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ABSTRACT

Glioma is an intra-cranial malignancy with the origin of neural stem cells or precursor cells, the most prevalent brain tumor worldwide. Glio-
blastoma, the fourth-grade glioma, is a common brain tumor whose incidence rate is 5-7 people per 100,000 populations annually. Despite their
high mortality rate, all efforts for treatment have yet to achieve any desirable clinical outcome. The Wnt signaling pathway is a conserved pathway
among species that seems to be a candidate for cancer therapy by its inhibition. Metformin is a known inhibitor of the Wnt signaling pathway. Its
effects on glioma treatment have been observed in cellular, animal, and clinical experiments. Nanoerythrosomes are drug carriers obtained from the
cellular membrane of red blood cells in nano size which can offer several characteristics to deliver metformin to brain tumors. They are good at
loading and carrying hydrophilic drugs, they can protect metformin from its metabolizing enzymes, which are present in the blood-brain barrier,
and they can extend the period of metformin presence in circulation. In this study, nanoerythrosomes were prepared by using the hypotonic buffer.
They had particle sizes in the range of 97.1 + 34.2 nm, and their loading efficiency and loading capacity were 72.6% and 1.66%, respectively.
Nanoerythrosomes could reserve metformin in their structure for a long time, and only 50% of metformin was released after 30 h. Moreover, they
released metformin at a low and approximately constant rate. Besides, nanoerythrosomes could tolerate various kinds of stress and maintain most of
the drug in their structure. Altogether, nanoerythrosome can be a suitable drug delivery system to deliver therapeutic amounts of metformin to
various tissues.

1. Introduction

Glioma is an intra-cranial neuro-epithelial malignancy whose origin is glial cells. Glial cells are some un-neuronal cells that reside
in the central nervous system (CNS), and their role is to protect, nourish, and support neural cells [1]. Glial cells mainly include as-
trocytes, oligodendrocytes, and ependymal cells [2]. Glioma is the most prevalent brain tumor, with a survival time of approximately
14.6 months for patients [3]. Its incidence rate varies based on histopathology, age, sex, and differences in diagnosis. Even though, it is
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estimated that the age-adjusted incidence rate of glioma is about 4.67-5.73 per 100,000 people each year [4]. Moreover, glioblastoma
has also been shown to have an incidence rate of about 5-7 per 100,000 people [5]. The main protocol for both glioma and glio-
blastoma treatment is surgery accompanied by chemotherapy or radiotherapy. In glioblastoma, the mean overall survival and 5-year
survival of radiotherapy are 9-10 months and 1.9%, respectively.

Various signaling pathways are active in the glioma pathogenesis, growth, and progress phenomena such as metastasis, stemness,
invasion, immortality, drug resistance, and angiogenesis. Among these pathways, the calcium signaling pathway, MAPK signaling,
mTOR signaling, p53 signaling, and ErbB signaling pathways could be mentioned. Specifically, the Wnt signaling pathway is a highly
conserved pathway among different species with diverse effects on cancer pathogenesis [6]. Wingless-related integration site (Wnt)
gene was first introduced as a marker in mice breast tumors and related to the wingless phenotype of drosophila [7]. Its significant role
in developing and differentiating CNS structures has been shown vividly [8]. The Wnt signaling pathway is mainly divided into two
canonical and non-canonical pathways (Non-canonical pathway is classified into planar cell polarity (PCP) and Wnt/Calcium path-
ways). In the canonical Wnt pathway, B-catenin plays an important role, so it is called the p-catenin-dependant pathway [9]. Wnt3a,
Wnt5a, and Wnt7a are the three main members of the Wnt family and ligands of this signaling pathway. Wnt7a, which exists in both
canonical and PCP pathways, is a key role-player in cancer pathogenesis [10]. Wnt signaling has various roles in malignancy-related
mechanisms such as stemness, invasion, drug resistance, and angiogenesis. Specifically, the role of Wnt signaling in glioma has been
studied well. FAT1 is a protein member of the protocadherins family that inhibits f-catenin activity as a transcription factor. It is shown
that 57% of glioblastoma cases are null for the FAT1 gene [11]. Hepatocyte growth factor (HGF) and its receptor (c-Met) are important
proteins in the pathogenesis of glioblastoma, and their overexpression is related to the disease’s poor prognosis. In glioma stem cells
when the c-Met expression is higher, the Wnt signaling is more active. Also, the inhibition of c-Met would reduce transportation of
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Fig. 1. Wnt signaling pathway in glioma (Created by BioRender.com). The non-canonical Wnt signaling pathway has two independent subdivisions,
planar cell polarity (PCP) and Wnt/Ca>* pathways. The PCP signaling controls the polarity of the cell in the basal membrane. Wnt/Ca* pathway is
the regulator of calcium trafficking from the endoplasmic reticulum to the cytosol [45].
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f-catenin to the nucleus in glioblastoma cells [12]. The Wnt signaling pathway is believed to correlate with the proliferation and
survival of glioma stem cells, too. In glioblastoma, the enhanced expression of the pleiomorphic adenoma gene like-2 (PLAGL-2) gene
will activate the Wnt/p-catenin signaling pathway in neural stem cells and make glioma stem cells renew (Fig. 1) [13].

