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10Abstract

11Theranostic nanoparticles have the potential to revolutionize cancer diagnosis and therapy. Many groups
12have demonstrated differential levels of tumor growth between tumors treated by targeted or untar-
13geted nanoparticles; however, only few have shown in vivo efficacy in both therapeutic and diagnostic
14approach. Herein, we first develop and characterize dual-paclitaxel (PTX)/superparamagnetic iron oxide
15(SPIO)-loaded PLGA-based nanoparticles grafted with the RGD peptide, for a theranostic purpose.
16Second, we compare in vivo different strategies in terms of targeting capabilities: (1) passive targeting
17via the EPR effect, (2) active targeting of αvβ3 integrin via RGD grafting, (3) magnetic guidance via a
18magnet placed on the tumor, and (4) the combination of the magnetic guidance and the active targeting
19of αvβ3 integrin. In this chapter, we present the general flowchart applied for this project: (1) the
20polymer and SPIO synthesis, (2) the physicochemical characterization of the nanoparticles, (3) the
21magnetic properties of the nanoparticles, and (4) the in vivo evaluation of the nanoparticles for their
22therapeutic and diagnosis purposes. We employ the electron spin resonance spectroscopy and magnetic
23resonance imaging to both quantify and visualize the accumulation of theranostic nanoparticles into the
24tumors.
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271 Introduction

28Theranostic nanoparticles have the potential to revolutionize can-
29cer diagnosis and therapy. Theranostic refers to the combination of
30a therapeutic and a diagnostic agent in a same unique vector. Such a
31tool could be helpful in noninvasive assessment of the biodistribu-
32tion, visualization of drug distribution, optimization of strategies,
33and prediction and real-time monitoring of therapeutic responses
34[1, 2].
35Passive targeting is based on the so-called enhanced permeabil-
36ity and retention (EPR) effect [3]. This strategy relies on the



37presence of fenestrations in the endothelium of tumor vessels,
38allowing the entry of nanoparticle into the tumor tissue. Moreover,
39the deficiency of the lymphatic system in tumor tissue prevents the
40recapture of these nanoparticles leading to a retention effect [3–5].
41Active targeting consists in coupling a ligand to the surface of
42nanoparticles that can interact with its receptor at the target cell
43site [6, 7]. Although angiogenesis is a physiological process by
44which new blood vessels are formed, it is also at the root of
45tumor growth and metastasis. Since angiogenesis is controlled
46by the endothelial cells, it is of great interest to target tumor
47endothelial cells. αvβ3 is an adhesion integrin overexpressed at
48the surface of the endothelial cells of neo-angiogenic vessels
49involved in the angiogenic process. Its expression is correlated
50with the malignancy of tumor. Moreover, αvβ3 is also overex-
51pressed at the surface of many tumor cells. Numerous studies
52have shown that the tripeptide arginine–glycine–aspartic acid
53(RGD) was able to bind preferentially to particular αvβ3 integrin
54[6, 8]. More recently, magnetic drug targeting has been studied.
55In this approach, magnetic nanoparticles are guided to tumor site
56using magnetic fields [9].
57We hypothesized that the combination of both active strategy
58and magnetic guidance could enhance theranostic nanoparticle
59concentration into the tumor tissue leading, therefore, to a better
60anticancer efficacy (therapeutic purpose) and increased contrast
61enhancement in magnetic resonance imaging (MRI) (diagnosis
62purpose).
63In this study, we aimed at developing RGD-grafted PEGy-
64lated PLGA-based nanoparticles as an effective nanocarrier for
65dual encapsulation of anticancer drug, paclitaxel (PTX), and
66small paramagnetic iron oxides (SPIO) for a theranostic purpose
67(Fig. 1). Hence, SPIO were prepared by the coprecipitation
68technique and were encapsulated in PLGA-based nanoparticles.
69The physicochemical properties of nanoparticles were character-
70ized by different techniques such as transmission electron
71microscopy (TEM), dynamic light scattering (DLS) method,
72and electron spin resonance (EPR) spectroscopy. Their magnetic
73properties were evaluated using relaxometry and magnetic reso-
74nance imaging (MRI). Finally, we aimed at evaluating the
75combination of the two targeting strategies (active targeting
76and magnetic targeting) in vivo using two complementary
77techniques: (1) the ESR spectroscopy [10] and (2) the 11.7 T
78MRI [11].
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792 Materials

