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ABSTRACT 18

In this work, we investigate a route towards the synthesis of multi-functionalized nanoparticles 19

for medical purposes. The aim is to produce magnetite/gold (Fe3O4/Au) nanoparticles combining20

several complementary properties, specifically, being able to carry simultaneously an antitumor 21

drug and a selected antibody chosen so as to improve specificity of the drug vehicle. The 22

procedure included, firstly, the preparation of Fe3O4 cores coated with Au nanoparticles: this was 23

achieved by using initially the layer-by-layer technique in order to coat the magnetite particles 24

with a three polyelectrolyte (cationic-anionic-cationic) layer. With this, the particles became a 25

good substrate for the growth of the gold layer in a well-defined core–shell structure. The 26

resulting nanoparticles benefit from the magnetic properties of the magnetite and the robust 27

chemistry and the biostability of gold surfaces. Subsequently, the Fe3O4/Au nanoparticles were 28

functionalized with a humanized monoclonal antibody, bevacizumab, and a chemotherapy drug, 29

doxorubicin. Taken together, bevacizumab enhances the therapeutic effect of chemotherapy 30

agents on some kinds of tumors. In this work we first discuss  the morphology of the particles 31

and the electrical characteristics of their surface in the successive synthesis stages. Special 32

attention is paid to the chemical stability of the final coating, and the physical stability of the 33

suspensions of the nanoparticles in aqueous solutions and phosphate buffer . We describe how 34

optical absorbance and electrokinetic data provide a follow up of the progress of the 35

nanostructure formation. Additionally, the same techniques are employed to demonstrate that 36

the composite nanoparticles are capable of loading/releasing doxorubicin and/or bevacizumab.37

38
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monoclonal antibody.41

1. Introduction42

One of the main objectives in anticancer drug development is the design of delivery systems that 43

can contribute to transport and release the therapeutic agents in a targeted and selective fashion 44

to their site of action, thus decreasing adverse effects and enhancing efficacy and specificity. 45

Nanoparticles (NPs) have been demonstrated to be a main component of recent strategies aimed 46

at delivering conventional drugs, recombinant proteins, vaccines and, more recently, nucleotides. 47

NPs modify the kinetics, body distribution and release of an associated drug, and can perform 48

this function either passively (the drug is released by diffusion or matrix dissolution in an 49

otherwise uncontrolled way) or actively (specific interactions are established between the NP 50

functional groups and the target cell, which trigger their payload release only in specified 51

conditions [1]). In the first case, NPs-based systems work by exploiting the special 52

characteristics of tumor growth, specifically, the so-called EPR (enhanced permeability and 53

retention) effect [2-4] as a passive form of targeting. As a result of the imperfect (leaky) 54

vasculature and limited lymphatic drainage, EPR favors that nanoparticles smaller than 100 nm 55

can enter the interstitia  and be captured by the tumor cells [3, 5, 6]. In active targeting, specific 56

ligands attached to the surface of the drug vehicles allow their binding to receptors over-57

expressed by tumor cells and not by normal cells [6].58

The possibilities of driving the nanoparticles to the site of action and keeping them there during 59

the drug release are enhanced if an external field can be used with that purpose . As an example, 60

a growing interest exists in iron oxide nanoparticles as core of nanostructures which can be 61

responsive to external magnetic fields. Additional advantages of those superparamagnetic 62



Page 4 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

4

particles in biomedical and clinical applications come from their enormous potential in such 63

techniques as magnetic resonance imaging (MRI) contrast agents [7], magnetic hyperthermia 64

treatment [8, 9] or tissue repair [10]. In spite of such applications, improvements are still needed 65

concerning their biocompatibility, mechanisms of attachment to cells and biomolecules, colloidal 66

and physical stability, or water dispersibility [11]. These modifications are essential for efficient 67

delivery to cells. 68

A possible modification consists of producing a gold coating prior to loading the resulting 69

composite nanoparticles  with its drug payload [12, 13]. Justification for this is related to the fact 70

that gold particles have low toxicity, high surface area, tunable stability, and significant chemical 71

reactivity. Their presence on the magnetic cores may improve their capabilities for adsorbing, 72

transporting and releasing the active chemicals [14, 15]. The resulting magnetic nanostructures 73

would have the additional advantage of particular optical properties, specifically, increased 74

absorbance in the visible spectrum, thus opening the possibility of using them in photothermal 75

therapy.76

Doxorubicin (DOX) will be used as drug payload. This is one of the most potent and widely used 77

anticancer drugs, and it works by inhibiting the synthesis of nucleic acids within cancer cells78

