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Abstract 

With a very poor prognosis and no clear etiology, glioma is the most aggressive cancer 

in the brain. Thanks to its versatility, nanomedicine is a promising option to overcome 

the limitations on chemotherapy imposed by the blood brain barrier (BBB). The 

objective of this paper was to obtain monitored tumor-targeted therapeutic nanoparticles 

(NPs). To that end, theranostic surfactant-coated polymer poly-Lactic-co-Glycolic Acid 

(PLGA) nanoplatform encapsulating doxorubicin hydrochloride (DOX) and 

superparamagnetic iron oxide NPs (SPIONs) were developed. Different non-ionic 

surfactants known as BBB crossing enhancers (Tween 80, Brij-35, Pluronic F68 or 

Vitamin E-TPGS) were used to develop 4 types of theranostic nanoplatforms, which 

were characterized in terms of size and morphology by DLS, TEM and STEM-HAADF 

analyses. Moreover, the 3-month stability test, the therapeutic efficacy against different 

glioma cell lines (U87-MG, 9L/LacZ and patient derived-neuronal stem cells) and the 
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Magnetic Resonance Imaging (MRI) relaxivity were studied. Results showed that the 

synthesised nanoplatforms were stable at 4 ºC after their lyophilization, being that of 

paramount importance to ensure a long-term stability in a future in vivo application. 

Furthermore, the theranostic nanoplatforms were efficient in the in vitro treatment of 

glioma cells, proving to have imaging efficacy as MRI contrast agents. Our results show 

an efficient loading of drugs and good value of the relaxivity. Therefore, the efficient 

theranostic hybrid nanoplatform developed here could be used to perform MRI-guided 

delivery of hydrophobic drugs. 

 

Keywords: SPION, Tween 80, Pluronic F68, Brij- 35, Vitamin E-TPGS, PVA, 

neurospheres, U87-MG, 9L/LacZ 

 

Introduction 

Among the various types of cancer that can affect the CNS, the glioblastoma (GBM) is 

considered the most lethal in both children and adults, even when treatment is given 

[1,2]. Many diagnostic and therapeutic strategies, such as the use of immunotherapy and 

new drugs are currently the subject of clinical trials [3]. However, until now there has 

been no real improvement, and the glioma treatment protocol has not changed since 

2005, when a significant benefit in survival was demonstrated. The improvement was 

rationalized because the initial surgery to remove as much malignant mass as possible 

was followed by simultaneous radio- and chemotherapy with the alkylating agent 

prodrug temozolomide (Temodal®) [4]; only the antiangiogenic drug bevacizumab 

(Avastin®) is nowadays used in recurrent GBM [5]. Nevertheless, the resulting 

improvement was still poor, with a survival increase from 12.2 to 14.6 months [4]. 

Various difficulties are associated with treatment failure, beginning with the diffuse 

infiltration of the tumor, which complicates its complete removal during surgery, and 

followed by the presence of cells with stem cell-like properties. These cancer stem cells 

(CSCs) initiate and boost the tumor by generating an aberrant GBM cell population. 

Moreover, they are resistant to the therapy used after surgery. In this scenario, tumor 

recurrence seems inevitable [5]. The chemotherapy options are highly limited by the 

blood brain barrier (BBB) that protects the brain from foreign toxins. Indeed, although 

at primary tumor sites the rapid expansion of the malignant mass can generate a rapid 
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neoangiogenesis, losing tight junctions and leading to a disrupted BBB known as a 

blood brain tumor barrier (BBTB) [5], drug access is still limited since the brain 

microenvironment continues to compromise these fenestrations. In fact, intact regions 

can be maintained, while the porous ones formed are heterogeneous and smaller than 

those detected in tumors located in other organs [6,7].  

Nanomedicine is an alternative that is currently being widely investigated in the 

treatment of brain cancer in the quest for nanocarriers targeting the BBB/BBTB. 

Interestingly, the composition and surface properties of these carriers influence their 

diffusion through the brain and even overcome the size hurdle [8]. Controlled and 

continued release of the drug in the tumor area could thus increase the tumor drug 

concentration and avoid the usual side effects. For instance, it has been widely 

demonstrated that nanosystems formed with the assistance of surfactant Tween 80 (T80) 

increase the amount of drug that reaches the brain [9–11]. In the bloodstream the T80-

nanosystems are covered with apolipoprotein A or B and then endocytosed by the low-

density lipoprotein (LDL) receptors, which are highly expressed in the BBB/BBTB 

cells [12]. Moreover, once they are inside the cell the glycoprotein P responsible for 

returning foreign compounds to the blood is inhibited by this surfactant [13]. Similarly, 

other surfactants have demonstrated that they have the potential to increase the BBB 

passage by inhibiting the action of the glycoproteing P such as poloxomers (Pluronics) 

[14,15], Vitamin E- TPGS (Tocopheryl polyethylene glycol 1000 succinate) [16–18] or 

Brij [13,19]. In addition, due to the inter-individual heterogeneity of the disease, the 

investigation of its individualized management is nowadays taking on a leading role. In 

this area, nanotechnology is also playing an important part. The use of nanosystems that 

can be followed by imaging techniques at the same time as they treat the tumor could 

move medicine forward towards the desired personalized therapy. Because of this, 

much of the current research is focused on the combination of therapeutic and 

diagnostic agents in the same nanosystem, so-called nanotheragnosis [8]. In other 

words, a theranostic nanopartform incorporate both imaging and therapeutic agents into 

one single probe [20]. Superparamagnetic iron oxide nanoparticles (SPIONs) can be 

followed by magnetic resonance imaging (MRI), as in the clinical trial of the MRI 

contrast imaging agent Ferumoxytol, which was designed to improve the viewing of 

tumors in patients with high-grade brain tumors or cancers that have spread to the brain 

[21]. These magnetic NPs modify the signal in the surrounding tissues, increasing the 

sensitivity of the technique, and making possible to monitor them. Therefore, loading 
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magnetic NPs together with a GBM therapeutic agent can be a way to track the GBM 

therapy. Moreover, thanks to the magnetic properties of these NPs, they can also be 

used as hyperthermia or magnetic-targeting agents [22,23]. 