Oral temozolomide is a widely used drug that is the best anticancer agent for glioma despite its trivial clinical outcomes. Adding
temozolomide to the radiotherapy would increase the mean overall survival and 5-year survival to 14 months and 10.9%, respectively
[14]. Unfortunately, the clinical outcomes of temozolomide cannot be seen in 50% of patients due to the resistance [14]. Surprisingly,
Wnt has a crucial role in glioblastoma resistance to temozolomide [15]. Besides, ABCB1, responsible for the efflux of drugs from tumor
cells and presents in 70%-100% of high-grade gliomas, is regulated by Wnt5a [16]. This evidence suggests inhibition of Wnt signaling
as a potential therapeutic strategy to confront glioma. Other medications are biodegradable carmustine-loaded wafer (Gliadel®) [17],
the combination therapy of radiotherapy and procarbazine, lomustine, and vincristine (PCV) [18], and bevacizumab [19]. However,
each has its own limitations with little clinical significance [14]. Various limitations for recent anti-glioma drugs have been counted.
Many anticancer drugs cannot cross the BBB or reach the therapeutic concentration in the brain tissue. Because of their systemic
administration, they distribute in every organ and cause serious side effects, such as bone marrow suppression [20]. As a result,
repositioning a safer drug for glioma treatment and designing a drug delivery system that can target glioma tumors that preserves the
drug from wide distribution would be a dream for treating glioma.

Metformin is a known and approved Wnt signaling pathway inhibitor, making it a promising candidate for repositioning to treat
glioma. Metformin is the first line of oral therapy for type 2 diabetes, and it has been suggested in different guidelines for different
cancers, obesity, and even Alzheimer’s disease [21]. Its effect on Wnt signaling has been investigated in various studies. Metformin
downregulated p-catenin in endometrium cancer which seems independent of the AMPK pathway [22]. Another study showed that
metformin can reduce DvI3 and, consequently, $-catenin by activating the AMPK pathway. This suppressed the growth of cervical
cancer cells [23]. Similarly, Amable et al. found that metformin can inhibit phosphorylation and activation of p-catenin through
AMPK/PI3K/Akt pathway [24]. The effect of metformin in the decrease of inflammation and Wnt suppression has also been shown in
pancreatic cancer [25]. Moreover, the effect of metformin on glioma has been investigated. Metformin can regulate mitochondrial
anabolism, cease the cell cycle, induce cell death, and resensitize glioma cells to temozolomide. It has been shown that metformin
reduces the proliferation and migration of glioma-initiating cells, independent of its TGF-f-inhibiting activity [26]. In one study, the
effect of metformin on the reduction of invasiveness and motility of glioblastoma tumor cells through the Akt pathway has been
observed [27]. It is shown that metformin has a specified cytotoxic effect on the glioma-initiating cell. Moreover, treating glioma cells
with metformin resensitizes them to temozolomide [28]. Metformin can suppress the proliferation of glioma cells by activating the
AMPK pathway and inhibiting the phosphorylation of STAT3 [29].