[16]. However, it has a number of well known undesirable side effects such as cardiotoxicity and 79

myelosuppression, leading to a very narrow therapeutic index. For this reason, a number of 80

investigations have focused on ways to deliver DOX to cancer tissues in a controlled way, so as 81

to reduce such side effects. For instance, DOX was conjugated to poly(lactic-co-glycolic) acid 82

(PLGA) nanoparticles and tested in vivo by Yoo et al. [16]. Comparison with daily DOX 83

injections was carried out by Brannon-Peppas and Blanchette [17], who showed a good 84

suppression of tumor growth, comparable to but not better than standard treatment with injected 85
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DOX. In vitro tests have been described by Rudzka et al. [18] and Gómez-Sotomayor et al. [19]86

using magnetic nanostructures based on superparamagnetic maghemite or iron/magnetite 87

nanoparticles.88

Bevacizumab (Avastin®, BEV hereafter), a humanized recombinant monoclonal antibody, is the 89

first anti-angiogenic protein approved by the FDA (USA) as an anti-(human vascular endothelial 90

growth factor) (VEGF) agent. This is a blood circulating protein responsible for blood vessels 91

growth, and up-regulated in numerous benign and malignant disorders, including angiosarcoma, 92

hemangiomas, and solid tumors. BEV has shown antitumor activity in a number of tumor types, 93

especially when combined with standard chemotherapy treatments [20, 21]. Studies of the 94

combination of bevacizumab to anthracycline-based cancer therapy like DOX have found 95

promising results although, in some cases, the combination of DOX and BEV can result toxic96

[21, 22]. Wang et al. [23] studied the efficiency of a combination therapy of BEV and DOX on 97

T-leukemia/lymphoma, and found that if both compounds are administered simultaneously the 98

therapeutic effect of the drug in the treatment of this malignancy was greatly improved. A similar 99

synergistic effect between DOX and BEV was described by Kim et al. [24] in the treatment of 100

sarcoma patients. Likewise,  improvements in the response of breast cancer to the combination of 101

BEV and DOX compared to DOX alone were found by Lindholm et al. [25], whereas Kristian et 102

al. [26] demonstrated that when DOX was given to breast cancer patients 24 h after BEV the 103

drug efficacy was reduced in comparison to concomitant treatment.104

In this work we describe the preparation and functionalization of superparamagnetic magnetite 105

nanoparticles, coated with a gold shell, as delivery systems for DOX and BEV. Magnetite 106

nanoparticles were coated with three polyelectrolyte (cationic-anionic-cationic) layers using the 107

layer-by-layer technique [27, 28]. Then a gold layer was added using the same technique. We 108
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discuss the morphology of the particles and the electrical characteristics of their surface in the 109

successive synthesis stages. Special attention is paid to the chemical stability of the final coating, 110

and the physical stability of the suspensions of the nanoparticles in aqueous solutions. 111

Subsequently, we study the possible application of the Fe3O4/Au nanoparticles as  antitumor drug 112

vehicles. The Fe3O4/Au nanoparticles were functionalized with  Bevacizumab and Doxorubicin, 113

and the nanoparticles containing DOX, BEV and DOX+BEV were characterized in terms of zeta 114

potential. Finally, the release profiles of the two compounds, either jointly of separately, were 115

examined.116

2. Materials and Methods117

2.1. Materials. 118

Iron (II) sulfate heptahydrate (FeSO4·7H2O) was purchased from Fluka. Potassium nitrate 119