 

In this paper we explain how we developed and characterized theranostic hybrid 

polymeric NPs (HPNPs) formulated by the simple emulsion and solvent evaporation 

method. Poly-Lactic-co-Glycolic Acid (PLGA) was selected as polymer due to its well-

known properties in terms of biocompatibility and biodegradability. In addition, PLGA 

enables the drug protection from biochemical degradation and the sustained release of 

encapsulated drugs [24]. Our hypothesis is that the encapsulation of the SPION and the 

cytostatic drug doxorubicin hydrochloride (DOX) jointly in the polymeric NP (PNP) 

would permit the fine-tuning of the GBM treatment, with MRI-guided delivery, and 

adaptation to the patient’s response.  

 

 

Material and methods 

1. SPION-DOX HPNPs synthesis 

  

DOX was purchased from Sigma and SPIONs were synthesized by the thermal 

decomposition of iron (III) acetylacetonate in the presence of polyol at a high temperature 

[25]. Briefly, 200 mg of iron (III) acetylacetonate ([Fe(acac)3] (≥ 97%) purchased from 

Sigma-Aldrich) and 30 mL of triethylene glycol (99%, purchased from Sigma-Aldrich) 

were mixed in a three-neck flask and heated at a heating rate of 15 °C/min, up to 180 °C. 

The reaction was kept at this temperature for 30 min to induce decomposition of the 

[Fe(acac)3] precursor. Afterwards, the three-neck flash was heated at a heating rate of 

5°C/min to reach the boiling temperature of the solvent (558 K). The reacting mixture 

was kept under reflux for 30 min and then cooled to room temperature. After reaction, a 

black colloid was obtained and the SPIONs were washed with a mixture of ethyl acetate 

and ethanol and separated using a magnet. The washing cycle was repeated at least 3 

times. 

 

Both DOX and SPIONs were encapsulated in PNPs to obtain HPNPs. First of all, 

different PLGAs (Resomer® 502, 503, 752 with free carboxylic or ester end groups) and 
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organic solvents (ethyl acetate (EA), dichloromethane (DM) or acetone), as well as the 

amount of surfactant (1 or 2 %) were tuned to optimize DOX encapsulation. Besides, 

triethylamine (TEA) or oleic acid were studied in different proportions (1:10, 1:100 and 

1:1000) to dissolve DOX in the organic phase. Once the DOX concentration was 

optimized, the SPION encapsulation was tuned. For that, the multiple (w/o/w) or the 

simple (o/w) emulsion and solvent evaporation methods and the surfactants T80, Brij-35, 

Pluronic F68 and Vitamin E-TPGS were studied. The HPNPs formulated without DOX 

or SPION were synthesized in the same way. Finally, magnetization measurements at 310 

K were performed in a high- sensitivity Superconducting Quantum Interference Device 

(SQUID) magnetometer (Quantum Design MPMS-XL), being 4 T the maximum applied 

d.c. magnetic field. 

 

To synthesize SPION-DOX HPNPs by the multiple (w/o/w) emulsion and solvent 

evaporation method, 1 mg of DOX was dissolved in 1 mL of TEA: EA (1:1000), 

overnight and under stirring. 50 mg of PLGA and 50 µL of an aqueous suspension of 

SPION (7445 Fe ppm) were added to the solution. The mixture was sonicated for 20 

seconds at 20 Watts in an ice bath using a Microson Ultrasonic Cell Disruptor XL 

(Branson sonifier 450, Branson Ultrasonics corp., EEUU) and then poured into 2 mL of 

water with 1 % (w/w) surfactant. The mixture was sonicated again under the same 

conditions and added to 10 mL of an aqueous solution containing 0.3 % (w/w) surfactant. 

After 1.5 hours of magnetic agitation at room temperature, the ethyl acetate was 

evaporated and the HPNPs were formed. Afterwards, HPNPs were purified and collected 

by centrifugation at 17000 g for 10 min at 4º C. The purification process was repeated 3 

times.  

 

When the simple (o/w) emulsion and solvent evaporation method was used to synthesize 

SPION-DOX HPNPs, the SPIONs were functionalized with oleic acid to improve their 

dispersion in apolar solvents such as EA. The SPIONs were incubated with oleic acid (10 

mg of iron/mL of oleic acid) for 24 hours under stirring. Afterwards, they were 

centrifuged twice at 17000 g for 5 min at 4 ºC and suspended in the same volume of 

absolute ethanol and DM. Then, 0.2 mL of SPIONs (7445 Fe ppm) were added to 0.8 mL 

of EA: TEA (1:1000) containing 1 mg of DOX and 50 mg of PLGA previously dissolved. 

The resulting suspension was added to 2 mL of an aqueous solution with 1 % (w/w) 

surfactant. Finally, the mixture was sonicated for 20 seconds at 20 Watts in an ice bath 
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before being added to 10 mL of an aqueous 0.3 % (w/w) surfactant solution. The solvent 

evaporation and HPNP purification process was carried out as previously described for 

HPNPs produced by multiple (w/o/w) emulsion.  

 

2. SPION-DOX HPNP characterization 

 

The hydrodynamic size and surface charge of the HPNPs were characterized using a 

Zetasizer Nano ZS (Malvern Instruments, UK). Transmission electron microscopy 

(TEM) was used to study the size, morphology and SPION distribution inside the 

HPNPs. TEM images were recorded on a T20-FEI Tecnai thermoionic microscope 

operated at an acceleration voltage of 200 kV. Negative stained samples were prepared 

by dropping 20 μl of sample in carbon coated copper grids (200 mesh), dried at room 

temperature and stained with a negative staining agent (phosphotungstic acid). 

Aberration corrected scanning transmission electron microscopy (Cs-corrected STEM) 

images were acquired using a high angle annular dark field detector (HAADF) in a FEI 

XFEG TITAN electron microscope operated at 300 kV and equipped with a CETCOR 

Cs-probe corrector from CEOS. Elemental analysis was carried out with an EDS 

(EDAX) detector which allows EDS experiments to be performed in the scanning mode.  

