different
groups. Therefore, our targeted nanoparticles were desirably expected biocompatible to stay stealth to the
reticuloendothelial system (RES), blood circulation, and drug delivery. We conclude later statements
based on the literature that describes an optimum nanoparticle hydrophilic and negatively charged with
an average of 100 nm of diameter [78-80]. The encapsulation e�cacy was calculated after post insertion
which was more than 95% for all of the formulations. The post-insertion based on the drug loading
e�ciency did not affect the encapsulation considerably.

The release test showed that the leakage was not compromised signi�cantly and the formulations stayed
almost stable. The release pro�les at different pH were slightly increased. The released doxorubicin was
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assessed in correlation with the number of targeting ligands and more acidic pH [64].

The pre-admixture of contents was prepared on the same day of the in vivo experiments to ensure a fresh,
more stable, and consistent formula with a higher encapsulation e�ciency is injected. The active
components including the market available Caelyx and lyophilized GSH-PEG were mixed, measured, and
linked immediately before drug administrations [81-84].

The in vivo experiments were done on non-tumoral healthy mice to evaluate the performance of GSH as a
targeting ligand for the BBB. This experimental setting was used to demonstrate the physiological
response. It is established that tumors can cause in�ammation and thus affecting tight junctions and
permeability of the BBB and consequently facilitating the EPR effect to reach brain tissue [85, 86]. Our
investigation showed that the Dox serum level was increased gradually by the number of GSH ligands on
the surface of the liposomes, but there was no signi�cant difference between them. Nevertheless, the
concentrations went drastically downward after 48 hours which could be due to the drug distribution into
the other tissues especially the brain as the aim of this study plus liver and spleen. The 200 and 400
ligand formulas were found at their highest level in the liver and spleen which is due to the RES uptake.
Studies show that the elevation of the size of the formulations is associated harvest of formulations [87,
88]. The GSH negative charge could be another reason for the RES elevation as Table 1 presents more
negative charges on the formulations. It is worth mentioning elevated distribution of the 200L and 400L
to the other tissues plus increased RES did not affect the brain tissue drug delivery even without the EPR
effect. The most accumulated nanoparticle in the brain was after 24 hours for the 200L. The 200L also
showed higher levels of Dox even after 48 and 72 hours of iv injection. Based on the scrutinized literature,
the idea that the GSH could be one of the most successful targeting ligands ever tested to pass through
the BBB was established. Even though it was checked that the conventional incorporation of 5% GSH will
improve the doxorubicin brain biodistribution, but the concept that even a few GSH ligands as post-
insertion, as a straightforward cost-effective method, might have any considerable effect to pass through
the brain was hypothesized and tested. As is observed in Figure 5-A, almost all of the targeted
formulations had higher levels compared to the Caelyx®. The 200 and 400 ligands were found with a
meaningful difference in almost all the timepoints. We consider the 100, 200, and 400L formulations as
representative of the best post-inserted formulations, brain-penetrant as they have achieved almost a
0.06 ratio. Deemed term in early discovery explains that they have adequate brain penetration to be
considered for future experiments [89]. Additionally, the histological images indicate the acceptable
penetration of the 200 and 400 ligand formulations into the brain tissue the same as what was discussed
earlier. The heart distribution of the targeted formulations was mainly more than Caelyx®. The higher
heart distribution might be due to the higher GSH receptors on the heart tissue cells. As the heart
accumulation of Caelyx® is remembered as its main drawback, the insertion of GSH might be considered
out of scope for brain drug delivery as for the cardiotoxicity. We challenged its cardiotoxicity by gained a
microgram of doxorubicin in brain cells. Therefore, the brain/heart ratio was investigated to evaluate how
signi�cant can GSH targeted formulations, as a measure of effectiveness can get through the BBB even
with the cardiotoxicity. The 200 and 400 ligands were effectively overcome the heart accumulated
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toxicities by presenting optimum brain penetration and e�cacy. Moreover, the lung accumulation of the
post-inserted formulations was found signi�cantly higher than the Caelyx® that could be explainable by
the reported GSH receptors in the lung tissue. The pharmacokinetic pro�le of Caelyx® and the GSH
targeted nanostructures have been shown in Table 2. Mainly the targeted formulations, especially the
200L and 400L, had greater total drug exposures across time than the Caelyx®. The Caelyx’s mean
residence time was the highest among treatment groups which is mostly due to lower AUC value. Higher
AUC for a given dose is correlated with lower clearance. The clearance concept comes from the
distribution and elimination functions [90]. The Ke was higher for all of the GSH targeted formulations
and as a result, their time to reach a 50% decrease in plasma concentration or t1/2 was less than the
Caelyx®. This is reasonable with the resulted MRT. It is noteworthy to mention that higher Ke for GSH
targeted formulations might be related to the tissue accumulations especially the brain which is
desirable. As was discussed earlier, the GSH as an endogenous antioxidant is expressed on several
tissues. Therefore, the poor Vd represents that the drug's propensity to remain in plasma is low and tends
to redistribute in the non-speci�c tissues. The lowered clearance for the 200L and 400L is the result of
higher elimination constants. Additionally, due to the larger size and more negative charge of the
nanoparticles, the RES can detect and be exposed to the targeted formulations and tends to have a higher
elimination constant.

