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18 AbstractQ2

19 The purpose of this study is to evaluate the efficacy of glucose transporter protein 1 (GLUT1) antibody-conjugated iron oxide
20 nanoparticles (Fe3O4 NPs) as magnetic resonance imaging (MRI) molecular imaging agents for differentiating infantile hemangioma from
21 vascular malformation in the hemangioma animal model. The conjugation of Fe3O4 NPs with anti-GLUT1 antibodies leads to a significantly
22 increased uptake of NPs by human umbilical vein endothelial cells. MRI imaging following the intravenous injection of GLUT1 antibody-
23 Fe3O4 NPs yielded a significantly lower signal intensity than did unconjugated Fe3O4 NPs. Upon histological examination of the GLUT1
24 antibody-Fe3O4 NPs, Prussian blue-stained NPs were identified in CD31-positive endothelial cells of hemangioma. In contrast, when treated
25 with unconjugated Fe3O4 NPs, Prussian blue-stained NPs were found in macrophages rather than in endothelial cells. No organ damage or
26 structural malformations were found. GLUT1 antibody conjugation can effectively target the injected Fe3O4 NPs to GLUT1-positive tumor
27 cells in infantile hemangioma.
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31 Background

32 Vascular anomalies comprise vascular tumors and vascular
33 malformations. A vascular tumor is represented by infantile
34 hemangioma, which is the most common tumor of infancy, and
35 proliferative lesions characterized by increased endothelial cell
36 turnover. These tumors usually appear after birth, grow rapidly,
37 and involute over the years. Therefore, surgery or treatment is
38 not normally required except for in complications such as
39 ulceration, bleeding, and functional impairments such as
40 obstruction of the visual axis or airway.
41 Vascular malformations are errors in morphogenesis popu-
42 lated by a stable, mature vascular endothelium. Although not
43 always obvious, these are present at birth, grow commensurately
44 with the child, and do not involute. Therefore, they usually
45 require surgery or embolization.1

46 The differential diagnosis of two diseases is mainly
47 dependent on careful history taking, physical examination, and
48 radiologic images such as ultrasound, computed tomogram (CT),
49 and magnetic resonance imaging (MRI). However, in a number
50 of cases, the differential diagnosis is difficult because the
51 radiologic images do not help differentiate infantile hemangioma
52 from vascular malformation.2

53 Based on recent, rapid developments in nanotechnology,
54 nanoparticles have yielded a new collection of contrast agents for
55 the field of in vivo molecular imaging. Among these, iron oxide
56 nanoparticles (Fe3O4NPs) are representative MRI imaging
57 nanoparticles. Fe3O4 NPs exhibit better biocompatibility than
58 commonly-used gadolinium-based agents. Fe3O4 NPs are known
59 to be biologically well tolerated, and their toxicity, metabolism,
60 and pharmacokinetics are well studied.3 Moreover, gadolinium-
61 based agents have dangerous side effects, such as nephrogenic
62 systemic fibrosis.4 Because of their magnetic properties, Fe3O4

63 NPs exhibit higher sensitivity than gadolinium-based agents;
64 therefore, Fe3O4NPs can be utilized as T2 MRI contrast agents.5

65 By utilizing the large surface-area-to-volume ratio of these NPs,
66 antibody-conjugated Fe3O4 NPs can act as an effective probe for
67 specific diseases.6 Additionally, recent advances in synthetic
68 methods of magnetic NPs make it possible to yield ultrasensitive
69 MRI contrast agents having high relaxivity, which can provide
70 an accurate diagnosis based on detailed anatomic information.7

71 Glucose transporter protein 1 (GLUT1) is only expressed in
72 endothelial cells of infantile hemangioma, not vascular malforma-
73 tion. Therefore, GLUT1 is widely used as a differential diagnosis
74 marker in pathology departments.8 Based on this, we conjugated a
75 GLUT1 antibody as a targeting moiety to Fe3O4 NPs as an MRI
76 imaging group for differentiating infantile hemangioma from
77 vascular malformation. The purpose of this study is to evaluate the
78 efficacy of GLUT1 antibody-Fe3O4 NPs as MRI molecular
79 imaging agents in the hemangioma animal model.