 

The DOX loading efficiency was determined by fluorimetry and UV/vis 

spectrophotometry. DOX fluorescence was measured in a Tecan GENios microplate 

reader (Tecan Group Ltd, Maennedorf, Switzerland) at an excitation and emission 

wavelength of 485 and 580 nm; DOX absorbance was measured at 485 nm in a 

microplate PowerWave XS Microplate Spectrophotometer (BioTek). The calibration 

curves consisted in serial dilutions of DOX in dimethyl sulfoxide (DMSO) with a 

matrix of NPs synthesized without the drug. The SPIONs encapsulation was studied by 

measuring the iron spectrum at 300 nm using an Agilent 4100 MP-AES (Microwave 

Plasma - Atomic Emission Spectrometry) system [26]. Additionally, the SPION’s oleic 

acid functionalization was confirmed with a Fourier-Transform Infrared Spectroscopy 

(FTIR) analysis. 

 

3. Optimization of the lyophilization process for long-term stability of SPION-

DOX HPNP 
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HPNPs covered with the different surfactants were lyophilized for 2 days in a LyoAlfa 

6 -50 laboratory freeze dryer (230 V, 50Hz; Telstar). The composition of the HPNPs 

was optimized in order to obtain a high quality reconstitution sample-powder after the 

lyophilization process. To this end, it was studied the influence of: 1) adding different 

amounts of three cryoprotectors (trehalose, glucose and mannitol), 2) the amount of 

surfactants in the external phase of the emulsion (1 or 2 %) and 3) an extra addition of 

PVA (polyvinyl alcohol MW 85 000– 124 000 Da, 97–99 % hydrolyzed) (from 0 to 0.6 

%) in the last solvent evaporation step. In all cases, their influence on the size, the 

superficial charge and morphology after the reconstitution of the HPNPs was 

characterized. Moreover, the residual PVA in the formulations was measured following 

the protocol of Sanjeeb K. Sahoo et al. [27]. Briefly, lyophilized HPNPs (2 mg) were 

treated with NaOH (0.5 M, 2 ml) for 15 min at 60 ºC. After the treatment, they were 

neutralized with HCl (1N, 0.9 ml) and the volume was adjusted to 5 ml with distilled 

water. Later, boric acid (0.65 M, 3 ml), a solution of I2/KI (0.05 M/0.15 M, 0.5 ml) and 

distilled water (1.5 ml) were added to each sample; and after 15 min of incubation the 

absorbance was measured at 690 nm (Agilent 8453 UV-Vis Spectroscopy System, 

Agilent Technologies, Waldbronn Germany). The calibration curve of PVA was 

prepared under identical conditions [28].  

 

4. Stability study 

 

Physical and chemical stability studies of lyophilized NPs were carried out over 3 

months. A batch of HPNPs was lyophilized and divided to be stored under 3 different 

conditions: room temperature (RT), 4 ºC and 40 ºC. Then, the hydrodynamic size of the 

HPNPs and their DOX load were measured immediately after being lyophilized and 1, 

3, 4, 8 and 12 weeks after lyophilization, by the respective techniques above described.   

 

5. Relaxivity study 

 

To verify the diagnostic capability of the HPNPs by MRI, the relaxivity for the SPION-

DOX HPNPs was measured by Time Domain Nuclear Magnetic Resonance (NMR) in a 
1H-NMR Bruker Minispec Mq60, applying a magnetic field of 1.5 Tesla at 37 ºC. Both 

the longitudinal (T1) and transversal (T2) relaxation time were measured to obtain the 

longitudinal (r1) and transversal (r2) relaxivity. To measure T1 and T2 the sequences 
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Inversion Recovery (IR) and Carr-Purcel-Meiboom-Gill were used. To check the 

reproducibility of the results, three measurements of each concentration were made on 

the same day as well as on subsequent days.  

 

 

 

6. Cell studies 

6.1 Cell cultures 

From the American Type Culture Collection (ATCC), 9L/lacZ gliosarcoma rat cell line 

(ATCC® CRL-2200™) was cultured in DMEM, and human glioblastoma U-87 MG 

(ATCC® HTB-14™) cells were cultured in DMEM/F12. Both media were 

complemented with 1 % (v/v) penicillin-streptomycin and 5 % (v/v) Fetal Bovine 

Serum (FBS), all from Gibco. Human neurosphere stem cell line (NSC-23) obtained 

from a patient from the hospital Clínica Universidad de Navarra (Spain) was grown in 

DMEM-F12-Glutamax (Thermofisher) completed with 10 % B27 supplement (Gibco), 

1 % (v/v) penicillin-streptomycin, FGF-2 (basic Fibroblast Growth Factor) at 20 ng/mL 

(Inmuno Tool) and EFG (epidermal growth factor) at 20 ng/mL (Sigma). Cells were 

cultured at 37 ºC and 5 % CO2 and every 3- 4 days when cells were approximately 80 % 

confluent (80 % of surface of flask covered by cell monolayer) or the spheres formed 

were quite large, 1:5 splits were performed. 

 

6.2 Cytotoxic efficacy study  

To quantify the cytotoxic effect of SPION-DOX HPNPs, the in vitro cell viability was 

assessed by the CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) 

colorimetric method. This method measures the metabolic activity of the mitochondrial 

NADPH dehydrogenases by means of the MTS-tetrazolium salt reduction into a water 

soluble formazan product. Three cell lines were used: the glioma cell line 9L, the human 

glioma cell line U87 and a human neurosphere stem cell NSC-23 obtained from a 

patient at the Clínica Universidad de Navarra (Spain).  

 

In the case of the adherent cell lines 9L and U87, 3 x 103 and 2 x 103 cells/well, 

respectively, were seeded on a sterile 96-plate. After 24 hours of incubation (at 37 ºC 

and 5 % of CO2) to allow cell adhesion, the medium was replaced with DOX, SPION, 
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DOX HPNPs, SPION HPNPs or SPION-DOX HPNPs at increasing concentrations 

(from 0 to 50 µg/mL) of DOX or equivalent. 48 or 72 hours after the treatments, the 

medium was replaced with a dilution of MTS (15µL MTS/100µL cellular medium) and 

2 hours later the intensity of the color due to the formazan produced was measured 

spectrophotometrically (at λ= 492 and 690 nm). For the NSC-23 cells, which are 

cultured in suspension, 8 x 103 cells/well were plated and treated the same day; the 

same protocol as that used for adherent cells was followed. At the end of the 

experiments, the concentration of DOX that killed 50 % of the cells after a specified 

exposure time (i.e. the half maximal effective concentration, EC50) was calculated. In 

this way, the smaller the EC50 value, the more effective the treatment was. For EC50 

calculation, the data were adjusted to a logarithmic curve by the GraphPad Prism 

Software; data were expressed as mean ± standard deviation (SD).   