(KNO3), sodium hydroxide (NaOH), polyethyleneimine (PEI, Mw≈ 2000 g/mol), 120

poly(styrenesulfonate) (PSS, Mw≈ 2·106 g/mol), chloroauric acid (HAuCl4), sodium citrate 121

tribasic dihydrate, sodium borohydride (NaBH4), doxorubicin hydrochloride (C27H29NO11·HCl), 122

sodium chloride (NaCl), and hydrochloric acid (HCl) were from Sigma-Aldrich. Bevacizumab 123

(Avastin® 25 mg/ml) was from Genentech/Roche (Hoffmann-la Roche, Basel, Switzerland). All 124

chemicals were used as received with no further purification. Water used in the experiments was 125

deionized and filtered (Milli-Q Academic, Millipore, France). 126

127

128

2.2. Synthesis of magnetite nanoparticles. 129
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The Fe3O4 cores were synthesized by mixing 0.7 g of FeSO4 with 80 ml of distilled water 130

followed by the addition of 10 ml of 2 M KNO3 and 10 ml of 1 M NaOH in an oxygen-free 131

environment at 90 oC [29]. The resulting magnetic nanoparticles (MNPs) were magnetically 132

separated from the reaction mixture by placing the container on a 500 mT Nd permanent magnet 133

for 10 min. The collected NPs were rinsed and resuspended in Milli-Q water at least three times, 134

and stored in nitrogen-purged Milli-Q water.135

136

2.3. Preparation of polymer-coated magnetic nanoparticles. 137

5 ml of MNP suspension (1 g/l) were mixed dropwise with 5 ml of PEI solution (2 g/l) under 138

ultrasonic agitation. Sonication was applied during 90 min and then the sample was left 139

undisturbed during 30 min. Washing was subsequently performed by magnetically decanting the 140

magnetic nanoparticles and discarding the supernatant. The particles were finally redispersed in 141

5 ml of water. A second layer of PSS and a third layer of PEI were added following the same 142

concentrations and process conditions. 143

144

145

146

2.4. Synthesis of gold nanoparticles. 147

Citrate-stabilized, negatively charged gold nanoparticles were synthesized following the method 148

of reduction of chloroauric acid with NaBH4 described in Ref. [30]. Firstly, 0.5 ml of a 0.1 M 149

NaBH4 solution was cooled down inside a vessel with ice. Then, 0.5 ml of 0.01 M HAuCl4 was 150

mixed with 0.5 ml of 0.01 M trisodium citrate solution and added to 18 ml of distilled water and 151

stirring. We added rapidly the 0.5 ml of the cooled NaBH4 solution, while stirring vigorously at 152
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room temperature. This causes the reduction of Au3+ ions to neutral gold atoms. After a few 153

seconds, when the solution color turned pink, indicating the formation of gold nanoparticles, 154

stirring was stopped and the synthesis was allowed to stay for 2 h.155

2.5. Synthesis of gold-modified MNPs (AuMNPs).156

In order to deposit gold seeds onto the polymer-coated magnetite, magnetite+PEI+PSS+PEI 157

nanoparticles were dispersed in 20 ml of water up to a particle concentration of 0.25 mg/ml, and 158

the resulting suspension was added dropwise to the gold seeds solution (after dilution by addition 159

of 10 ml of water to 30 ml of the original gold suspension) under sonication. The obtained160

suspension was sonicated for 15 min, and it was later let to stay for 30 min and cleaned as 161

before. Finally, we redispersed the gold-modified NPs (AuMNPs) in water (2 ml). The final 162

concentration of AuMNPs was 2.5 mg/ml.163

2.6. Drug loading. 164

Aqueous drug solutions (0.1 ml) with different concentrations were mixed with an aqueous 165

solution of the final gold coated-particles (1 mg/ml of AuMNps; 0.1 ml) and the mixtures were 166

shaken during at least 48 h at room temperature. After that time, AuMNPs were separated form 167

supernatants by the magnetic decantation procedure described. In order to determine the amount 168

of adsorbed drug, optical absorbance of the supernatants was measured at 489 nm (in the case of 169

DOX) and 270 nm (in case of BEV), and compared to that of the initial drug solution. The 170

spectrophotometer used was a Dinko UV-8500 UV-Vis from Dinko Instruments, Spain.171