80 Methods

81 Animals

82 BAlb/c nude mice were purchased from SAMTACO (Osan,
83 Korea). All the animals were kept in separate cages under
84 controlled temperature (24-26 °C), humidity, and photoperiod

85conditions. All the experiments in this study were performed in
86accordance with the guidelines for animal research from the
87National Institutes of Health and were approved by the
88Institutional Animal Care and Use Committee and the institute
89of review board at Seoul National University Hospital in Seoul,
90Korea (10–0040, H-1003-002-310).

91Preparation of amine-functionalized Fe3O4 NPs encapsulated
92by PEG-phospholipids

93Iron chloride (FeCl3 · 6H2O, 98%), oleic acid (technical grade,
9490%), and 1-octadecene (technical grade, 90%)were purchased from
95Aldrich. Sodium oleate (95%) was purchased from TCI. 1,2-
96Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyeth-
97ylene glycol)-2000] (mPEG-2000PE) and 1,2-distearoyl-sn-glycero-
983-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
99[DSPE-PEG(2000)Amine] were purchased from Avanti Polar
100Lipids, Inc. All the reagents were used as received.
101Fe3O4 NPs (10 nm in size) were synthesized by using a
102previously reported method.9 An iron-oleate precursor was
103prepared from the reaction of iron chloride (FeCl3 · 6H2O, 98%;
104Aldrich) and sodium oleate (technical grade, 90%; Aldrich). The
105thermal decomposition of the iron-oleate precursors in a high-
106boiling solvent produced Fe3O4 NPs. In a typical reaction,
10740 mmol of iron-oleate precursor and 20 mmol of oleic acid
108were dissolved in 200 g of 1-octadecene. The reaction mixture is
109heated to 320 °C at a constant heating rate of 3.3 °C/min and
110subsequently maintained at that temperature for 30 min. The
111resulting solution was then cooled to room temperature. Fe3O4

112NPs were precipitated by adding ethanol and retrieved by
113centrifugation. The synthesized NPs were characterized by
114transmission electron microscopy (TEM). The TEM images were
115obtained on a Jeol EM-2010 microscope.
116Amine-functionalized Fe3O4 NPs encapsulated by PEG-
117phospholipids were prepared by the method described previously
118with a number of modifications.10 Fe3O4 NPs (10 mg) in
119chloroform were mixed with a mixture of 16 mg 1,2-distearoyl-
120sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
121glycol)-2000] (mPEG-2000PE; Avanti Polar Lipids, Inc) and
1224 mg 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
123[amino(polyethylene glycol)-2000] [DSPE-PEG(2000)Amine;
124Avanti Polar Lipids, Inc] in chloroform. After evaporating the
125solvent, the mixture was incubated at 60 °C in vacuum for
12630 min. The addition of water (10 ml) resulted in a black,
127transparent suspension. After filtration using a 0.2 μm cellulose
128acetate syringe filter, excess PEG-phospholipids were removed
129by ultracentrifugation. The concentrations of the Fe3O4 NPs
130were measured and calculated using inductively-coupled plasma
131atomic emission spectroscopy (ICP-AES) using an ICPS-7500
132spectrometer (Shimadzu). The hydrodynamic diameter of the
133nanoparticles dispersed in water was measured with a particle
134size analyzer (ELS-Z2, Otsuka).

135Conjugation of GLUT1 antibodies to Fe3O4 NPs

136Nine hundred micrograms of GLUT1 Ab (Pierce, #MA1-
13737783) was dissolved in 500 μl of phosphate-buffered saline
138(PBS, pH 7.2) and mixed with 60 μl of N-succinimidyl S-
139acetylthioacetate (SATA) in dimethyl sulfoxide (1.5 mg/ml).