801. Iron(II) chloride, Sigma-Aldrich (St. Louis, MO, USA).

812. Iron(III) chloride, Sigma-Aldrich (St. Louis, MO, USA).

823. Oleic acid, Sigma-Aldrich (St. Louis, MO, USA).

834. Nitrogen-gas.

845. Tetramethylammonium 11-aminoundecanoate, Sigma-Aldrich
85(St. Louis, MO, USA).

866. PCL-b-PEG (MW ¼ 13,100–5000), synthesized by ring-
87opening polymerization using triethylaluminum as the catalyst
88[12].

897. O-succinimidyl 4-(p-azidophenyl) butanoate, Sigma-Aldrich
90(St. Louis, MO, USA).

918. GRGDS, NeoMPS (Strasbourg, France).

929. PTX, Sigma-Aldrich (St. Louis, MO, USA).

a

b

Fig. 1 Experimental flowchart of the current project highlighting the two main objectives: (a) the development
and the characterization of nanotheranostics and (b) the in vivo evaluation to demonstrate the benefit of the
combination of the active targeting and the magnetic guidance for both therapeutic and imaging purposes
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9310. Poly(lactic-co-glycolic acid) (PLGA, lactide/glycolide molar
94ratio of 50:50 MW: 7000–17,000), Sigma-Aldrich (St. Louis,
95MO, USA).

9611. PLGA-b-PEG (MW ¼ 10,040–4600) was synthesized as pre-
97viously described [13].

9812. PVA: Polyvinylalcohol (MW ¼ 30–70 kDa), Sigma-Aldrich
99(St. Louis, MO, USA).

10013. Sonicator: Digital Sonifier, Branson (Danbury, USA).

10114. 1.2 μmfilters, Acrodisc 32mm Syringe filter with 1.2 μmSupor
102membrane, Pall, Life Sciences (Zaventem, Belgium).

10315. Thermogravimetric analysis (TGA): TA Instrument Q500
104model (USA).

10516. Transmission electron microscopy (TEM): Philips CM 100,
106equipped with a Megaview G2 camera (Andover, USA).

10717. Malvern Nano ZS, Malvern instruments (UK).

10818. Bruker EMX ESR spectrometer, Bruker Biospin GmBh
109(Germany).

11019. Inductively coupled plasma mass spectroscopy (ICP-MS), Agi-
111lent 7500ce instrument.

11220. High-performance liquid chromatography (HPLC), Agilent
1131100 series, Agilent Technologies (USA). The column used
114was a CC 125/4 Nucleodur 100-5 C18, Macherey-Nagel
115(Bethlehem, USA).

11621. Fast Field Cycling Relaxometer, Stelar (Mede, Italy).

11722. Minispec spin analyzers, Bruker (Karlsruhe, Germany).

11823. SPIO, BioPAL (Worcester, UK).

11924. 11.7 T animal Biospec MR system, Bruker Biospec (Ettlingen,
120Germany).

12125. 1.1 T neodyme-iron-bore external magnet, Webcraft GmbH
122(Uster, Switzerland).

12326. Isoflurane, Abbott (Ottignies, Belgium).

12427. Ketamine (Ketalar®) and Xylazine, Sigma-Aldrich (St. Louis,
125MO, USA).

12628. CT26 cells, ATCC (Manassas, USA).

12729. Freeze-dryer, Labconco (Kansas City, USA).

12830. Haematocrit capillaries, ref 910 0175, Hirschmann Labor-
129ger€ate (Eberstadt, Germany).

13031. Haematocrit sealing compound, Cat. No. 7495 10, Brand
131GmbH (Wertheim, Germany).

13232. 18G needle, ref 304622, BD Microlance (Le Pont de Claix,
133France).
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1343 Methods