2.7. Drug release. 172



Page 9 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

9

1 mg of AuMNPs was first kept in contact with 0.2 ml of the drug solutions and maintained173

during 48 h under shaking. Then the particles were magnetically separated from the supernatant, 174

re-dispersed in the culture medium (0.4 ml) and kept at 37 ºC during the release experiments. At 175

specified time intervals, the particles were decanted by application of the magnet, and 0.18 ml of 176

the supernatant was taken. An equal volume of phosphate buffer was added to the samples and 177

they were shaken before placing then back in the thermostatic bath. The absorbance of 178

supernatants was determined and the concentration of drug in it was calculated.179

2.8. Electrophoretic mobility measurements. 180

The electrophoretic mobility measurements were carried out 24 h after preparation of dilute 181

suspensions with fixed ionic strength using a Zetasizer Nano-ZS (from Malvern Instruments, 182

UK). NaOH and HCl were employed to adjust the pH values of the suspensions. The 183

electrophoretic mobility was measured by performing 3 runs of 3 measurement cycles each. 184

185

3. Results and Discussion186

3.1. Stability of the polymer layer. 187

As described, in order to improve the gold particle attachment to magnetite cores, these were 188

coated with several polyelectrolyte layers using the layer by layer technique [27, 28]. The 189

stability of such layers with time was monitored by means of electrophoretic mobility, ue (Fig. 190

1). MNPs (both uncoated and coated with the different layers) were redispersed in 1 mM NaCl 191

solutions at different pH values and then, the electrophoretic mobility of the samples was 192

measured at different times Fig. 1.a shows the electrophoretic mobility of PEI-coated MNPs as a 193

function of pH and of aging time. The initial increase in the magnetite mobility towards positive 194
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values, with absence of isoelectric point (pHiep, originally at pH ≈ 6), is an indication of the 195

adsorption of PEI. Nevertheless, the mobility trend is clearly modified after 4 days aging, 196

particularly at pH above neutrality. It must be kept in mind that the positive charge of PEI 197

molecules is strongly decreased at such pH conditions (the pKa values of PEI are ∼9 for primary, 198

∼8 for secondary, and 6-7 for tertiary amines on the polymer backbone [31]), and hence it can be 199

expected that the desorption suggested by the data in Fig. 1.a is favorable in the conditions 200

mentioned. This is certainly an apparent drawback of the method, but it can be avoided, in 201

principle, by performing the successive coatings after 24 h or less, as indeed done in this work. 202

The results in Fig. 1.b demonstrate first of all the negative charge of PSS-coated MNPs, as well 203

as the fact that coating with a triple layer (PEI-PSS-PEI) leads to much more stable 204

nanostructures. It appears that the polyelectrolyte layers intermix in such way that the multilayer 205

adsorption is virtually irreversible. Note that only at pH 7 can some desorption be measured, 206

again due to the proximity of this pH value to the pKa of PEI.207
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208

Fig. 1209

3.2. Characterization of the magnetite-based nanoparticles. 210

Fig. 2A shows typical high-resolution transmission electron microscope (HRTEM, Philips 211

STEM CM20, The Netherlands) pictures of magnetite nanoparticles with gold seeds on their 212

surface, fabricated using the methods described. This picture illustrates that the gold coating is 213

quite rough but uniform. The size distribution histograms obtained from  HRTEM images show214

that the Fe3O4 cores have a size of 43 ± 6 nm (average face-centered diagonal) whereas AuMNPs 215

have an average size of 53 ± 9 nm, indicating a roughly 5 nm thick coating. The need of particle 216

size control when designing drug delivery vehicles is well documented: both extravasation of the 217

nanostructures and internalization by cells are optimized for particles in the 10-100 nm size 218

roughly [17, 32, 33], an interval containing the sizes of our nanovehicles. 219

220
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Keeping in mind that these particles were designed with the aim of eventually driving them to 221

the site of action and maintaining  them there by means of magnetic field gradients, it can be 222

understood that the magnetic characterization of the composites is an essential issue. Considering 223

the small size of the magnetite cores, superparamagnetic behavior is expected at room 224