 

Results and discussion  

1. SPIONs synthesis and characterization  

Figures 1A and 1B present representative TEM micrographs of the obtained SPIONs 

dispersed in water. The SPIONs were of roughly spherical morphology, monodisperse 

in size, and apparently well dispersed. Figure 1C depicts the particle size distribution 

histogram determined by statistical analysis of TEM images, resulting in an average 

particle size of 8.4 nm, with 1.2 nm standard deviation. The X-ray diffraction pattern of 

the SPIONs is shown in Figure 1D. The XRD pattern was assigned to the bulk 

magnetite phase [Joint Committee on Powder Diffraction Standards (JCPDS) card 

number 89-0691]. The lattice parameter (a) of this material was calculated from the 

position of the (311) peak, resulting in a value of approximately 8.36 Å, which could be 

associated with magnetite (8.39 Å), magnetite (8.33-8.39 Å), or a solid mixture between 

the two phases [29]. Finally, the magnetic behavior of SPIONs at 310 K is shown in 

Figure 1E. The NPs displayed superparamagnetic behavior, with a saturation 

magnetization of 64 emu/g. The coercive field seen in the low field magnification of the 

magnetization isotherm (see inset in figure 1E) corresponds to the residual offset field in 

the superconducting coil, after measuring at a field as high as 4 T. Therefore, this 

coercive field is only apparent and not a sign of hysteretic behavior [30]. 
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SPIONs were functionalized with oleic acid in order to favor their dispersion in apolar 

solvents and then their loading in single o/w emulsions. Figure 1F depicts a 

representative TEM image of oleic acid functionalized SPIONs, where no morphology 

differences were observed in comparison with the not functionalized SPIONs. The 

particle size distribution histogram (Figure 1G) shows that the average particle size was 

of 8.6 nm, with 1.1 nm standard deviation. The oleic acid coating of the SPION was 

confirmed by FTIR spectroscopy. Figure 1H represents the FTIR spectra in the range of 

600 to 4000 cm-1 of pure oleic acid, SPION in water and SPION functionalized with 

oleic acid (oleic acid-SPION) in DM. In the spectrum corresponding to the oleic acid-

SPION, the peaks at 2924 and 2854 cm-1 denote the vibration  of the functional CH3 

groups of the oleic acid, while the peak at 620 cm-1 corresponds to the vibration of the 

Fe-O bond of the SPION. However, the intense peak at 1710 cm-1 in the pure oleic 

spectrum corresponding to a C=O functional group (the responsible for the carboxylic 

linkage between oleic acid and SPION) is absent. Instead of this one the peak at 1464 

cm-1, characteristic of the asymmetric tension vibrations of the functional group COO¯, 

is observed, what reveals that the oleic acid is adsorbed chemically on the SPION as a 

carboxylate.  The peaks detected in the spectrum of the non-functionalized SPION in 

water are typically obtained in aqueous solutions [31,32]. 

 

2. SPION-DOX HPNPs synthesis optimization 

SPION-DOX HPNPs were formed by the multiple or the simple emulsion and solvent 

evaporation method. First of all, the encapsulation of DOX and SPION in the PNP was 

optimized independently, and then the coencapsulation of both components was 

performed jointly. To optimize DOX encapsulation, different types of polymers based 

on PLGAs, organic solvents and the surfactant concentration were studied. To solubilize 

DOX in the organic phase, TEA or oleic acid were added to the organic phase in 

different proportions (see Table S1 in supplementary material). Interestingly, the 

encapsulation of DOX might be regarded as a consequence of its solubility in the 

different phases before the solidification of the polymer and NP formation. With respect 

to the PLGA polymer nomenclature, the first two numbers indicate the proportion of 

monomers (lactic acid and glycolic acid), and the final H indicates that the terminal 

group is an acid group instead of an ester. On the other hand, the third number that 

appears in the code, indicates the molecular weight [33,34]. As can be seen in Table S1, 
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more DOX remains in the organic phase when PLGA 503H is used, showing a higher 

encapsulation in comparison with the other types of PLGAs. The PLGA 503H has a 

lactic acid: glycolic acid monomer proportion equal to 50:50 () and an acid terminal 

group. Lactic acid is more hydrophobic than glycolic acid, and 503H is more 

hydrophobic than PLGA 752H (75:25), resulting in a higher encapsulation of the 

hydrophobic complex DOX-TEA/oleic acid. The PLGA 503H has a higher molecular 

weight than the 502H, yielding a high density of acid groups for which DOX has 

affinity [35]. With respect to the solvent used, EA has a higher elution power than DM 

and achieves the best encapsulation in comparison with the combination of DM with 

higher elution solvents (DM: EA (3:1) or DM: acetone (3:1)). Besides, the presence of 

more non-ionic surfactants in the aqueous phases could increase the solubility of the 

hydrophobic complex DOX-TEA/oleic acid in the aqueous phases decreasing its 

presence in the organic phase and its final encapsulation. Finally, as suggested in the 

literature [36–38], both TEA and oleic acid could be used to improve the solubility of 

DOX in organic solvents; in our case, just the addition of TEA resulted in a slight 

increase in the DOX solubility .  

 

All in all, the highest DOX encapsulation efficacy was reached using the simple o/w 

emulsion method with PLGA 503H, EA: TEA (1:1000) and 1 % of surfactant. Then, 

from that composition, the SPION encapsulation was independently tuned. As depicted 

in Figure 2, the multiple w/o/w emulsion method was not effective to encapsulate the 

SPION properly, yielding a segregation of SPIONs and PLGA NPs (Figure 2A and B), 

as well as a low SPION load. On the other hand, the simple o/w method, where the 

SPIONs were functionalized with oleic acid and dispersed in apolar solvents, rendered 

homogeneously distributed SPIONs inside the HPNPs (Figure 2C). Differently from the 

multiple emulsification process, the simple emulsion enabled a selective loading of 

SPIONs in PLGA NPs.  Importantly, the co-encapsulation of DOX and SPIONs did not 

influence the distribution of SPIONs inside the NPs (Figure 2D), and HPNPs with a 

uniform size and spherical shape were obtained.  