135The methods described next follow the chronological steps of our
136experiment flowchart for the development of the PLGA-based
137nanotheranostics, shown in Fig. 1, and comprise (1) the synthesis
138of SPIO, (2) the photografting of PCL-b-PEG with the RGD
139peptide, (3) the preparation of the RGD-grafted PLGA-based
140nanoparticles, (4) the physicochemical characterization of the
141nanoparticles, and (5) the evaluation of the magnetic properties
142of the nanoparticles.
143After that, the combination of the two strategies (active target-
144ing + magnetic targeting) will be evaluated in vivo: (1) antitumor
145efficacy, (2) ex vivo biodistribution study, and (3) MR imaging.

3.1 Development of

the PLGA-Based

Nanotheranostics

3.1.1 Synthesis of

Superparamagnetic Iron

Oxides Coated with Oleic

Acid

1461. Hydrophobic SPIO were synthesized using a classical copreci-
147pitation technique of ferrous and ferric salts in alkaline
148medium. 10 mmol iron(III) chloride and 5 mmol iron(II)
149chloride were mixed together in 12 ml of a hydrochloride
150aqueous solution (HCl 1 M).

1512. This solution was then added dropwise to an aqueous solution
152of NaOH 1 M containing 3.1 g of oleic acid with stirring on a
153magnetic stir plate for 20 min under a nitrogen-gas atmosphere
154at 80 �C.

1553. The black precipitate was separated using a magnet, washed
156three times using absolute ethanol, and then dissolved in 50 ml
157of dichloromethane (DCM).

1584. The solution was then placed in an ultrasonic bath for 10 min
159and centrifuged (4416 rcf, 10 min) to remove the undispersed
160residue.

1615. Hydrophilic SPIO used as SPIO aqueous solution (SPIO sol)
162were also synthesized. 1 ml of DCM dispersion of SPIO coated
163with oleic acid (40 mg/ml) was added to a suspension of
164tetramethylammonium 11-aminoundecanoate in DCM
165(40 mg in 2 ml). After 24-h magnetic stirring, the precipitate
166was washed three times with DCM and dispersed in water [14].
167

3.1.2 Photografting of

PCL-b-PEG with the RGD

Peptide

1681. PCL-b-PEG was solubilized in methylene dichloride or ace-
169tonitrile (40 ml/g) with the molecular clip: O-succinimidyl
1704-(p-azidophenyl) butanoate (0.2 mmol/g), and the solution
171was cast on clean plates (1 ml per plate).

1722. After solvent evaporation, the polymer was dried under
173vacuum to constant weight and was removed from the plates
174as shaving.

1753. The polymer sample was irradiated at 254 nm in a quartz flask
176under an argon atmosphere for 20 min, using a homemade
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177reactor (rotating quartz flask of 15 ml; 3 UV lamps of 8 W
178placed at a distance of 4.5 cm).

1794. The samples were washed (to remove unreacted arylazide and
180nonfixed reagent) with isopropanol:ethyl acetate (19:1, v/v)
181(80 ml/g; three times) and dried under vacuum. The “acti-
182vated” polymer was immersed in 1 mM solution of the ligand
183GRGDS (80 ml/g) in phosphate buffer (0.1 M): acetonitrile
184(1:1, v/v) at pH 8 and shaken for 24 h at 20 �C.

1855. The peptide solution was removed by suction and the sample
186was then washed three times with 5 mM HCl, five times with
187deionized water, shaken overnight in deionized water, rinsed
188with MeOH, and dried under the vacuum at 40 �C to a
189constant weight (Fig. 2) [15].
190

3.1.3 Preparation of

RGD-Grafted PLGA-Based

Nanoparticles Loaded with

SPIO and Paclitaxel

191RGD-grafted nanoparticles loaded with SPIO and PTX (SPIO/
192PTX-RGD-NP) were prepared by an emulsion-diffusion-evapora-
193tion method [14]. Chemical description of the polymers included
194in the formulations is illustrated in Table 1.