temperature for the nanoparticles synthesized. Fig. 2B shows their magnetization curve at room 225

temperature (obtained in a Quantum Design MPMS XL, USA, Squid magnetometer). No 226

hysteresis is observed, as expected from the superparamagnetic behavior of magnetite cores; 227

however, when a moderate magnetization is reached (about 10 emu/g, or five times smaller than 228

that of magnetite nanoparticles), the typical saturation of the magnetization curve is substituted 229

by a decreasing trend, typical of diamagnetic materials. The presence of the polyelectrolyte 230

layers can account for the rather low maximum magnetization achieved, whereas the high-field 231

decrease must be a consequence of gold nanoparticles displaying diamagnetism, as we can 232

discard the possibility of perturbation of the measurements by the sample holder. In fact,233

although bulk gold is diamagnetic, gold-based nanostructures have been reported to present a 234

variety of magnetic behaviors, ranging from paramagnetic to ferromagnetic [34, 35]. 235

Experimental data reported by Tuboltsev et al. [34] indicate that, although nanocrystalline gold 236

may exhibit intrinsic  ferromagnetism, the structure of deposited clusters on a substrate (as may 237

be the case for our particles on magnetite) may favor the onset of the diamagnetic behavior of 238

bulk gold . It must be mentioned, nevertheless, that the decrease in magnetization below the 239

maximum value reached is not very significant, and hence the particles remain as useful 240

magnetic vehicles for the drug and the antigen.241

Concerning the stability of the gold-coated MNPs, HRTEM pictures taken as many as 90 days 242

after preparation do not suggest significant changes, a fact confirmed by ue measurements (data 243
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not shown for brevity). This structural stability manifests itself in colloidal stability of the 244

nanoparticles. There are several reasons that justify that the particles are rather stable. First, we 245

must consider that the polyelectrolyte coating provides both electrostatic and steric repulsion 246

between the nanoparticles. Second, the magnetic interaction is very weak, as the combination of 247

the small size of the superparamagnetic cores with the diamagnetism of the deposited gold 248

produces a rather small magnetic moment, and the interaction would be further screened by the 249

relatively thick polymer+Au layer. As a result, thermal energy is quite larger than magnetic one, 250

in the absence of applied external field. To these arguments, we must add the electrostatic 251

repulsion between the outermost gold layers. 252

  253

Fig.2254

255

3.3. DOX loading and release. 256

Fig. 3.a shows the adsorption density, Γ, of DOX on the AuMNPs. Note that the drug adsorption 257

increases with the equilibrium concentration of doxorubicin in solution up to 0.12 mM, where 258

saturation is reached at approximately 5 μmol/g. The results were fitted to the Langmuir isotherm 259

model, , and the best-fit parameters in our case were k = 0.66 ± 0.25 (l/μmol) and 260
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Γmax = 5.3 ± 0.4 μmol/g. The mechanism of DOX binding to nanospheres is likely based on 261

electrostatic interaction between the positive charge of dissolved DOX (through protonation of 262

the amino group of the drug molecule), and the negative surface charge of gold. Adsorption of 263

DOX molecules onto AuMNPs can be further qualitatively followed by electrophoresis. As 264

observed in Fig. 3.b, the change of sign and the further rise of ue beyond neutralization confirm 265

the incorporation of the drug. Concerning the stability of the drug-coated particles towards 266

aggregation, data in Fig. 3b show that the adsorption of this drug changes the surface charge 267

from negative to clearly positive, so that the electrostatic repulsion still exists after adsorption, 268

and stability is still favored.269

270

Sailor and Park [36] have calculated the payload capacity of solid nanoparticles as a function of 271

nanoparticle diameter. They assumed that the maximum loading is the hexagonal close packed, 272

74% packing efficiency, with the drug molecules approximated as spheres. Their calculations 273

were performed using both DOX and BEV. They estimated that the number of DOX molecules 274

that can be loaded onto a spherical particle 50 nm in diameter is more than 2000. If we consider 275

our AuMNPs spheres with 53 nm diameter and the value of Γmax above reported, we can estimate 276

that the number of DOX molecules loaded onto AuMNP is around 1220 molecules/particle. 277
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278