 

3. SPION-DOX HPNP characterization 
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Considering the importance of increasing the BBB passage by inhibiting the action of 

the glycoprotein P, we studied the production of SPION-DOX HPNPs using different 

types of surfactants (T80, Brij-35, Pluronic F68 and Vitamin E-TPGS). Table 1 shows a 

summary of the most relevant physico-chemical properties of the resulting HPNPs. A 

narrow size distribution of hydrodynamic diameters between 209 and 230 nm was 

found by DLS. The polydispersity index (PDI) < 0.1 indicates that the sample consisted 

of a single size mode, without aggregates. The zeta-potential value (-13.8/-17.8 mv) 

ensures that the HPNPs will repel each other and avoid aggregation. The average 

diameter of the HPNPs obtained from TEM images (Figure 3) is found to be well-

correlated with that obtained from DLS measurements. The sizes determined by TEM 

are smaller than those obtained by DLS due to the lack of hydration during the electron 

microscopy analysis [39]. In addition, this difference could be also caused by the 

sensitivity of the DLS technique to particle agglomeration, to DOX fluorescence [40] or 

to “soft” flexible molecules such as polymers (like PVA), which could cause significant 

frictional drag influencing the particle motion [41,42]. With respect to DOX and SPION 

encapsulation, the results were similar for all HPNPs produced. The DOX load, 

measured fluorimetric- and spectrophotometrically, was around 10 µg DOX/ mg of 

HPNP (1 % (w/w)), corresponding to a good encapsulation efficiency of 80 %.   The 

total SPION encapsulation was around 20 µg Fe/mg of NP (2 % (w/w)). It is important 

to highlight that traditional physical methods of encapsulation in nanoplatforms, such as 

nanoprecipitation, lead to very poor encapsulation, due to the lack of sufficient carrier-

cargo affinity and the limited void space in the nanoplatform to retain the cargo. The 

cargo loading is typically less than 5 % (w/w) [43], or up to 18 % in the case of Mosafer 

J. et al encapsulating SPIONs [44,45].  

 

4. Optimization of the lyophilization process for long-term stability of SPION-

DOX HPNP 

 

Lyophilization was selected to improve the long-term stability of the HPNPs, 

preventing their instability in suspension and, simultaneously, facilitating their handling 

and storage. A good lyophilizate should maintain the physical and chemical properties 

of the original product, and the powder obtained should have a good appearance, a short 
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reconstitution time, low residual moisture content and good long term conservation 

[46]. The SPION-DOX HPNPs freeze-dried without cryoprotectant changed their 

morphology and increased considerably in size after the lyophilized powder was 

reconstituted. The addition of cryoprotectors and different surfactants concentrations 

were tested although only the addition of the cryoprotector trehalose (37 %; w/w with 

respect to the amount of PLGA) slightly enhanced the reconstitution. Interestingly, PVA 

had a major influence on the reconstitution when added in the last step of the NP 

synthesis. In fact, 0.4 % PVA is the minimum amount for a good reconstitution. As can 

be seen in the size comparison before and after the lyophilization (Figure 4A), the 

higher the PVA concentration, the better was the reconstitution. The NP morphology 

and the SPION distribution inside the HPNPs were maintained after lyophilization 

(Figure 5). This PVA content represented around 5 % of the total weight of the HPNP 

(Figure 4B), less than in the case of other reported synthesis procedures that use PVA as 

a surfactant in the external phase of the emulsification process (13 %) [27]. The block 

copolymer character of the partially hydrolyzed PVA could interact in the HPNP 

formation and explain the considerable improvement in HPNP stability during 

lyophilization [47]. In fact, the addition of PVA also affected the physicochemical 

properties of the HPNP, which increased in size and decreased their surface charge 

(Figure 4C-D), indicating that the PVA was present on the surface of the NP. Certainly, 

the effect achieved could be compared to the effect of coating with hydrophilic 

polymers such as polyethylene glycol (PEG), resulting in a higher hydrophilicity [27]. 

A labile adsorption of PVA on the surface of the HPNP was appreciated when, in 

contrast to the findings by Murakami H. et al. [48], a decrease in PVA content was 

observed with the number of washings by centrifugation. Finally, Figure 6 A- C depicts 

representative STEM-HAADF images at different magnifications of HPNPs lyophilized 

according to the optimized method and dispersed again in water. In this case, and unlike 

in TEM images, no staining agent was used to avoid artefacts that may occur during the 

staining process due to the presence of the cryoprotectant agents. The bright contrast of 

the STEM-HAADF images denotes the presence of high atomic number atoms, such as 

Fe. From this results, it can be ratified that SPIONs are located inside PLGA NPs, and 

that the lyophilization procedure preserves the structure and morphology of the HPNP. 

Figure 6 D shows the energy-dispersive X-ray spectroscopy analysis (EDS) of the 

brightest NPs loaded in the PLGA NPs, in which the Fe signal confirms univocally the 

presence of SPIONs. 
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5. Stability study 

 

To assess the stability, each type of HPNP was characterized in terms of size and 

amount of DOX after being formulated and lyophilized. Then, they were divided into 3 

aliquots to be stored at 4, 25 (RT) or 40 ºC. After an aging period of 1, 3, 4, 8 and 12 

weeks, HPNPs were reconstituted in water and characterized. It should be mentioned 

that the copolymer PLGA has the possibility of modulating its rate of degradation by 

varying the molecular weight and the ratio of the monomers in the copolymer. As lactic 

acid is more hydrophobic than glycolic acid, PLGA enriched in lactic acid absorbs less 

water and consequently degrades more slowly [33,34]. In terms of size, the HPNPs 

stored at 4 ºC remained stable throughout the study (Figure 7A), those stored at RT 

were only stable during the first month; and those stored at 40 ºC were not stable, since 

in 1 week their size increased considerably, losing the homogeneity of the reconstituted 

HPNPs and it was not possible to obtain a hydrodynamic size measurement by DLS 

(PDI=1) (data not shown). With respect to the drug stability, the inherent fluorescence 

of DOX, associated with the central anthracycline chromophore group, has a strong 

dependence on the microenvironment and the formation of DOX dimers or DOX–iron 

complexes. Thus, as the degradation of the HPNPs was significant, it could also 

decrease the fluorescence intensity. In parallel, the drug loading in HPNPs was also 

determined by the optical absorbance of DOX, which is less sensitive and is not 

influenced by the microenvironment, dimerization or iron-complex formation [49–51]. 