2 C.-H. Sohn et al / Nanomedicine: Nanotechnology, Biology, and Medicine xx (2014) xxx–xxx
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140 After mixing and incubation at room temperature (RT) for 30 min,
141 120 μl of 0.5 M hydroxylamine in PBS was added, and the
142 solution was incubated for 2 hours at RT. Thiolated GLUT1 Ab
143 was purified using PD-10 desalting columns (GE), and 1.0 ml of
144 the flow-through was collected. Amine-functionalized Fe3O4 NPs
145 (5 mg) were mixed with 25 μl of succinimidyl 4-[N-maleimido-
146 methyl] cyclohexane-1-carboxylate (Pierce, #22360) (SMCC) in
147 dimethyl sulfoxide (134 ug/ml). The reaction mixture was
148 incubated for 30 min at RT. Maleimido-Fe3O4 NPs were purified
149 with a PD-10 desalting column (GE, #17-0851-01). Thiolated
150 GLUT1Ab (1 ml) and 0.6 ml ofmaleimido-Fe3O4NPs (5 mg/ml)
151 were mixed and incubated for 2.5 hours at 4 °C, and the GLUT1-
152 conjugated Fe3O4 NPs were isolated by gel filtration with a
153 Sephacryl S-200 (GE, #17-0584-01).

154 In vitro assay using HUVECs

155 Prior to the in vivo imaging study, to test the in vitro toxicity,
156 we used human umbilical vein endothelial cells (HUVECs,
157 Lonza Biologics Inc., Portsmouth, NH, USA) to mimic
158 endothelial cells of human infantile hemangioma. HUVECs
159 also express GLUT1 antigens in the same manner as the
160 endothelial cells of infantile hemangioma.11

161 HUVECs were seeded at 30,000 cells/well in 48-well plates.
162 To examine the viability of HUVECs in response to Fe3O4 NPs
163 and GLUT1 antibody-Fe3O4 NPs, the cells were treated in the
164 absence of Fe3O4 NPs or with various concentrations of Fe3O4

165 NPs and GLUT1 antibody-Fe3O4 NPs for 24 hours. Cell
166 viability was subsequently determined by the CCK assay (Cell
167 Proliferation Assay Kit; Dojindo, Japan). In addition, the
168 labeling efficiency of the Fe3O4 NPs and the GLUT1
169 antibody-Fe3O4 NPs was confirmed by Prussian blue stain
170 assay following incubation with the Fe3O4 NPs and the GLUT1
171 antibody-Fe3O4 NPs for 9 hours. Prussian blue stain images
172 were captured using a Leica inverted microscope (Leica
173 Microsystems GmbH, Wetzlar, Germany) and the Leica
174 Application Suite software. The staining parameters were
175 evaluated at 200× magnification, and four areas of high-density
176 staining were selected for the quantitative analysis. The images
177 were quantitatively analyzed using the Leica Application Suite
178 Image program.

Optical density mean %ð Þ
¼ Positive stained area μm2

� �
=Total area μm2

� �� 100

179180 Optical density means are expressed as the mean ± SD.
181 Student's t test was used to compare data from two groups
182 (positive control group and experimental group). The level of
183 significance was set at P b 0.05.

184 Infantile hemangioma animal model

185 The infantile hemangioma animal model was utilized as in
186 previous reports by Tang et al. In summary, the infantile
187 hemangioma tissue was obtained surgically from three children
188 who were referred to our department for a rapidly growing mass.
189 Informed consent was obtained from the parents for experimen-
190 tal investigations under the approval by the Institutional Review
191 Board of Seoul National University Hospital in Seoul, Korea.

192The cutaneous portions were removed from the hemangioma
193tissue, and the remainder was cut into small pieces of
194approximately 5 × 4 × 3 mm. Under anesthesia, eight nude
195mice were implanted with the tumor pieces subcutaneously.12

196Histologic examination of tissue sections

197Formalin-fixed, paraffin-embedded tissues were sectioned to
198a thickness of 4 μm and stained with hematoxylin and eosin.