Fig. 3279

The kinetics of DOX release is plotted in Fig. 4. Note that almost 80% of the drug adsorbed is 280

released after 50 h. As in other release systems, the kind of kinetics gives us clues concerning the 281

mechanisms of drug discharge from the nanovehicle. It is out of the scope of this article to 282

perform an exhaustive analysis of the best-fit kinetic curve, so we used a general one, the 283

Weibull model [37], according to which, the released amount can be written:284

0( ) ( ) exp ( )dQ t Q Q Q kt       285
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286

Fig. 4287

where 0( )Q Q  is the amount released at long(short) time, 1/k is an indication of the time scale of 288

the process, and d controls the shape of the curve. The fitting of the data in Fig. 4 yields a 289

characteristic release time of 34 ± 6 h, with an adjusted determination coefficient r2 = 0.993. If 290

the assumption of electrostatic attraction as mechanism of adsorption is correct, we can expect a 291

behavior of the type known as environment responsive systems. In our case, the pH of the 292

medium will be the driving force, since at the pH of the release medium (7.4) the average 293

positive charge of the DOX molecules is reduced by its proximity to pKa, and hence the DOX-294

AuMNPs attraction is weakened. In addition, the ionic strength of the medium also contributes to 295

such a reduction due to increased screening. As a result, diffusion is the only plausible (passive) 296

mechanism of release in our case. Finally, concerning the characteristic release time, it appears 297

well suited for drug delivery purposes, since maximum plasmatic concentrations remain  during 298

almost two days.299

300
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3.4. BEV loading and release.301

302

Fig 5303

Fig. 5.a shows the adsorption density of BEV on the AuMNPs. Langmuir-type adsorption 304

behaviour is observed with isotherm parameters k = 21 ± 10 (l/mg), Γmax= 0,076 ± 0.011 mg/mg. 305

The existing information on the charge of BEV molecules is scarce, and it has been suggested 306

that it is small and negative at pH 7.4 [38]. This means that electrostatic interactions can be 307

practically ruled out, as they are likely repulsive, if existent at all. From the molecular structure 308

of BEV included in Fig. 5.a hydrophobic attraction is suggested as the main reasonable 309

mechanism. It can be estimated that around 114 BEV molecules are absorbed on each AuMNP 310

particle, comparable to the value of 150 reported by Sailor and Park [36].311

As before, we have used electrophoretic mobility data as a further test of the surface coating. 312

This is done in Fig. 5.b through the comparison of ue for AuMNPs, both raw and BEV-loaded, 313



Page 18 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

18

with that shown by the latter particles after 24 h contact with a 1 mM NaCl solution. In spite of 314

its significant adsorption , the effect of BEV on the mobility is very limited. However, it can be 315

expected that its comparatively large size must compensate the presumably lower electrostatic 316

repulsion with an increased steric one. As a result, no tendency was observed towards 317

aggregation when BEV were added.318

Interpretation of mobility data requires some knowledge about the expected pH dependence of 319

the charge  of BEV, mostly at physiological conditions. As mentioned, Li et al. [39] concluded 320

that BEV molecules bear a small negative charge at pH 7.4 and 0.16 M ionic strength, whereas 321

Andrew et al. [38] mention a pHiep of 7.6, so that the charge would be slightly positive at the 322

conditions mentioned. This means that at pH 7.6 and above, electrostatic repulsion between BEV 323

and AuMNPs will favor desorption, explaining the tendency of the mobility curve of BEV-324

loaded particles to that of bare AuMNPs at basic pH values, and not so in acid conditions (Fig. 325

5.b). The kinetics of BEV release is plotted in Fig. 6. Note that, as expected, the strength of the 326

interactions between BEV molecules and the AuMNPs is rather weak: using the same Weibull327

kinetics as in the case of DOX (line in Fig. 6), it is found that almost 50% of the antigen is 328

released within the first 2 hours.329
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330