1951. PLGA (14 mg/ml), PLGA-PEG (3 mg/ml), and PCL-PEG-
196RGD (3 mg/ml) were dissolved in 2 ml DCM containing
197SPIO (Fe concentration: 15 mg/ml) and PTX (3 mg).

Fig. 2 Schematic representation of the RGD peptide grafting on the PCL-b-PEG copolymer [12]
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1982. This organic solution was then added to an aqueous solution
199(4.5 ml) containing 3 % (p/v) PVA and emulsified using a
200vortex for 2 min followed by sonication (2 � 30 s, 50 W).

2013. The mixture was then added dropwise and under magnetic
202stirring into an aqueous solution containing 1 % PVA and
203stirred overnight to evaporate the organic solvent. Some con-
204siderations around this procedure are gathered in Note 1.

2054. To remove the non-encapsulated drug and the residual PVA,
206the suspension was filtered (1.2 μm) and washed three times
207with water using ultracentrifugation (11,000 � g, 30 min,
2084 �C) and suspended in 2 ml water.

209As a control, we used exactly the same method while PCL-
210PEG-RGD was replaced by PCL-PEG.
211

3.1.4 Physicochemical

Characterization of

Nanotheranostics

2121. The coating percentage of SPIO with oleic acid was assessed by
213thermogravimetric analysis (TGA) on a TA Instrument Q500
214model, under dry nitrogen flow, with a heating rate of 15 �C/
215min from RT to 600 �C, in an open platinum pan.

2162. The hydrodynamic particle size and size polydispersity of nano-
217particles were assessed by photon correlation spectroscopy, using
218a Malvern Nano ZS (Nano ZS, Malvern instruments, UK).

2193. The morphology of the particles was achieved using transmis-
220sion electron microscopy (TEM). TEM was carried out at a
221voltage of 100 kV. Samples for TEM experiments were
222prepared by spin coating a drop of nanoparticles in DCM on
223a carbon-coated TEM grid.

2244. The zeta (ζ) potential of the nanoparticles was measured by
225laser Doppler velocimetry in KCl 1 mM with a Malvern Nano
226ZS at 25 �C.

2275. Iron contentwasmeasuredbyESR(Table2) usingaBrukerEMX
228ESR spectrometer operating at 9 GHz validated by inductively
229coupled plasma mass spectroscopy (ICP-MS) measurements.

t:1Table 1
Chemical description of the polymers included in the formulations

Polymer
Mn (SEC)
g/mola

Mn (NMR) g/mol
polyester-PEG

Mol %
glycolidelb t:2

PLGA 7000–17,000 – 50 t:3

PLGA-b-PEG – 10,004–4600 26 t:4

PCL-b-PEG 22,400 13,100–5000 – t:5

t:6aPolystyrene calibration
bDetermined by NMR by the following formula: ((I4.7/2)/(I5.2 + I4.7/2)) �100,

where I4.7 is the signal intensity of the glycolide unit at 4.7 ppm (CH2OC¼O) and
I5.2 is the signal intensity of the lactide unit at 5.2 ppm (CH(CH3)OC¼O)
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230Some considerations around this procedure are gathered in
231Note2. Typical parameterswere selected for ESRmeasurements:
23230 G modulation amplitude, 10.11 mW power, 3251 G center
233field, and 4000 G sweep width field. Measurements were per-
234formed at room temperature. Double integration (DI) of the
235first derivative of iron oxides ESR spectra (Bruker WINEPR
236software) was used to quantify signal intensity [16].