In some clinical trials, the effect of metformin on glioma has been investigated. In a retrospective study, authors concluded that
monotherapy with metformin before diagnosing glioma is essential in predicting patients’ survival [30]. In another study on 1093
patients with high-grade gliomas, it was shown that only grade 3 patients had more survival in response to metformin-added therapy. It
is assumed that this is because of metabolic problems in grade 3 glioma that metformin helped them to improve. This effect was not
observed in glioblastoma patients [31]. Conversely, a meta-analysis reported that relation between metformin administration and
improved survival of glioma patients is insignificant [32]. In another study, the effect of metformin in addition to temozolomide in
glioma patients was reported to be meaningless. Researchers believed the reason for this result was the low concentration of metformin
in the brain of patients. While the concentration of metformin in in-vitro studies is in the millimolar range, its concentration in these
patients’ brains was in the micromolar range [32]. Moreover, it is shown that metformin metabolizing enzymes, CYP-2D1 and
CYP-2C11, are present in the BBB-forming astrocytes, which can be the reason for this drop in metformin concentration [33-35].
Overall, metformin can be a valuable candidate to treat glioma through inhibition of the Wnt signaling pathway or other known or
unknown mechanisms.

Nanoerythrosome is a drug carrier in nano size that is produced from the membrane of erythrocytes. Nanoeryhtrosomes preserve
the characteristics of their origin as well. They are fully biocompatible and biodegradable. If the origin blood for their production
would be the patient’s own blood, no immunogenicity is expected. Their particle size is 100-200 nm letting them circulate freely in the
vessels and cross biological barriers [36]. Nanoerythrosomes can accumulate inside the tumors through the enhanced permeation and
retention (EPR) effect. Because of the loose vascular structure of tumors and their high leakage, besides their improper lymphatic
system, nano-size drug carriers would preferentially extravasate through the endothelium of tumor vessels. On the other hand, in
healthy tissues, due to tight junctions of the endothelium, nanoerythrosomes have much less access to normal cells and interstitial fluid
[37]. Moreover, cellular drug delivery systems, including nanoerythrosomes, can induce local inflammation in the brain, disturbing
the integrity of the BBB, which helps them cross the BBB [38].

Studies revealed that we might expect nanoerythrosomes to have a half-life near the erythrocyte, i.e., 120 days. Because of this long
lifespan and small size, nanoerythrosomes can cross BBB and concentrate in the brain tissue [39]. The best-known strategy to deliver
drugs to the brain was transferrin receptor targeting nanoparticles. Interestingly, it is observed that intra-arterial administration of
erythrocyte membrane-based nanoparticles had a much better result than the last best strategy (12% of administered dose vs. 0.5-1%
of it) [40].

Due to the aging process of nanoerythrosomes, their membrane will lose flexibility and integrity. This makes them destruct during
passages from the delegate capillaries of the spleen. Moreover, RES macrophages, Kupfer cells of the liver, alveolar macrophages of
lungs, monocytes, and endothelial cells will play roles in nanoerythrosomes elimination [41]. No toxicity has been reported from
nanoerythrosomes or any RBC-derived carrier [42]. In addition, the side effects of loaded drugs would decrease because of their
encapsulation in a biological membrane and reduction of free or protein-bound amounts of drug [43].

To produce a successful nanoerythrosome-based drug delivery system, it is important to choose a hydrophilic drug insensitive to
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erythrocytes’ active degradation mechanisms. Various drugs have been used for loading in nanoerythrosomes for different indications,
among which we can mention hydrocortisone, propranolol, chlorpromazine, vinblastine, tetracaine, retinol, and capecitabine [44].

Based on the information above, the aim of the study is to design a nanoerythrosome to deliver metformin to the brain. The
prepared system was evaluated based on different in-vitro experiments to obtain a primary insight into the characteristics of metformin-
loaded nanoerythrosomes.