Figure 7B shows how the presence of DOX was maintained over time at all the storage 

temperatures when it was measured spectrophotometrically. But interestingly, when 

DOX was measured fluorimetrically (Figure 7C), the drug load decreased considerably 

at RT and 40 ºC and it was only stable at 4 ºC throughout the experiment. This fact 

indicates that the structure of the HPNPs was preserved only at 4 ºC for the 3 months of 

the experiment. Furthermore, considering that free DOX is a labile molecule which 

needs to be stored at – 20 ºC, the HPNPs developed greatly protect the drug from 

degradation. 

 

6. Relaxivity study 
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Magnetic resonance signals have their origin in the Nuclear Magnetic Resonance of the 

hydrogen protons present in the medium, characterized by the longitudinal (T1) and 

transversal (T2) relaxation times. Contrast agents modify the NMR signal by increasing 

the relaxation velocities, i.e., the inverse of the T1 and T2, according to the so-called r1 

and r2 relaxivities. The decrease of the relaxation times occurs in a concentration-

dependent manner so that the relaxation velocity increases linearly with contrast agent 

concentration. The slope of these dependences is the relaxivity, a measure of how 

efficient the agent is for accelerating the longitudinal and transversal relaxation 

processes [52]. The relaxivity of the SPION-DOX HPNPs in aqueous suspension was 

obtained by measuring the relaxation times of the hydrogen protons of the water at 

different NP concentrations (from 0.1 to 1 mM [Fe+2]). The results had good 

reproducibility and, as would be expected from a superparamagnetic nanoparticle 

system, r2 was much larger than r1 (Table 2). In detail, r1 was 1.85, 0.28, 0.20 and 0.14 

mM-1s-1; and r2 was 197.80, 172.09, 158.03 and 160.15 mM-1s-1 for the NP synthesized 

with T80, Brij-35, Pluronic F68 or Vitamin E-TPGS, respectively. These r2 values were 

very similar to those obtained using SPIONs already commercialized as contrast agents 

(Feridex r2=120 mM-1s1; Resovist-Ferucarbotran r2=189 mM-1s1) and indicate that these 

HPNPs could be used as contrast agents for magnetic susceptibility-based acquisitions 

in T2-weighted or T2*-weighted MRI, in which they would produce a hypointense 

(dark) signal [53]. 

 

7. Cytotoxic efficacy study 

 

The cytotoxic efficacy of SPION-DOX HPNPs was examined in different glioma cell 

lines by the viability MTS assay. In the case of the commercial glioma cell lines U87 

and 9L (Figure 8 A and E), the EC50 after 48 hours of treatment was around 20 µg/mL, 

for all the synthesized SPION-DOX HPNPs [54]. In more detail, the cytotoxic effect 

against 9L after 48 hours was slightly smaller than that of the control (free DOX), 

matching approximately the same value at 72 hours. This indicated a time-dependence 

cytotoxicity, probably due to still-conserved controlled drug release from the HPNP 

[55]. On the other hand, as in glioma tumors, neurospheres are a complex group of cells 

sustained by stem cells [56]. These stem cells are multipotent and have auto-

regeneration capabilities; in GBM they are responsible for the initial formation and 
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progression of the tumor, as well as for the treatment resistance and subsequent 

recurrence [57]. Therefore, the tumor-initiating cells that are resistant to current 

therapies should be targeted, and therapies that destroy cancer stem cells are potentially 

curative [58]. A picture of NSC-23 cells in culture is shown in Figure 8B. These three 

dimensional (3D) culture models closely mimic the heterogeneity and the 

microenvironment of the in vivo conditions, and thus allow a more predictive in vitro 

evaluation of nanomedicines [59]. Similar EC50 was obtained for encapsulated and 

non-encapsulated DOX at 72 hours of treatment (Figure 8A).  

For all of these 3 cultures, SPION-DOX HPNPs inhibited cell viability in a dose-

dependent manner; the type of surfactant used to form the HPNPs did not influence the 

cytotoxic effect. Both control NPs, SPION and SPION-PLGA NP, were found to be 

non-toxic at the concentrations used (see the representative graphic in Figure 8C and D), 

indicating that the drug alone was responsible for the observed toxicity. In conclusion, 

these in vitro results suggest that all SPION-DOX HPNP developed in this study are 

potent treatments and thus promising candidates for in vivo efficacy studies. 

 

Conclusions 

The surfactants Tween 80, Brij-35, Pluronic F68 and Vitamin E-TPGS were used to 

design and develop four different surfactant-coated HPNPs for the theranostic of 

glioma. These surfactants were selected to increase the passage of the HPNPs through 

the BBB after an intravenous injection. On the other hand, DOX and SPIONs were 

selected as therapeutic and imaging agents, respectively, in order to achieve real time 

monitoring of the treatment by MRI. The HPNPs developed have a high DOX and 

SPIONs encapsulation and only adding 0.4 % of PVA in the last step of their synthesis 

was enough to achieve good stability of the lyophilized powder at 4º C for 3 months, 

facilitating the management and storage of the HPNPs. Significantly, these HPNPs 

proved to be promising MRI-monitoring nanocarriers since they presented high 

transversal relaxivity as expected by superparamagnetic NPs. Besides, the nanocarriers 

provided therapeutic effects not only in normal population glioma cells but also in 

neuronal cells with stem cell properties, which are the principal cause of the resistance 

to conventional therapies in brain tumors.  
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Figure 1: Characterization of SPIONs. A)  Low magnification TEM image, B) High magnification 
TEM image , C) Particle size histogram obtained from TEM images measured using Image J 
software, D) XRD pattern (reflections of  magnetite, Fe3O4, are included for comparison), E) 
Magnetization curve at 310 K; inset: low field magnification. Characterization of oleic acid 
functionalized SPIONs. F) High magnification TEM image , G) Particle size histogram obtained 
from TEM images and h) FTIR spectrum of oleic acid, SPION (in water) and SPION 
functionalized with oleic acid (in dichloromethane). 
  