199Immunohistochemistry

200Deparaffinized sections were pre-incubated with 10% horse
201serum. The sections were then incubated with the polyclonal
202antibody against human CD31 (abcam, Cambridge, USA) or
203GLUT-1 (abcam, Cambridge, UK) at 37 °C for 1 hour, followed
204by incubation with a secondary antibody (DAKO) for 1 hour.
205Antibody binding was detected using 3,3′-diaminobenzidine
206(DAB; DAKO). Following the immunohistochemistry, a number
207of sections were also stained with Prussian blue to investigate the
208colocalization of CD31 and iron deposition.

209MRI in the hemangioma animal model

210Four weeks after the hemangioma tissue implantation, the nude
211mice were subjected to the MRI. An in vivo MRI was performed
212using a clinical 3 TMR scanner (MAGNETOMTim Trio; Siemens
213Medical Solutions, Erlangen, Germany) with a 4-channel wrist coil.
214The imaging protocol consisted of a sagittal 3D T2*-weighted
215gradient-recalled-echo (GRE) sequence with the following imaging
216parameters: TR/TE = 40/22 milliseconds, flip angle = 12°,
217FOV = 49 × 70 mm, matrix = 256 × 180, slice thickness =
2181 mm, and the number of excitations = 3. Before the injection of
219the molecular imaging agents, the control group and the
220experimental group were scanned by MRI. Next, the control
221groupwas injected intravenouslywith Fe3O4NPs (10 μg/g), and the
222experimental group with GLUT1 antibody-Fe3O4 NPs (10 μg/g).
223Twenty-four hours following the injection, both groups were also
224scanned using an MRI machine. The MRI data were digitally
225transferred from a PACS workstation to a personal computer and
226processed with ImageJ (available at http://rsb.info.nih.gov/ij/).
227ROIs that contained the entire hemangiomawere drawn in each
228section of the T2*-weighted GRE images. Using software
229developed in-house, the data acquired from each slice were
230summated to derive the pixel-by-pixel SI (signal intensity) values
231for the entire hemangioma. Previous studies have shown that
232adipose cellsmainly expressGLUT-4, not GLUT-113,14; therefore,
233the pixel-by-pixel SI values were then normalized to the fatty area
234of the posterior neck to cancel the SI fluctuations related to
235variations in the technical parameters between the MRI sequences
236obtained both pre- and post-injection of the Fe3O4 NPs or GLUT1
237antibody-Fe3O4 NPs. The SI of the fatty area was measured within
238a single ROI, measuring 3-5 mm2, placed in the posterior neck.
239Finally, SI histograms for the hemangiomas were plotted using a
240bin size of 1% with the normalized SI (nSI) value (i.e., normalized
241SI value (%) = [SI of hemangiomas]/[SI of fatty areas] × 100) on
242the x-axis, and the percentage of the total lesion volume was
243expressed on the y-axis by dividing the frequency of each bin by
244the total percentages of pixels analyzed.

3C.-H. Sohn et al / Nanomedicine: Nanotechnology, Biology, and Medicine xx (2014) xxx–xxx
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245 A baseline pixel histogram using the nSI of a hemangioma was
246 created from the MR images obtained before the injection of the
247 Fe3O4 NPs or the GLUT1 antibody-Fe3O4 NPs to establish the
248 minimum nSI in the absence of any Fe. On the MR images
249 obtained 24 hours after the injection of the Fe3O4 NPs or GLUT1
250 antibody-Fe3O4 NPs, the percentages of pixels in the hemangi-
251 omas below the minimum nSI threshold were summated and
252 reported as the black pixel count (%) for the Fe3O4 NPs or GLUT1
253 antibody-Fe3O4 NPs hypo-intensity.
254 We compared the mean normalized SIs of the pre-injection of
255 both groups (control and experimental groups) to demonstrate the
256 non-difference (similarity) of the hypo-intensity of the hemangi-
257 oma. We also compared the mean normalized SIs of the pre-
258 injection with the post-injection to evaluate the effect in both
259 groups. Finally, we compared the mean percentages of the pixels
260 below theminimumnSI threshold after the injection in both groups
261 to evaluate the effect of the GLUT1 antigen-antibody reaction.
262 Furthermore, signal to-noise ratio (SNR) and contrast-to-noise
263 ratio (CNR) were calculated using the following equations15-18:

SNR ¼ SIhemangiomas=noise airð Þ
CNR ¼ jSIhemangiomas–SIfatty areas│=σnoise airð Þ

264265 where SIhemangiomas is the average signal intensity of the
266 hemangiomas, σnoise(air) is the standard deviation of the background
267 noise measured at the air with a ROI of 3-5 mm2, and SIfatty areas is
268 the average signal intensity of the fatty area of the posterior neck.