2376. PTX content was determined using high-performance liquid
238chromatography (HPLC) with UV detection at 227 nm, after
239dissolution of the particles by acetonitrile. The mobile phase
240consisted of acetonitrile and water (70:30 v/v, respectively) at a
241rate of 1 ml/min. The column used was a CC 125/4 Nucleo-
242dur 100-5 C18. The drug loading was defined as the amount of
243drug (mg) loaded for 100 mg of polymer whereas the encap-
244sulation efficiency was defined by the ratio of the encapsulated
245drug compared to the initial amount of drug [6].
246

3.1.5 Magnetic

Properties of

Nanotheranostics

2471. Nuclear magnetic relaxation dispersion (NMRD) profiles were
248recorded at 37 �C on a fast-field cycling relaxometer over a
249magnetic field range from 0.01 to 40 MHz. Additional longi-
250tudinal (R1) and transverse (R2) relaxation rate measurements
251at 20 MHz and 60 MHz were, respectively, obtained on Min-
252ispec mq 20 and mq 60 spin analyzers. The fitting of the
253NMRD profiles by a theoretical relaxation model allows the
254determination of the crystal radius (r) and the specific magne-
255tization (MS). The proton NMRD curves were fitted using
256data-processing software, including different theoretical mod-
257els describing the nuclear relaxation phenomena [17].

t:1 Table 2
Comparison between the electron spin resonance (ESR) spectroscopy and
the magnetic resonance imaging (MRI)

ESR spectroscopy MRIt:2

Resonance method Electron spin Nuclear spint:3

Constant parameter Constant frequency Constant magnetic fieldt:4

Frequency/magnetic
field ratio

28 GHz/T 45 MHz/Tt:5

Relaxation time Short (ns) Long (ms)t:6

B amplitude 0.34 T 11.7 Tt:7

Frequency 9.5 GHz 500 MHzt:8

Energy level Very high Hight:9

Sensitivity nM μMt:10
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2582. Various concentrations of SPIO in aqueous solution (SPIO
259sol) and PLGA-based nanoparticles loaded with SPIO
260(SPIO-NP) ranging from 0 to 30 μg/ml were investigated
261by T2-weighted MRI to assess their T2 enhancing capability.
262Commercial SPIO (BioPAL) were used as a reference at the
263same concentrations T2 relaxivity was obtained using a
26411.7 T animal Biospec MR system. Phantom MRI of SPIO-
265NP was carried out at various iron concentrations from
2660 μg/ml to 30 μg/ml (0, 5, 10, 15, 20, 25, and 30 μg/ml)
267in 10 % gelatin using a T2-weighted multi-slice multi-echo
268(MSME) sequence (Fig. 3). The imaging parameters were as
269follows: repetition time (TR) ¼ 2500 ms, echo time (TE)
270¼ 30 ms, field of view (FOV) ¼ 3.00 cm, and flip angle
271(FA) ¼ 180.0�.
272

3.2 In Vivo

Evaluation of the

Combined Strategies:

Active and Magnetic

Targeting

3.2.1 Animal Tumor

Model

273

274

275CT26 colon carcinoma was chosen because of its sensitivity to
276PTX [18] and angiogenic properties [19]. CT26 colon carci-
277noma cells were inoculated subcutaneously in the right flank
278(for antitumor efficacy and biodistribution studies) or in the
279right leg (for MRI studies) of BALB/c mice (5 � 104 cells per
280mouse) depending on the experiment (see Note 3) [20]. For all
281the experiments, mice were divided into four groups: Group 1:
282control group (injected with PBS for in vivo antitumor efficacy

0 5 10 15 20 25 30

0

BioPAL

[Fe] mg/ml

SPIO sol

SPIO NP

5 10 15 20 25 30

0 5 10 15 20 25 30

Fig. 3 T2-weighted MR images (phantom MRI) of commercial SPIO (BioPAL, Worcester, UK), an aqueous
suspension hydrophilic SPIO (SPIO sol), and SPIO-loaded nanoparticles (SPIO NP) as a function of Fe
concentration (μg/ml, TE ¼ 30 ms). Adapted from Ref. [14]
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283study and SPIO-loaded nanoparticles for ex vivo biodistribution
284and MRI), Group 2: mice treated by SPIO/PTX-NP grafted
285with RGD peptide (active targeting or RGD), Group 3: mice
286treated with SPIO/PTX-NP magnetic guided by placing a 1.1 T
287neodyme-iron-bore external magnet on the surface of the
288tumor during 1 or 4 h (magnetic guidance, MG) (see Note 4),
289and Group 4: mice treated with SPIO/PTX-NP grafted with
290RGD peptide using both magnetic and active targeting
291(RGD + MG).
292PTX and Fe doses were 5 mg/kg and 27.1 mg/kg, respec-
293tively, for in vivo antitumor efficacy experiment and 2.5 mg/kg
294and 13.5 mg/kg for other experiments. For tumor inoculation,
295mice were anesthetized by intraperitoneal injections of a mixed
296ketamine (100 mg/kg) and xylazine (10 mg/kg). For in vivo
297MRI experiments, mice were maintained under anesthesia dur-
298ing the entire experiment using 1–2 % isoflurane inhalation in
299air.
300