2. Materials and methods
2.1. Materials

Packed RBCs were obtained from the Blood Transfusion Organization. Metformin produced by Aarti Drugs Limited© company was
obtained from Exir© pharmaceutical company (Borujerd, Iran). Polysorbate 80 was purchased from Merck©, Germany. Dialysis bags
with a 3.5 KDa cut-off was purchased from Serva© (Germany). Phosphate buffer solution (PBS) for washes and incubations was
purchased from Asagene®©, (Iran).

2.2. Nanoerythrosome preparation

To produce ghost RBCs, 3 mL of packed RBC was mixed with 12 mL of hypotonic PBS (0.1X), shaken, and incubated at 4 °C for 15
min. After that, the mixture was centrifuged at 3000 rpm for 10 min. The remnant was washed 3 times with hypotonic PBS and
dispersed in isotonic PBS at 4 °C for further processes.

To load metformin in the ghost RBCs, RBCs were dispersed in 0.5 mL of isotonic PBS and incubated with 0.25 mL metformin
solution in PBS (0.1, 1, and 10 mg/mL) for 1 h at room temperature on the shaker. After that 1.5 mL of hypertonic PBS (10X) was added
and the mixture was incubated at 4 °C for another 1 h. Finally, the mixture was centrifuged at 3000 rpm for 10 min to separate the
loaded ghost RBCs and unloaded metformin. The supernatant was preserved for drug assay.

To form nanoerythrosome and reduce the particle size, after the addition of 1% v/v of polysorbate 80 and bringing up the volume to
10 mL with isotonic PBS, the metformin-loaded ghost RBCs were undergone 10 min of homogenization (Heidolph, SilentCrusher M,
Germany) with 20,000 rpm and 10 min of probe sonication (Heilscer, UP200H, Germany) with 50% potency and 0.5s cycle. All of these
steps are summarized in Fig. 2.
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Fig. 2. A schematic representation of metformin-loaded nanoeryhrosome preparation steps (Created by BioRender.com).
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2.3. Characterization of nanoerythrosomes

2.3.1. Particle size and size distribution

For particle size measurement, we used both differential light scattering (DLS) (Horiba, SZ-100, Japan) and laser diffraction particle
size analyzer (LD-PSA) (Shimadzu, SALD-2101, Japan). Before each LD-PSA measurement, the samples were shaken for 30 s to disperse
well. For DLS, each sample was placed in bath sonication for 5 min. The refractive index of LD-PSA was set at 1.6. For size distribution
of nanoerythrosome, the span and polydispersity index has been reported.

2.3.2. Zeta potential
To evaluate the surface charge of unloaded- and loaded-nanoerythrosomes, zeta potential was measured by zetasizer (Horiba, SZ-
100, Japan).

2.3.3. Shape and surface morphology

A 20 uL sample was placed on a formvar Carbon film coated on a 300 mesh copper grid (EMS) for 2 min. Excess liquid was absorbed
with filter paper and then negatively stained with a 20 yL drop of 2% uranyl acetate for 1-2 min. Excess liquid was absorbed with filter
paper, and the grid was allowed to air dry. Grids were examined on a Zeiss EM10C transmission electron microscope (TEM) operating
at an accelerating voltage of 100 kV.

2.3.4. Stressed tests

2.3.4.1. Centrifugal stress test. Metformin-loaded ghost RBCs and nanoerythrosomes were centrifuged at 1500, 3000, 4500, and 6000
rpm for 15 min at room temperature. The amount of leaked drug in the supernatant was determined with UV spectrophotometry.

2.3.4.2. Turbulence shock test. Metformin-loaded ghost RBCs and nanoerythrosomes were passed through subcutaneous gauge 23
syringes 5, 10, and 20 times and centrifuged at 3000 rpm for 10 min to determine the amount of leaked drug in the supernatant.

2.3.4.3. Osmotic shock test. 0.5 mL of nanoerythrosomes or ghost RBCs were incubated with 0.5 mL deionized water for 15 min at 4 °C.
After that, samples were centrifuged at 3000 rpm for 10 min, and the amount of leaked drug in the supernatant was determined.