269 Results

270 Preparation of amine-functionalized Fe3O4 NPs

271 Figure 1, A shows the TEM image of the as-synthesized iron
272 oxide nanoparticles (Fe3O4 NPs). The 10 nm-sized Fe3O4 NPs
273 were synthesized through thermal decomposition of iron oleates by
274 the “heat-up process”, which is very reproducible, environmentally
275 friendly, and can be readily adapted for large scale production. To
276 render hydrophobic Fe3O4 NPs water-dispersible, the NPs were
277 encapsulated by amphiphilic PEG-phospholipids. After encapsu-
278 lationwith PEG-phospholipids, the dynamic light scattering (DLS)
279 data showed that the Fe3O4 NPs were dispersed in water without

280any detectable aggregation (Figure 1, B). The DLS data also
281revealed that the overall diameter of the Fe3O4 NPs increased by
282approximately 17 nm, demonstrating the monolayer-thick encap-
283sulation of the PEG-phospholipid.

284Enhanced Uptake of Fe3O4 NPs in Endothelial Cells by GLUT1
285Antibody Conjugation

286When a cholecyctokinin (CCK) assay was performed
28724 hours later to compare the viability of the HUVECs, there
288was no significant difference between the untreated and Fe3O4

289NPs or GLUT1 antibody-Fe3O4 NP-treated groups (Figure 2),
290even at a concentration of 20 μg/ml.
291As the negative control, HUVECs that were cultured in the
292absence of NPs had no positive staining in Prussian blue stain
293(Figure 3, A). In the cytoplasm of the Fe3O4 NP-treated cells,
294tiny blue dots were easily identifiable (Figure 3, B). Moreover,
295the staining intensity was obviously enhanced in GLUT1
296antibody-Fe3O4 NP-treated cells (Figure 3, C). To compare
297these differences more quantitatively, the optical density was
298measured. In GLUT1 antibody-Fe3O4 NP-treated cells, it was
299two-fold higher than that of the Fe3O4 NP-treated cells (Figure 3,
300D). This result indicates that the GLUT1 conjugation into Fe3O4

301NPs significantly enhanced the uptake of NPs by the HUVECs.

Figure 1. (A) Transmission electron microscopy (TEM) image of Fe3O4 NPs dispersed in hexane. The average particle size is 10 nm. (B) Dynamic light
scattering (DLS) histogram for water-dispersible iron oxide nanoparticles coated with PEG-phospholipids. The hydrodynamic diameter is 27.0 ± 6.4 nm.

Figure 2. Viability of human umbilical vein endothelial cells (HUVECs) in
response to Fe3O4 NPs and GLUT1 antibody-Fe3O4 NPs. There was no
significant difference in the viabilities of HUVECs between the negative
control groups (no treatment), Fe3O4 NPs, and the GLUT1 antibody-Fe3O4

NP-treated groups (P b 0.05, Kruskal–Wallis test).

4 C.-H. Sohn et al / Nanomedicine: Nanotechnology, Biology, and Medicine xx (2014) xxx–xxx
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302 Development of animal model of infantile hemangioma

303 The grafts survived in all of the mice. The graft size did not
304 change during the first 2 weeks, and they subsequently shrank by
305 a small amount over the following 2 weeks. In addition, the
306 grafts slowly involuted. Therefore, we used the mice at 4 weeks
307 post-transplantation for further study.
308 At the histologic examination of the hemangioma tissue
309 4 weeks following grafting, the tumor consisted of immature
310 capillaries with tiny lumens lined by plump endothelial cells with
311 an outer concentric pericyte layer. Plump, rapidly-dividing
312 endothelial cells formed tightly packed sinusoidal channels. The
313 parenchymal cells assembled in nests or lobules, and there were
314 multiple irregular capillaries within the nests or lobules (Figure 4,
315 A and B). Immunohistochemical staining demonstrated that the
316 plump endothelial cells expressed both GLUT1 and CD31 in
317 high intensity (Figure 4, C and D). All these histological features
318 are identical to typical infantile hemangioma in the proliferative
319 phase, indicating that our hemangioma model was identical to
320 infantile hemangioma.