5. Conclusion
This study evaluated the use of a post-insertion approach to target PEGylated liposomal doxorubicin
nanoparticles to the brain. This method is more economic, more e�cient, and follows a simpler method
of preparation compared to the pre-insertion approach [48, 91]. Interestingly, this approach led to
increasing brain biodistribution for 200 and 400 ligands, suggesting that using more glutathione ligands
can improve the concentration of accumulated doxorubicin and increase brain-penetrant dosage forms.
GSH receptors are present on other tissues raising the possibility of observing toxicities. The evaluated
brain/heart biodistribution ratio as an example in this study demonstrates the importance of identifying
the therapeutic index for any future drug development.  It would be really interesting to compare the
e�cacy and biodistribution of the 2B3-101 with post-inserted formulations once the drug becomes
commercially available for purchase. Another area of investigation would be to assess higher than 400
targeting ligands on the surface of nanoliposomes impacts the crossing through the blood-brain barrier
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https://www.ema.europa.eu/en/medicines/human/EPAR/myocet-liposomal-previously-myocet
https://seer.cancer.gov/statfacts/html/brain.html
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Figures

Figure 1

TLC chromatography. The PEG, P+P are abbreviations for free PEG2000-MAL., PEG2000-GSH complex,
and free GSH peptide, respectively. The chromatograph shows no similar spots in the (P+P) spot area
that demonstrates the end of the conjugation reaction.



Page 22/26

Figure 2

HPLC chromatography as the complex linking assay. (A) is the result of the �rst injection in which
represents the free peptide that eluted with a retention time of ∼4.7 min. (B) represents the PEG2000-GSH
�ltrate and (C) represents the free peptide at the exact retention time as the free GSH which was injected
to verify and identify the complex from the free peptide.

Figure 3

The release pro�le of different GSH-targeted nanoliposomal formulations at pHs of 7.4 (phosphate
buffer), 6.5 (histidine buffer), and 5.5 (succinate buffer).
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Figure 4

Blood distribution of GSH targeted nanoliposomes per milliliter serum after administration of an iv single
dose 10 mg/kg of the formula. The blood serum values did not show any signi�cant differences (P >
0.05) between formulations. The level of doxorubicin concentrations was fallen drastically over time.
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Figure 5

The Caelyx and GSH-Caelyx formulations biodistribution at different time points (24, 48, and 72 hours
post-injection) in (A) Brain, (B) Liver (C) Spleen (D) Heart (E) Kidney, and (F) Lung organs in NMRI healthy
mice after a single dose of GSH-Caelyx and Caelyx products i.v. administration with 10 mg/kg. Results
are expressed as Mean ± SEM. One-way ANOVA was used to analyze the results. The meaningful
differences between the treatment groups are shown as * (P ≤ 0.05).
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Figure 6

Panels (A, B, and C) indicate a doxorubicin concentration ratio in tissues to the concentration of
doxorubicin in each mouse serum. Panel A represents a ratio of Dox concentrations in the brain to the
micrograms of Dox per milliliter of serum. Panel B gives a comparison of Dox concentration between the
brain and heart in each formulation to present an estimate of e�cacy given by the formulations
compared to their cardiotoxicity. Panel C illustrates a ratio of Dox concentration in the liver/spleen tissues
to the concentration of Dox in serum, respectively. Results are expressed as Mean ± SEM and the one-way
ANOVA was performed to analyze the results.
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Figure 7

Fluorescent microscopy. The results of Dox internalization into the brain tissue are visualized by
�uorescent microscopy. Staining the embedded sections was performed with DAPI. The 200L and 400L
showed higher internalization compared to the Caelyx®. Sections are inspected under × 200
magni�cation.