3.2.2 Antitumor Efficacy 301The effect of SPIO/PTX-RGD-NP on tumor growth was assessed
302by daily measurements of tumor volume with an electronic caliper.
303CT26 cells (5 � 104 cells per mouse) were injected subcutaneously
304in the right flank of the mice to allow easy and reproducible tumor
305volume measurements. Mice were randomly assigned to a treat-
306ment group when tumor reached a volume of 27 � 5 mm3. Treat-
307ments were injected trough the tail vein. Four groups were defined
308as aforementioned (n ¼ 6): PBS, RGD, MG, and RGD+MG (PTX
309and Fe doses were 5 mg/kg and 27.1 mg/kg, respectively). In this
310experiment, the magnet was placed on the surface of the tumor
311during 4 h. The end point of the experiment was determined as the
312moment when tumor reached 600 mm3. At this point, mice were
313sacrificed.
314

3.2.3 Ex Vivo

Biodistribution Study by

ESR Spectroscopy

315The biodistribution of the different treatments was assessed using
316ESR spectroscopy (X-band) (see Note 2). CT26 cells (5 � 104

317cells per mouse) were subcutaneously inoculated in the right
318flank of the mice. When tumor reached 50–100 mm3 in volume,
319mice were randomly dispersed into four groups as aforemen-
320tioned (n ¼ 6): PBS, RGD, MG, and RGD + MG. For mice
321treated with magnetic guidance, the external magnet was main-
322tained on the tumor until sacrifice. Treatments were injected in
323the tail vein of the mouse. 1 or 4 h posttreatment, mice were first
324taken a retro-orbital blood sample and were then sacrificed for
325dissection in order to remove liver, lungs, and tumor. Thereafter,
326samples were frozen in liquid nitrogen, dehydrated for 24 h in a
327freeze-dryer, crushed into a fine powder, weighed, and analyzed
328by ESR spectroscopy to determine iron concentration in each
329tissue.
330

Fabienne Danhier et al.



3.2.4 In Vivo MR Imaging 331For these experiments, CT26 cells (5 � 104 cells per mouse) were
332injected subcutaneously in the right leg of the mice to avoid res-
333piratory artifacts (see Note 3). Mice were enrolled in the study
334when tumor reached 50–100 mm3 in diameter (see Note 5).
335Three groups were defined (n ¼ 5): RGD, MG, and RGD + MG.
336Each mouse was imaged before and 1 h after treatment injection
337in the tail vein in order to use each mouse as its own control.
338MR experiments were performed using a 11.7 T Bruker Bios-
339pec horizontal MR System (Table 2). RF transmission and recep-
340tion were achieved with a quadrature volume resonator (inner
341diameter 40 mm).

3421. Mice were anesthetized by isoflurane inhalation 3 % in air and
343they were placed in an MRI-compatible cradle.

3442. The breathing rate was assessed via a breathing pillow, placed
345under the thorax, and kept at 70 breaths/min by adjusting the
346isoflurane concentration. The body temperature was main-
347tained at 37 �C by a warm waterbed and monitored using a
348rectal probe. Vital functions were monitored during the whole
349anesthesia period using SamPC Monitor (version 6.17, Small
350Animal Instruments Inc.).