Fig. 6331

332

3.5. Joint loading and release of DOX and BEV.333

Fig. 7 shows the adsorption density of DOX and BEV from a solution containing both active 334

agents: in these experiments the concentration of DOX was kept constant at 0.046 mM, and the 335

BEV concentration in solution was changed between 0 and 1 mg/ml. Competitive adsorption is 336

clearly manifested: the adsorption of DOX decreases when BEV concentration is increased, 337

unlike BEV adsorption itself. It appears that BEV occupies adsorption sites mainly because of its 338

possible charge at the pH (~6) of the experiments. Its large molecular size prevents DOX of339

reaching those available sites hidden by BEV. Nevertheless, there is still significant adsorption 340

of both kinds of molecules, although reduced by about 50% (DOX) and 25% (BEV) as compared 341

to values corresponding to independent adsorption. The competition between the drug and the 342

antigen can also be qualitatively monitored by electrophoresis: Fig. S1 shows that the presence 343
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of DOX does not interfere with the tendency of the mobility to decrease with BEV concentration. 344

The effect of the drug is very significant because of its positive charge, and only in the absence 345

of DOX do we find an isoelectric point for BEV. Note also that at very low BEV concentration, 346

the mobility is positive even in absence of DOX. This is not expected in view of the molecular 347

structure of the antigen, so we can propose that BEV coats the gold particles leaving exposed 348

only the outermost polyelectrolyte layer (i.e., the positive PEI chains). 349

350

Fig. 7351

In this discussion it is also important to consider if the order of incorporation of the drugs onto 352

the AuMNPs has any influence on the adsorption/desorption processes, and in the “which 353

molecule is displaced by which” evaluation. Some information on this can be obtained by 354

measuring the electrophoretic mobility of the particles as a function of DOX concentration in 355

four cases: no BEV added, simultaneous addition of BEV (0.25 mg/ml) and DOX, BEV first and 356

DOX first. The results appear in Fig. S2: it is found that the mere addition of the amount of BEV 357



Page 21 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

21

mentioned controls the mobility whatever the concentration of DOX up to 0.1 mM: the 358

constancy of ue with the increase of drug in solution confirms that DOX has limited access to 359

adsorption sites always apparently occupied by the (much less charged) BEV molecules. Only at 360

high concentration of DOX can we observe the increase of ue parallel to that attained without 361

antigen. In any case, the order of addition is irrelevant.362

363

Fig. 8364

The drug release from the particles loaded with both compounds is illustrated in Fig. 8. It can be 365

observed that the rate of DOX release is much slower in the presence of BEV (compare the fitted 366

characteristic time in Fig. 8, 200 h to reach 50 % release, with that in Fig. 4, 34 h), suggesting 367

that DOX may be trapped in the BEV moieties. On the contrary, although BEV release is much 368

more difficult to follow spectrophotometrically, it was found (results not shown) that the antigen 369

is released even more rapidly (more than 50 % after 6 h), as a consequence of the weak 370

interaction expected between the low-charge BEV molecules and the surface sites, as well as the 371
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likely repulsion exerted by adsorbed DOX. It may hence be presumed that the initially (during 372

the first 10 h in Fig. 8)  released DOX corresponds to the drug molecules attached to BEV being 373

liberated with the antigen The two agents hinder their final release and some BEV and a 374

considerable amount of DOX will be available in solution only after longer times. Although it 375

appears that the adsorption-release processes are more favorable if both agents are used 376

separately, the performance of the mixed vehicles is still non-negligible, and deserves to be 377

further explored.378

379

4. Conclusions380

Multi-functionalized magnetite/gold nanoparticles were synthesized and investigated as 381

mono/multi-drug delivery systems for doxorubicin and bevacizumab. The first step in the 382

preparation of Fe3O4/Au nanoparticles was achieved using the layer-by-layer technique in order 383

to coat the magnetite particles with a three polyelectrolyte (cationic-anionic-cationic) layer. The 384

polyelectrolyte multilayer formation improves the stability of the coating as compared to a single 385

layer of polyelectrolyte . With this, the particles became a good substrate for the growth of the 386

gold layer in a well-defined core–shell structure. The prepared magnetite/gold nanoparticles are 387