Figure 2: TEM images of the NPs developed obtained by different synthesis methods: By 
multiple w/o/w emulsion method with A) SPIONs and with B) oleic acid functionalized SPIONs; 
and by simple o/w emulsion method with C) oleic acid functionalized SPIONs, and D) co-
encapsulation of oleic acid-SPIONs and DOX. White scale bars represent 50 nm. 
 
Figure 3: Hydrodynamic diameter of the SPION-DOX PLGA NPs measured by DLS and diameter 
measured on TEM images manually (around 150 NP measured).  
 
Figure 4: Characterization of the PVA addition to the formulation process of polymeric NP 
(PNP) with the surfactant T80. A) Hydrodynamic diameter before and after lyophilization, as a 
function of the PVA amount, B) Residual percentage of PVA with respect to the weight of the 
HPNPs after their lyophilization. C) Influence of PVA addition on the hydrodynamic diameter. 
D) Influence of PVA addition on the surface charge. 
 
Figure 5: TEM images of SPION-DOX HPNPs before and after their lyophilization and 
subsequent reconstitution. All NPs maintained their morphology and SPION distribution after 
lyophilization. White scale bars represent the size of 20 nm. 
 
Figure 6: A-C) Z-contrast STEM-HAADF images of representative HPNPs; bright spots show the 
location of SPIONs, D) HAADF-EDS analysis of the area selected in the HPNP in (C) to confirm 
the presence of SPIONs. 
 
Figure 7: Lyophilized HPNPs stability for 12 weeks. A) Hydrodynamic diameter before, 
immediately after and 12 weeks after being lyophilized and stored at 4 ºC. B) 
Spectrophotometric and C) fluorimetric measurement of DOX load before and 12 weeks after 
being lyophilized and stored at RT, 4 or 40 ºC. 
 

Figure 8: A) EC50 (ng/mL) of SPION-DOX HPNPs, DOX PLGA NPs and DOX formulated with the 
surfactants T80, Brij-35, Pluronic F68 or Vitamin E-TPGS. NS= not studied; S-D= SPION-DOX 
HNPs; D= DOX PLGA NPs. B) Image of patient-donated neurospheres NSC-23. C, D, E) 
Representative graphics of cell viability vs DOX concentration in the treatment of U87-MG cells 
with SPION, SPION PLGA NPs or SPION-DOX HNPs. 

 

Table 1: Characterization of the SPION-DOX PLGA HPNPs.Hydrodynamic diameter, 
polydispersity index (PDI), Z potential and amount of DOX and Fe encapsulated. 

Table 2: Longitudinal (r1) and transversal (r2) relaxivity of the SPION-DOX PLGA HPNPs.  



Figure 1: (single column fitting image) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 2: (single column  fitting image) 

 

 

 

 

Figure 3: (2-column fitting image) 
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Figure 4: (single column fitting image) 

 

 
 
 
Figure 5: (single column fitting image) 

 
 
 
 
 



 
 
 
Figure 6: (2-column fitting image) 
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Figure 7: (Single-column fitting image) 

 
 
 
 
Figure 8: (2-column fitting image) 

 

 



 
 
 

Table 1: (single column fitting image) 

Surfactant 
used 

Hydrodynamic 
size (nm) PDI Z potential 

(mV) 

DOX 
(µg/mg formulation) Fe  

(µg/mg 
formulation) Fluorimetry UV/vis 

spectroph. 

T80 227.4 ± 18.2 0.066 ± 0.021  -13.8 ± 
3.3 11.2 ± 1.9 9.9 ± 1.4 17.8 ± 1.8 

Brij-35 209.1 ± 26.5 0.077 ± 0.019 -16.8 ± 2.9 10.7 ± 0.8 10.2 ± 1.3 20.3 ± 1.5 

Pluronic 
F68 211.9 ± 7.7 0.076  ± 0.017 -15.8 ± 2.1 10.7 ± 0.9 10.5 ± 1.0 17.7 ± 3.9 

Vitamin E-
TPGS 227.9 ± 55.8 0.107 ± 0.019  -17.8 ± 

1.7 11.1 ± 2.8 10.8 ± 3.9 21.9 ± 3.6 

 
 
 
Table 2: (single column  fitting image) 
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Table S1: Optimization of doxorubicin (DOX) encapsulation into polymeric nanoparticles 

(PNP) by the simple emulsion and solvent evaporation method using Poly Lactic-co-Glycolic 

Acid (PLGA) as polymer. The table shows the different DOX encapsulation efficiencies (EE; as % 

with respect to the weight of the entire formulations), hydrodynamic size, polydispersity index 

(PDI) or Z potential when modifying the composition of the organic and aqueous phases of the 

NP. First, different PLGAs (Resomer® 502, 503, 752 with free carboxylic or ester end groups) 

were tested. Then, the use of different solvent mixtures (ethyl acetate (EA), dichloromethane 

(DM) or acetone) and the proportions of these or of the surfactant used (1 or 2 %) were tuned. 

To be able to dissolve the DOX in the organic phase, triethylamine (TEA) or oleic acid was 

added to the organic phase in different proportions (1:100 or 1:1000). After all these tests, the 

highest DOX encapsulation efficacy was reached with PLGA 503H, EA: TEA (1:1000) and 1 % of 

surfactant and different surfactants were used to synthetize the NP with this composition (in 

bold). TCS: taurocholate sodium; CS: cholate sodium; PVA: polyvinyl alcohol; T80: Tween 80; 

DDAB:  Didodecyldimethylammonium bromide; VIT E: Vitamine E- Tocopheryl polyethylene 

glycol 1000succinate.