2.3.5. Long-term stability study

To investigate the stability of metformin-loaded nanoerythrosomes, for every concentration of loaded metformin and empty
nanoerythrosomes, four factors including pH, conductivity, particle size (based on the number), and particle size (based on the vol-
ume) was obtained during 100 days, frequently. The samples were stored at 4 °C during the test. At the end of 100 days, the for-
mulations were centrifuged at 3000 rpm for 10 min, and the amount of leaked drug was determined in the supernatant.

2.4. Drug content and loading parameters

Loading efficiency as the percentage of added drug loaded into nanoerythrosomes and loading capacity as the percentage of the
weight of nanoerytheosomes that belongs to the drug were calculated from Equations (1) and (2).

Loading efficiency was measured through the indirect method by determining the amount of unloaded drug in the supernatant after
the drug loading step. Loading capacity was measured after lyophilization of a known amount of nanoerythrosomes and weighing
them.

total amount of metformin — free metformin % 100 @

Loading Efficiency =
8 Eff Y total amount of metformin

total amount of metformin — free metformin

Loading Capacity = x 100 2)

total weight of nanoerythrosome
2.5. Drug release and kinetic studies

We used the dialysis membrane method with a cut-off of 3.5 KDa to investigate drug release. 2 mL of metformin solution with 1 mg/
mL concentration (as a control for evaluating probable effect of dialysis membrane on the release process) and the equivalent amount
of metformin-loaded nanoerythrosomes was filled in a dialysis bag and floated in a PBS medium with pH = 7.4, T = 37 °C, and a
stirring speed of 200 rpm. 3 mL of PBS medium was sampled at times of 0.5, 1, 2, 4, 6, 8, 10, 12, 24, and 30 h, and the released amounts
of metformin were determined. After each sampling, an equal amount of PBS was replaced to maintain the sink condition.

For evaluating the kinetic of drug release, data attained from the release test was fitted to zero order, first order, Higuchi, Hixon-
Crowell, and Korsmeyer-Peppas kinetic models. The accuracy and precision of the predicition of models were determined by sum of
squared errors (SSE), the absolute percentage of error (E%), and the number of errors (NE%).
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2.6. Metformin assay

UV/Vis spectrophotometry was used to determine the metformin amount. Based on the metformin UV absorbance spectrum, the
Amax was 233 nm. The method was validated by determining its linearity, precision based on interday and intraday variations, ac-
curacy, and sensitivity. It is important that since the absorbance of the erythrocyte membrane had interferences with the Apax of
metformin (which is called the “matrix effect”), the same sample, without the drug, as a blank was used for every measurement (based
on amounts and undergone processes) except we did not add metformin.

2.7. Statistical studies

Statistical repeated measure two-way analysis of variances (ANOVA) with Dunnet test as a post hoc for long-term stability, two-way
ANOVA and Bonferroni post hoc for turbulence test, and for centrifugal stress test two-way ANOVA with Dunnet post hoc (GraphPad®
Prism 9.2.0) were utilized to investigate the significance of observed data sets with p value < 0.05 as the significance level.

3. Results and discussion

It is shown that camouflaging nanoparticles with erythrocyte membranes would increase their brain concentration to 9-10 folds
[46]. One study, showed that celecoxib-loaded nanoparticles entrapped in erythrocyte membrane had a better concentration in the
brain than free drug or phospholipidic liposomes carrying celecoxib for the treatment of Alzheimer’s disease [47]. Melnik et al. re-
ported the exclusive effect of metformin on Wnt signaling in the glioma cell line. They showed that metformin inhibited Wnt pathway
and caused lower expression of Sox4, which is responsible for a poor prognosis for the treatment of solid tumors [48]. Therefore,
metformin can be promising for the treatment of glioma.

3.1. Nanoerythrosome preparation

To obtain ghost RBCs, a hypotonic treatment was used, a technique which is usually used for extracting RBCs’ membranes [49].
Using hypotonic buffer and based on osmotic pressure, the contents of erythrocytes would be evacuated through its membrane pores.
Repetition of this procedure during wash-outs would clear erythrocytes from their cytoplasm content and hemoglobin. This makes pale
ghost RBCs which is observable in Fig. 3.