321In vivo imaging of infantile hemangioma in animal model

322InT2*-weightedGREMR images of themicewith hemangiomas,
323the mean normalized SIs of pre-injection of both groups were not
324significantly different (P = 0.5626, Mann–Whitney Test), which
325meant that both groups had similar hypo-intensity in anMRI (Table 1).
326The mean normalized SIs of the pre- and post-Fe3O4 NPs
327injection in the control group (n = 4) were 202 ± 19 and 183 ± 7,
328respectively. The mean normalized SIs of the pre- and post-
329GLUT1 antibody-Fe3O4 NP injection in the experimental group
330(n = 4) were 209 ± 10 and 111 ± 11, respectively. The mean
331normalized SIs for the post-injection were significantly smaller
332than that for the pre-injection in the experimental group (P =
3330.0286, Mann–Whitney test), which meant that the GLUT1
334antibody-Fe3O4 NPs were effective in lowering the signal density
335of the hemangioma in theMRI. However, themean normalized SIs
336of the post-injection were not significantly smaller than that of the
337pre-injection in the control group (Table 1).
338The mean percentages of pixels below the minimum nSI
339threshold following the injection in the experimental groups

Figure 3. In vitro Prussian blue staining for the negative control group (no Fe3O4 NPs) (A) the positive control group (Fe3O4 NPs) (B) and the experimental
group (GLUT1 antibody-Fe3O4 NPs) (C). In the experimental group, substantially higher number of positive stains was observed. (D) Optical density means of
Prussian blue staining for quantitative analyses. The bar graph shows the average percentage of positive stained area. **, P b 0.001; magnification, ×200.

5C.-H. Sohn et al / Nanomedicine: Nanotechnology, Biology, and Medicine xx (2014) xxx–xxx
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340 (50.8 ± 13.6%) were significantly higher than that in the control
341 group (12.4 ± 4.2%) (P = 0.0286, Mann–Whitney test), which
342 meant that the hypo-intensities in the experimental group were
343 significantly higher than in the control group (the GLUT1 antibody-
344 Fe3O4 NPs were effective in MRI) (Table 1, Figure 5, A and B).
345 In terms of both SNR and CNR, the only experimental group
346 showed statistically significant decreases in mean values after the
347 injection of the GLUT1 antibody-Fe3O4 NPs (P = 0.0286,
348 Mann–Whitney test) (Table 2).

349To investigate the types of cells that take up the intravenously-
350injected Fe3O4 NPs, endothelial cells of the hemangioma were
351immunohistochemically stained with an anti-CD31 antibody
352(Figure 6, A and B, brown color). In the mice that received
353unconjugated Fe3O4 NPs, Prussian blue-stained iron particles were
354found in the macrophages rather than in the endothelial cells
355(Figure 6, A).This was in sharp contrast to the mice that received
356GLUT1 antibody-Fe3O4 NPs. In these mice, Prussian blue-stained
357iron particles were easily identifiable in CD31-positive endothelial
358cells (Figure 6, B). Taken together with the in vitro HUVEC study,
359these results showed that GLUT1 antibody conjugation is able to
360effectively target the injected Fe3O4NPs toGLUT1-positive tumor
361cells in infantile hemangioma.

362In vivo toxicity test ofGLUT1antibody-Fe3O4NPs to themice organs

363To determine the organ toxicity of GLUT1 antibody-Fe3O4

364NPs, the mice (ICR, Orientbio, seongnam, Korea) were serially
365sacrificed for 6 weeks following the NP injections (10 mg/kg),
366and the histological changes were observed under a light
367microscope following hematoxylin and eosin staining. As in
368the control group, the mice received only PBS. No organ
369damages or structural malformations were found during the short
370(1 day after the injection) to long term (6 weeks after the
371injection) follow-up in the experimental groups, compared to the
372control group, which proved that there was no organ toxicity.