 

ORGANIC PHASE WATER PHASE SOLVENT EVAPORATION 

EE DOX (%) 

Characterization 

PLGA 

(50 mg) 
DOX 
(mg) 

SOLVENT (1 mL) 
Surfactant 
type (2 mL) 

Surfactnat 
(%) 

Surfactant 
type (10 mL) 

Surfactnat 
(%) 

Hydrodinamic 
size (nm) 

PDI 
Z potential 

(mV) 

503 1 TEA:AcEt (1:1000) TC 1 TC 0.3 77.6 ± 6.3 133.5 ± 16.8 0.14 ± 0.06 -33.6 ± 6.9 

503 1 
[TEA:DM (1:1000)]: AcEt 

(3:1) 
TC 1 TC 0.3 81.8 ± 12.6 142.1 ± 28.5 0.12 ± 0.02 -30.7 ± 8.5 

503 1 
[TEA:DM (1:100)]: AcEt 

(3:1) 
TC 1 TC 0.3 62.6 122.8 0.09 -39.8 

503 1 
[TEA:DM (1:1000)]: 

Acetone (3:1) 
TC 1 TC 0.3 68.0 118.2 0.10 -31.3 

503 1 Oleic acid:AcEt (1:1000) TC 1 TC 0.3 67.1 ± 17.5 126.5 ± 8.7 0.14 ± 0.09 -37.0 ± 8.8 

503 1 
[Oleic acid:DM 

(1:1000)]: Acetone (3:1) 
TC 1 TC 0.3 51.5 132.5 0.15 -32.9 

503 1 
[oleic acid:DM 

(1:1000)]: AcEt (3:1) 
TC 1 TC 0.3 67.4 151.6 0.12 -37.0 

503H 1 TEA:AcEt (1:1000) TC 1 TC 0.3 82.2 ± 9.6 120.8 ± 16.9 0.10 ± 0.03 -32.2 ± 5.6 
503H 1 TEA:AcEt (1:100) TC 1 TC 0.3 78.5 148.5 0.07 

 
503H 1 Oleic acid:AcEt (1:1000) TC 1 TC 0.3 52.2 114.5 0.08 -37.3 

502 1 TEA:AcEt (1:1000) TC 1 TC 0.3 45.8 ± 5.4 97.1 ± 9.4 0.10 ± 0.01 -29.2 ± 3.5 

502 1 
[TEA:DM (1:1000)]: AcEt 

(3:1) 
TC 1 TC 0.3 31.1 170.0 0.13 -17.5 

502H 1 TEA:AcEt (1:1000) TC 1 TC 0.3 61.6 ± 10.0 90.2 ± 1.9 0.12 ± 0.02 -26.2 ± 4.9 
752 1 TEA:AcEt (1:1000) TC 1 TC 0.3 46.3 ± 2.4 105.7 ± 24.0 0.15 ± 0.06 -33.1 ± 3.5 

752 1 
[TEA:DM (1:1000)]: AcEt 

(3:1) 
TC 1 TC 0.3 30.4 235.7 0.22 -17.8 

752H 1 TEA:AcEt (1:1000) TC 1 TC 0.3 47.3 ± 17.4 92.5 ± 3.9 0.12 ± 0.03 -24.5 ± 5.8 
PEG-
PLGA 
50105 

1 TEA:AcEt (1:1000) TC 1 TC 0.3 61.22 ± 10.4 153.4 ± 4.7 0.14 ± 0.01 -25.2 ± 4.9 

PEG-
PLGA 
5055 

1 TEA:AcEt (1:1000) TC 1 TC 0.3 57.9 ± 5.9 149.0 ± 29.9 0.09 ± 0.00 -32.1 ± 5.8 



503H 1 TEA:AcEt (1:1000) TC 2 TC 0.6 63.1 ± 5.7 91.1 ± 12.6 0.15 ± 0.07 -30.0 ± 8.5 

503H 1 TEA:AcEt (1:1000) CS 1 CS 0.3 53.8 ± 4.5 94.5 ± 3.0 0.15 ± 0.04 
-30.0 ± 

12.1 
503H 1 TEA:AcEt (1:1000) CS 2 CS 0.6 59.5 ± 15.1 86.1 ± 5.8 0.14 ± 0.02 -37.2 ± 6.5 
503H 1 TEA:AcEt (1:1000) PVA 1 PVA 0.3 75.7 ± 7.2 208.1 ± 36.9 0.07 ± 0.01 -13.5 ± 2.1 
503H 1 TEA:AcEt (1:1000) PVA 2 PVA 0.6 63.2 ± 13.6 190.0 ±31.1 0.11 ± 0.01 -13.1 ± 4.1 

503H 1 TEA:AcEt (1:1000) T80 1 T80 0.3 83.7 ± 3.7 132.5 ± 47.2 0.11 ± 0.03 
-28.45 ± 

7.1 

503H 1 TEA:AcEt (1:1000) T80 2 T80 0.6 46.9 ± 22.5 117.1 ± 44.9 0.17 ± 0.01 
-31.8 ± 

14.6 
503H 1 TEA:AcEt (1:1000) T80 (pH 7.4) 1 T80 (pH 7.4) 0.3 101.5 ± 15.3 94.5 ± 4.5 0.13 ± 0.01 -24.3 ± 7.1 
503H 1 TEA:AcEt (1:1000) T80 (pH 7.4) 2 T80 (pH 7.4) 0.6 68.9 ± 3.3 76.2 ± 10.8 0.17 ± 0.00 -30.7 ± 8.2 
503H 1 TEA:AcEt (1:1000) BRIJ 35 1 BRIJ 35 0.3 70.2 ± 6.8 71.3 ± 3.6 0.17 ± 0.01 -29.7 ± 2.5 
503H 1 TEA:AcEt (1:1000) BRIJ 35 2 BRIJ 35 0.6 57.1 ± 7.4 60.5 ± 1.8 0.21 ± 0.02 -27.8 ± 5.7 
503H 1 TEA:AcEt (1:1000) PLURONIC 1 PLURONIC 0.3 77.56 ± 9.10 91.23 ± 3.90 0.09 ± 0.00 -30.8 ± 7.0 
503H 1 TEA:AcEt (1:1000) PLURONIC 2 PLURONIC 0.6 91.4 ± 10.2 90.5 ± 10.2 0.09 ± 0.01 -31.2 ± 5.1 

503H 1 TEA:AcEt (1:1000) LECITIN 1 LECITIN 0.3 1.9 ± 2.7 434.4 ± 145.2 0.61 ± 0.19 
-37.45 ± 

0.1 
503H 1 TEA:AcEt (1:1000) DDAB 1 DDAB 0.3 0.0 52.6 0.33 14.9 

503H 1 TEA:AcEt (1:1000) DDAB 2 DDAB 0.6 0.0 64.9 0.16 39.3 

503H 1 
[TEA: AcEt (1:1000)]: 

DM (4:1) 
VIT E 1 VIT E 0.3 79.43 165.5 0.082 -34.5 
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