able to load DOX and/or BEV after contact with their solutions. The efficiency of the 388

nanoparticles in adsorbing and releasing the drugs was followed by means of optical absorbance 389

and electrophoretic mobility measurements. We have shown that BEV competes with DOX 390

when they adsorb onto AuMNPs surfaces. The drug and antigen can be simultaneously released 391

from the particles loaded with both compounds although both the amount and rate of any of the 392

released compounds is altered by its interaction with the other. The methods used in this work 393
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for the evaluation of the amount of either drug or BEV adsorbed and released are classical 394

spectroscopic ones, which are well established. When only one adsorbent is considered, the 395

methods are precise enough as long as the molecules have well defined absorbance bands. In our 396

case, the presence of two molecules at the same solution  makes the individual detection of 397

adsorbed/desorbed amounts more complicated. This problem must be considered in future work 398

on the subject: specific immunological methods for the detection of BEV must be implemented 399

instead of colorimetric ones.400
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405

406

FIGURE CAPTIONS407

Fig. 1. Electrophoretic mobility of a) PEI-coated NPs, and b) PEI-PSS-PEI core/shell MNPs as a 408

function of pH at different aging times. Ionic strength: 10-3 M NaCl. Error bars represent the 409

standard deviation of nine determinations.410

Fig. 2. A) HRTEM pictures magnetite nanoparticles with gold seeds on their surface. B) 411

Magnetization curve of the same particles.412

Fig. 3.a) Adsorption density of DOX on AuMNPs, as a function of equilibrium drug 413

concentration. The line is the best-fit to the Langmuir isotherm. The error bars correspond to half 414

the dispersion of the data after three determinations. b) Electrophoretic mobility of AuMNPs 415
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after 24 h contact with doxorubicin solutions of the concentrations indicated, at natural pH and in 416

10-3 M NaCl. Error bars represent the standard deviation of nine determinations.417

Fig. 4. Kinetics of DOX release from magnetic nanoparticles in culture medium at 37 oC. The 418

line is the best-fit to a Weibull kinetics. The error bars correspond to half the dispersion of the 419

data after three determinations.420

Fig. 5.a) Adsorption density of BEV on AuMNPs, as a function of antigen equilibrium 421

concentration. The line is the best-fit to the Langmuir isotherm. A BEV molecular scheme is 422

included. The error bars correspond to half the dispersion of the data after three determinations.423

b) Electrophoretic mobility of AuMNPs particles as a function of pH before and after 24 h 424

contact with a 0.2 mg/ml BEV solution. Triangles correspond to data obtained by magnetically 425

decanting the corresponding suspensions in BEV solution, and redispersing the solids in the base 426

solution, at the indicated pH. Ionic strength: 10-3 M NaCl. Error bars represent the standard 427

deviation of nine determinations.428

Fig. 6. Kinetics of BEV release from magnetic nanoparticles in culture medium at 37oC. The line 429

is the best-fit to a Weibull kinetics. The error bars correspond to half the dispersion of the data 430

after three determinations.431

Fig. 7. Adsorption density of BEV (circles) and DOX (triangles) on AuMNPs as a function of 432

equilibrium BEV concentration. DOX concentration in all cases 46 μM, pH 6. The error bars 433

correspond to half the dispersion of the data after three determinations.434

Fig.8. Kinetics of DOX release from magnetic nanoparticles in culture medium at 37oC. The 435

particles are coated with both compounds (BEV 1 mg/ml and DOX 0.046 mM). The line is the 436

best-fit to a Weibull kinetics. The error bars correspond to half the dispersion of the data after 437

three determinations.438
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GRAPHICAL ABSTRACT500

501

Competitive BEV and DOX adsorption on the Au-PEI-PSS-PEI magnetic nanoparticles.502

503

504
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 The preparation of magnetite/gold nanoparticles is described504

 A polyelectrolyte multilayer is adsorbed on the magnetic core prior to gold coating505

 The polyelectrolyte multilayer formation improves the stability of the coating506

 The magnetite/gold nanoparticles are able to load DOX and/or BEV507

 The DOX and BEV can be simultaneously released from the particles508

509