Ghost RBCs are ready for drug loading due to their open pores [50]. After incubation of drug solution and ghost RBCs, the addition
of hypertonic buffer makes them plasmolysis, close their pores, and trap the drug inside them. The same method was used by Sun et al.
which showed successful drug loading in RBCs [51]. Adding 1% of polysorbate 80 has been shown to absorb certain protein corona,
which drives the nanoerythrosome toward LDL receptors of the BBB. This would help in brain targeting of nanoerythrosomes.
Moreover, it was observed that polysorbate 80 modified the particle size distribution and particle size stability.

3.2. In-vitro characterizations
3.2.1. Particle size and particle size distribution

Based on measurements of DLS and PSA following particle sizes, as summarized in Tables 1 and 2, has been obtained. The important
point is the difference in the measured size of each device. Since DLS measures the hydrodynamic diameter based on scattered light

Fig. 3. The process of preparation of ghost RBCs.
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Table 1

Results of DLS particle size measurement.
Representation of results Drug loading Mean D (nm) D 10% (nm) D 50% (nm) D 90% (nm) Z-average (nm)
Scattering light intensity No 294.3 + 46.6 117.1 + 329 194.8 + 55.4 737.8 + 435.2 597.87 + 300.84
Number 122.3 + 38.4 104.5 + 29.4 118.6 + 36.2 145.7 + 52.1
Volume 136.2 + 40.1 106.8 + 31.2 127.1 + 42.7 163.5 £ 61.7
Scattering light intensity Yes 137.4 +75.2 92.1 £+ 33.8 127.9 + 62.8 197.8 + 141.6 307.00 + 348.14
Number 97.1 + 34.2 80.2 + 25.0 93.5 + 31.9 118.7 + 46.3
Volume 108.5 + 43.0 84.0 = 27.6 103.0 + 38.4 140.3 + 65.9

Table 2

Results of PSA particle size measurement.
Representation of results Drug loading Median D (nm) D 10% (pm) D 90% (pm) Mean D (pm)
Number No 378 + 270 309 + 230 488 + 298 391 £ 134
Volume 63.055 + 548 14.869 + 14.350 308.886 + 425.024 49.791 + 435
Number Yes 664 + 170 493 + 364 1.007 + 88 698 + 149
Volume 24.252 + 35.270 2.633 + 3.287 41.680 + 59.658 14.449 + 43.955

during the time, and PSA works based on the amount and pattern of refracted light and measures laser diffraction equivalent diameter,
a routine 20%-30% difference between their measurements is expected. Even though the difference between DLS and PSA particle size
measurement for nanoerythrosomes is about 400%. This might be because of the biconcave shape of nanoerythrosomes, exactly like
their ancestor erythrocytes. Since PSA measures the particle size only based on the cross-section of each particle, it sees them as larger
particles. But DLS that analyzes the whole behavior can see its smaller overall size because of its concaveness on two sides. Inter-
estingly, the SEM pictures of capecitabine-loaded nanoeryhtrosomes from the Nangare et al. study confirm our assumption [44].
Table 3 showed size distribution (span with PSA and PDI with DLS) of unloaded and loaded nanoerythrosomes.

3.2.2. Zeta potential

Based on the velocity and direction of nanoerythrosomes motion in electrophoresis, the zeta potential of unloaded- and loaded-
nanoerythsosmes was —4.2 + 2.0 mV and —4.2 + 2.4 mV, respectively, which would be due the total loading of drug molecules in-
side erythrosomes. None of these have a significant difference with erythrocytes’ zeta potential (—15 mV) which, to some extent,
guarantees the free circulation of nanoerythrosomes in the blood without any interaction with other cells and biological components
[52].

3.2.3. Shape and surface morphology

TEM results showed nano-size spherical nanoerythrosomes (Fig. 4). Although it seems that the spherical shape is interrupted by
drug loading, this may be because of the interval time between nanoerythrosme preparation and taking the pictures. In the case of our
hypothesis about the biconcave shape of nanoerythrosomes, even though we cannot count on the power of TEM for this conclusion, the
contrast between borderlines and the middle of the nanoerythrosomes might be due to their RBC-like shape. Further studies, especially
SEM imaging, are required to approve this assumption.