Figure 4. H&E staining and immunohistochemistry of the hemangioma in the animal model. (A and B) There were several immature capillaries with tiny lumens
lined by plump endothelial cells with an outer concentric pericyte layer. Plump, rapidly-dividing endothelial cells formed tightly packed sinusoidal channels. The
parenchymal cells assembled in nests or lobules, and there were multiple irregular capillaries within the nests or lobules. Plump endothelial cells were also
strongly stained with GLUT1 (C) and CD31 (D) immunohistochemistry. Magnification: A ×100, others ×400.

Table 1t1:1

Values in T2*-weighted gradient-recalled-echo magnetic resonance images
of the mice with hemangiomas.t1:2

t1:3 Groups Mean normalized SI Pixels below
the minimum
nSI threshold
after injection
(%)

t1:4 Pre-injection Post-injection P value

t1:5 Control group 202 ± 19 183 ± 7 0.1143 12.2 ± 4.2
t1:6 Experimental

group
209 ± 10 111 ± 11 0.0286⁎ 50.8 ± 13.6

P value 0.5626 0.0286⁎ 0.0286⁎

Note. Data are means ± standard deviations.t1:8
⁎ Indicates a statistically significant difference.t1:9

6 C.-H. Sohn et al / Nanomedicine: Nanotechnology, Biology, and Medicine xx (2014) xxx–xxx
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373 Discussion

374 Infantile hemangioma usually does not require surgery or
375 treatments, except for in the case of complications such as ulceration,
376 bleeding, and functional impairments because it will involute over
377 the years. In contrast, vascular malformation usually requires
378 treatment or surgery because of its commensurate growth with the
379 child. Therefore, the differential diagnosis is very important. In a
380 number of cases, however, the differential diagnosis is very difficult,
381 even though an MRI is performed. These limitations motivate us to
382 develop a molecular imaging technique to differentiate infantile
383 hemangioma from vascular malformations.
384 In the present study, to overcome this type of limitation of
385 conventional MRI, we used anti-GLUT1 antibodies as targeting
386 tools for infantile hemangioma, and conjugation of this antibody
387 to Fe3O4 NPs allowed for a more accurate differential diagnosis
388 of infantile hemangioma from vascular malformation by MRI.
389 Glucose transporters are a large group of membrane proteins
390 that facilitate the transport of glucose over a plasma membrane.
391 GLUT1 was the first glucose transporter to be characterized.

392Under a pathologic condition, GLUT1 expression in the
393endothelial cells is crucial for the differential diagnosis of
394infantile hemangioma from vascular malformation because
395GLUT1 is positive in 100% of infantile hemangioma endothelial
396cells and negative in vascular malformations including venous,
397lymphatic, capillary, and arteriovenous malformations. There-
398fore, the immunohistochemistry of GLUT1 is widely used for
399differential diagnosis between infantile hemangioma and
400vascular malformation in the pathology.8 Based on this, we
401conjugated GLUT1 antibodies to Fe3O4 NPs as MRI molecular
402imaging agents to differentiate infantile hemangioma from
403vascular malformation in such cases.
404As previously described, the benefit of using Fe3O4 NPs is
405well studied, and it allows for a proper biosafety comparison
406with other imaging probes (less toxic, FDA approval). Therefore,
407this material is applicable to clinical demonstrations.
408In general, Fe3O4 NPs are spontaneously taken up by
409mammalian cells. This was also the case in HUVECs. When
410HUVECs were cultured in the presence of Fe3O4 NPs in culture
411media, Fe3O4 NPs were observed in the cytoplasm of HUVECs.