3513. Anatomical images of the mice were provided by T2-weighted
352axial images acquired with a rapid acquisition with relaxation
353enhancement sequence (RARE; TR/TE: 2500/30 ms, RARE
354factor: 6, 10 slices non-contiguous with a gap of 0.08 mm,
355resolution: 125 � 125 � 800 μm3).

3564. T2 maps were acquired with the same geometry than the ana-
357tomical images using an MSME sequence (TR/TE: 2500/
35810 ms; 16 echoes).

3595. Quantitative T2 maps were calculated from the MSME multi-
360echo trains and assuming mono-exponential decays, using Ima-
361geJ (ImageJ version, 1.48 NIH).

3626. The volume of interest (VOI) corresponding to the tumor
363volume was manually delineated on a slice-by-slice basis on
364the anatomical images acquired before and after treatment
365injection, for each animal. These VOIs were applied on
366corresponding maps to determine the T2 values. Relative stan-
367dard deviations (RSD) were calculated as RSD ¼ SD/mean
368T2, where SD is the standard deviation of the mean T2 value.
369T2-weighted images, obtained with different TE from MSME
370sequence, are illustrated in Fig. 4.
371
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3724 Notes

3731. For the last step of the nanoparticle formulation: “The mixture
374was then added dropwise and under magnetic stirring into an
375aqueous solution containing 1 % PVA and stirred overnight to
376evaporate the organic solvent” (see section 3.1.3); it is impor-
377tant to note that (1) the mixture should be contained in a glass
378syringe with a 21 G needle. The size of the needle influenced
379the size and the polydispersity index of the nanoparticles; and
380(2) the mixture should be added dropwise in the vortex of the
381liquid created by the magnetic stirring. This step is also impor-
382tant for the size of the nanoparticles and to avoid aggregation
383of the nanoparticles (Fig. 5).

3842. The iron oxide content of the nanoparticles was determined by
385ESR spectroscopy (also called electron paramagnetic reso-
386nance, EPR). ESR is a spectrometric technique that is used to
387study free radicals and (super) paramagnetic molecules. The
388ESR method was shown to be sensitive and specific for the iron
389oxide content determination in biological samples [16, 21].
390SPIO present a typical broad ESR spectrum at room tempera-
391ture that can be differentiated from free Fe+++ ion. Double
392integration (DI) of the first derivative ESR spectrum is used
393to quantify the amount of SPIO in a sample (Fig. 6). To obtain
394a linear relationship between the DI values of ESR spectra and
395the SPIO concentration, the baseline of ESR spectra must be
396flat. Otherwise, baseline corrections are needed to improve the
397accuracy of ESR measurements.
398Previously, ESR has already been described for studying iron
399oxide particles, mainly to characterize their physicochemical

Fig. 4 T2-weighted images, obtained from MSME sequence (TE ¼ 10 ms) of CT26-tumor bearing mice pre-
injection and 4 h after injection. Mice were treated with SPIO/PTX-NP grafted with RGD peptide using both
magnetic and active targeting (RGD + MG). The position of dark region in tumor was pointed by red-head
arrows (n ¼ 5). Adapted from Ref. [20]
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Fig. 6 Quantitative ESR. (a) Double integration (DI) of the first derivative of an SPIO ESR spectrum. For
quantitative ESR, the baseline of acquired ESR spectra should be flat. (b) Linear relationship between DI values
and the SPIO content in samples

Fig. 5 Preparation of RGD-grafted PLGA-based nanoparticles loaded with SPIO and paclitaxel. The mixture
was added dropwise with a glass syringe and a 23G needle under magnetic stirring into an aqueous solution
containing 1 % PVA and stirred overnight to evaporate the organic solvent