3.2.4. Stressed tests
Stressed tests are performed to give a view of the stability of the formulation during packaging, transportation, and administration.
Moreover, these tests might investigate the effect of the bloodstream in its turbulences.

3.2.4.1. Centrifugal stress. The amount of leaked drug from both ghost RBCs and nanoerythrosomes in different centrifugal speeds is
shown in Fig. 5. These amounts are negligible until 6000 rpm. Even at 6000 rpm, the leaked drug is less than 15% of the loaded drug.
For nanoerythromes, the changes from 1500 to 6000 rpm did not significantly affect the amount of leaked drug. However, for ghost
RBCs the amount of leaked drug at 6000 rpm was significantly higher than at 1500 rpm (p-value < 0.05).

Table 3
Indices of size distribution for nanoerythrosomes.
Span PDI
Unloaded nanoerythrosome Scattering light intensity 3.289 +1.783 0.597 + 0.215
Number 0.330 + 0.110
Volume 0.429 + 0.152
Loaded nanoerythrosomes Scattering light intensity 0.654 + 0.516 1.252 + 1.468
Number 0.382 + 0.144
Volume 1.488 + 0.270
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Fig. 4. TEM image of unloaded (right) and metformin-loaded (left) nanoerythrosomes.
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Fig. 5. The amount of leaked drug during centrifugal stress test.

3.2.4.2. Turbulence shock. This test resembles the flow of the ghost RBCs and nanoerythrosomes during administration through the
syringe and its passages through vessels and capillaries. The test performed by using a syringe with smaller diameter than RBCs [53].

The amount of leaked drugs is shown in Fig. 6, which is not more than 10% of loaded drugs. No significant change was observed in any
group (p-value > 0.05).



S.M.I. Moezzi et al. Heliyon 9 (2023) 17082

15
Ghost RBC
12— mm NER

9-

6-

e i

0 T T T
5 10 20

Number of passages through syringe

Leaked Drug%

Fig. 6. The amount of leaked drug during turbulence shock test.

3.2.4.3. Osmotic shock. After 15 min of incubation of formulations with deionized water, the amount of leaked drug was 16.6% =+
22.54 and 13.63% + 25.68 for nanoerythrosomes and ghost RBCs, respectively. Therefore, both nanoerythrosomes and ghost RBCs
were almost resistant to osmotic shock.

3.2.5. Long-term stability

Based on Figs. 7-9, the variations of pH, conductivity, and particle size, based on the number and volume of the particles, have been
investigated within 100 days. Similar to other studies, nanoerythrosomes are stable during the first-week pH-wise and size-wise.
Regardless of the amount of metformin in nanoeryhtrosomes, their pH decreased, and conductivity increased with a similar slope.
These alterations are due to the complex environment within nanoerythrosomes and remnants of cells which justify the traffic of
different ions. However, there was no significant alteration in pH and conductivity after 100 days (except 1 mg/mL group). Particle
sizes in both number and volume have increased during the first 20 days, because of the accumulation and agglomeration of nano-
erythrosomes. After that, the reduction in particle size must be due to the destruction and degradation of nanoerythrosomes.

The amount of leaked drug from nanoerythrosomes after 100 days for 0.1 mg/mL, 1 mg/mL, and 10 mg/mL was 64.47% =+ 41.86,
39.14% + 41.88, and 9.91 + 60.51, respectively (p-value < 0.05). This shows that nanoerythrosomes can maintain a reasonable
amount of the loaded metformin inside their structure for a long time.

3.3. Drug content and loading parameters

Loading efficacy and loading capacity show the ability of the formulation to carry enough amounts of the drug. In Table 4 loading
efficiency of nanoerythrosomes based on the concentration of metformin is summarized. By increasing the concentration of added
metformin solution, loading efficiency decreases. It is because of the constant capability and space of nanoerythrosomes to load
metformin. Nanoerythrosomes’ loading capacity is calculated to be 1.66% which is the same as other studies worked with eryth-
rosomes [54].