Figure 5. Sagittal T2*-weighted, gradient-recalled-echo (GRE) magnetic resonance (MR) images were taken before and 24 hours after the intravenous
administration of Fe3O4 NPs (A) and GLUT1 antibody-Fe3O4 NPs (B). The hypointensities from both were detected within the hemangiomas 24 hours after
injection. The hypo-intensity means Fe3O4 NPs with or without GLUT1 antibodies had been taken up within the hemangiomas. The histograms show very few
pixels in the hemangioma after the injection of Fe3O4 NPs fell below the threshold (A). Notably, substantially more pixels fell below the threshold value after the
injection of GLUT1 antibody-Fe3O4 NPs (B). The percentages of hypointense pixels within the hemangioma of the mice treated with Fe3O4 NPs and the GLUT1
antibody-Fe3O4 NPs were 8.3 and 56.6%, respectively.

Table 2t2:1

Signal-to-noise ratio and contrast-to-noise ratio of the hemangiomas.t2:2

t2:3 Groups Signal-to-noise ratio Contrast-to-noise ratio

t2:4 Pre-injection Post-injection P value Pre-injection Post-injection P value

t2:5 Control group 39.3 ± 1.9 35.7 ± 2.2 0.0571 19.8 ± 1.7 16.2 ± 1.5 0.0571
t2:6 Experimental group 38.1 ± 2.2 18.1 ± 1.3 0.0286⁎ 18.3 ± 1.9 1.8 ± 1.1 0.0286⁎

P value 0.4679 0.0286⁎ 0.2649 0.0286⁎

Note. Data are means ± standard deviations.t2:8
⁎ Indicates a statistically significant difference.t2:9
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412 Under this culture condition, the conjugation of Fe3O4 NPs with
413 anti-GLUT1 antibodies led to a significantly increased uptake of
414 NPs in HUVECs. Moreover, this targeting effect of anti-GLUT1
415 antibodies was also demonstrated for an in vivo mouse model of
416 human infantile hemangioma. In hemangioma tissue excised
417 24 hours following the intravenous injection of anti-GLUT1
418 antibody-Fe3O4 NPs, Prussian blue-stained NPs were identified
419 in CD31-positive endothelial cells of hemangioma. In contrast,
420 when treated with unconjugated Fe3O4 NPs, Prussian blue-
421 stained NPs were found in macrophages rather than endothelial
422 cells. MRI imaging following intravenous injection of anti-
423 GLUT1 antibody-Fe3O4 NPs showed a significantly lower signal
424 intensity than with unconjugated Fe3O4 NPs. This facilitated a
425 more accurate differential diagnosis of infantile hemangioma
426 from vascular malformation by MRI.
427 Concerning the hemangioma animal model used in the
428 present study, it has already been demonstrated to be an identical
429 model for animal studies of human infantile hemangioma.12

430 Consistent with these previous reports, our model was identical
431 to human infantile hemangioma in several ways, such as its
432 histological features and the co-expression of GLUT1 and CD31.
433 A limitation of our study is the inability to investigate other
434 sites in which GLUT1 is also expressed, such as brain
435 endothelium, even if it cannot penetrate the blood brain barrier.
436 We will investigate the localization of anti-GLUT1 antibody-
437 Fe3O4 NPs at the brain endothelium in a further study. Another
438 weakness of this study is that we did not perform a T2* map.
439 However, we found a clear difference in signal intensity between
440 the Fe3O4 NPs and the GLUT1 antibody-Fe3O4 NPs without the
441 T2* map. The other weakness is that we did not evaluate anti-
442 GLUT1 antibody-Fe3O4 NPs in the vascular malformation
443 model. This is because the vascular malformation model is
444 very difficult to construct and includes several types such as
445 venous, capillary, lymphatic, and arteriovenous malformations.
446 This is the first study to develop a molecular imaging
447 technique for the differential diagnosis of infantile hemangioma
448 from vascular malformation that is feasible in T2*-weighted
449 GRE MR images. This technique would be helpful for the

450differential diagnosis between infantile hemangioma and
451vascular malformation, especially when the differential diagnosis
452is difficult clinically, physically, and radiologically.
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phagocytosis of GLUT1 antibody-Fe3O4 NPs by macrophages. Magnification: A ×400, B ×1000.
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