400properties or to measure their distribution in tissues after sys-
401temic injection [21]. For the characterization of new SPIO
402formulations using ESR spectroscopy, a calibration curve
403using several dilutions of iron oxides is mandatory to precisely
404determine the iron oxide content of samples. Of note, iron
405oxides used for the calibration must share similar physicochem-
406ical properties than those contained in the samples [16, 21].
407For this reason, inductively coupled plasma mass spectroscopy
408(ICP-MS) was used to validate the ESR technique [16] (see
409section 3.1.4). Unlike ESR, ICP-MS is not specific for SPIO
410and measures the total iron content in samples [16, 21]. ESR
411was used in several studies to measure in vitro and ex vivo the
412iron oxide content in cells and rodent tissues such as the liver,
413the brain, the lungs, the kidneys, and tumor tissues, while ICP-
414MS cannot [21, 22].
415For iron oxide quantification in aqueous solutions (Fig. 7),
416samples are drawn into 75 μL hematocrit capillaries. Capillary
417tubes are sealed using hematocrit sealing compound. Samples
418are next placed into ESR quartz tubes. In order to obtain
419reproducible ESR measurements (ESR spectrometer operating
420at 9.4 GHz), it is crucial to keep the exact same location of the
421samples in the ESR cavity (see section 3.1.4).
422To quantify ex vivo the iron oxide content in rodent tissues
423(Fig. 8), sample freeze-drying is mandatory to minimize the
424non-resonant absorption of the electromagnetic radiation by

ESR quartz tube

ESR cavity

Capillary tube containing
iron oxides

ESR quartz tube Haematocrit capillary Sealing compound

a

b

Fig. 7 ESR measurements of aqueous samples containing iron oxides. (a) Material needed for ESR measure-
ments. (b) Schematic representation (upper panel ) and picture (lower panel ) of ESR tube positioning. The
samples should always be placed at the same position in the center of the ESR cavity
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425the liquid water contained in tissues (see section 3.2.3). The
426freeze-dried sample, crushed into a fine powder, is weighed and
427then placed in the cap of an 18G needle. The cap containing the
428sample is next fixed to a homemade ESR stand. As already
429stated, the position of samples in the ESR cavity must be kept
430constant for all measurements in order to obtain reproducible
431data. For the SPIO calibration, liquid iron oxide standards are
432dispensed in caps of 18G needles, briefly centrifuged, and next
433heated for 72 h at 60 �C to remove the water. After iron oxide
434quantification, results are normalized to the dry weight of
435samples.
4363. For antitumor efficacy and biodistribution studies, CT26 colon
437carcinoma was implanted subcutaneously in the right flank of
438mice (see sections 3.2.1 and 3.2.4). Volume of spheroidal
439tumor was measured as described previously using the formula
440V ¼ l � w � h, where V ¼ volume, l ¼ length, w ¼ width,
441and h ¼ height [14, 23]. These external tumors can be daily
442measured using an electronic caliper. By contrast, for MRI
443studies, because of its localization, respiratory artifacts
444appeared, and correct acquisitions of tumors were impossible
445to perform. For this reason, we decided to change the localiza-
446tion of the tumor. We implanted thus CT26 tumor cells

Fig. 8 Ex vivo ESR measurements of freeze-dried tissue samples containing SPIO. (a) Material needed for ESR
measurements. (b) Picture showing a correct positioning of the sample in the center of the ESR cavity

Tumor Targeting by RGD-Grafted Nanotheranostics



447subcutaneously in the right leg of mice. The size of the tumor
448was evaluated first using the electronic caliper and more pre-
449cisely by MRI (see Note 5).

4504. For the magnetic guidance of SPIO-loaded nanoparticles, use a
4511.1 T neodyme-iron-bore external magnet on the surface of the
452tumor during 1 or 4 h (see section 3.2.1). Under anesthesia, a
453bandage was performed to avoid mice to remove their magnet.
454First, the magnet was maintained with compresses, avoiding
455injury. Second, the whole was fixed with a 3 M tape (Fig. 9).

4565. As aforementioned in Note 3, for MRI studies, the size of
457tumors for the study might be between 50 and 100 mm3. A
458first approximate measurement was performed using the elec-
459tronic caliper. We observed that MRI results and associated RSD
460were impossible to compare due to the difference of tumor size
461of mice. Hence, before each MRI acquisition of a mouse, the
462volume of the tumor was measured and determined precisely,
463using the delimitation of the VOI, as explained in section 3.2.4.
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