3.4. Drug release and kinetic modeling

As shown in Fig. 10, for free metformin, almost 95% of added drugs were released after 6 h. Metformin-loaded nanoerythrosomes
have shown a well enough capability to conserve metformin inside their structure, and only 50% of the loaded drug has been released
after 30 h. This shows that nanoerythrosome can preserve metformin until they reach the targeted site.

Based on the E% and AIC (the least error and AIC) [55] (Table 5), it can be concluded that Korsmeyer-Peppas is the best model that
fits the pattern of metformin release from nanoerythrosomes, with the E% 0.076% and AIC -54.54. Based on the Korsmeyer-Peppas

7.6
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7_4-;»‘\\{\ - 0.1 mg/mL
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7.2 \ |
I —— 10 mg/mL
o 3 '
7.0 \;\ |
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Fig. 7. Changes in pH of nanoerythrosomes during time.
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Fig. 8. Changes in conductivity of nanoerythrosomes during time.
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Fig. 9. Changes in particle size based on the number and volume of nanoerythrosomes during time.

Table 4
Loading efficiency of nanoerythrosomes in different concentrations of
metformin.
Metformin concentration (pg/mL) Loading efficiency %
100 72.60 + 32.06
1000 27.17 £7.49
10,000 12.76 + 1.22

formula (F = Kipt") that F is the amount of released drug during time t, Ky, is a representative of the shape and structure of nano-
particles which is assumed to be 0.25 for spherical nanoparticles, and n is the release exponent. It is known that in the
Korsmeyer-Peppas model for spherical particles, if n is less than 0.43, the dominant mechanism of release is diffusion [56]. This is
compatible with our knowledge of nanoerythrosomes structure that consists of a cell membrane, and a drug would be entrapped inside
it. The drug’s release depends on its diffusion through this cell membrane.

3.5. Metformin assay

The linear regression (R?) in the range of 1 pg/mL to 10 pg/mL was 0.99. The interday and intraday CV% and accuracy% are shown
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Release profile of metformin
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Fig. 10. The pattern of release for free metformin and metformin-loaded nanoerythrosome.

Table 5

Determinants of fitting of kinetic models to release data of metformin from nanoeythrosomes.
Model name SSE E% AIC NE%

5% 10% 12% 20%

Zero order 0.377 47.022 —5.775 0 0 0 0
First order 0.261 32.417 —9.417 0 10 10 20
Higuchi 0.101 19.807 —18.894 10 20 20 40
Hixon-Crowell 0.298 36.985 —8.102 0 0 0 10
Korsmeyer-Peppas 0.001 0.076 —54.540 70 100 100 100

to be less than 15% and in the range of 90%-110%, respectively. As indicators of sensitivity, the limit of detection (LOD) and the limit
of quantification (LOQ) of our method has been calculated to be 1.06 pg/mL and 3.22 pg/mL, respectively.

4. Conclusion

Nanoerythrosomes are valuable carriers for metformin. Their ideal size, special shape, easy construction, suitable loading,
biocompatibility, and capability to preserve the drug inside their structure are among the benefits of nanoerythrosomes. Moreover,
since they should be made from the patient’s blood, there would be no immunological or toxicological concern, which is a valuable
step toward personalized medicine. Because of their enough loading space and large surface-to-volume ratio, they can deliver ther-
apeutic doses of metformin to BBB, protect it from its metabolizing enzymes, and help it to cross the BBB to act there as an inhibitor of
the Wnt signaling pathway to treat glioma. However, more studies including in vivo study to evaluate the ability of nanoerythrosome to
pass the BBB, and an animal model of glioma to evaluate the efficacy of nanoerythrsome are needed. It is important to consider
nanoerythrosomes flaws, too. Their low stability, special storage conditions, the impossibility of industrial manufacturing, weakness in
loading of hydrophobic drugs, very low repeatability on construction and loading process, and their interference with analytical
systems are among their problems that by solving them, we can achieve a powerful drug delivery system.
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