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Abstract

Multimodal-imaging probes offer a novel approach, which can provide detail diagnostic 

information for the planning of image-guided therapies in clinical practice. Here we report 

targeted multimodal Nd3+-doped upconversion nanoparticle (UCNP) imaging reporters, 

integrating both magnetic resonance imaging (MRI) and real-time upconversion luminescence 

imaging (UCL) capabilities within a single platform. Nd3+-doped UCNPs were synthesized as a 

core–shell structure showing a bright visible emission upon excitation at the near infrared 

(minimizing biological overheating and increasing tissue penetration depth) as well as providing 

strong MRI T2 contrast (high r2/r1 ratio). Transcatheter intra-arterial infusion of Nd3+-doped 

UCNPs conjugated with anti-CD44-monoclonal antibody allowed for high performance in vivo 
multimodal UCL and MR imaging of hepatocellular carcinoma (HCC) in an orthotopic rat model. 

The resulted in vivo multimodal imaging of Nd3+ doped core-shell UCNPs combined with 

transcatheter intra-arterial targeting approaches successfully discriminated liver tumors from 

normal hepatic tissues in rats for surgical resection applications. The demonstrated multimodal 

UCL and MRI imaging capabilities of our multimodal UCNPs reporters suggest strong potential 

for in vivo visualization of tumors and precise surgical guidance to fill the gap between pre-

procedural imaging and intraoperative reality.
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1. Introduction

Cancer is a major public health issue worldwide. Cancer comprises hundreds of distinct 

molecular diseases; various types of solid tumors can develop at different sites within the 

human body. Such broad disease profile has prompted the tailoring of cancer therapy to 

individual patient. Medical imaging has been playing a critical role in optimizing therapeutic 

strategies with early tumor detection, staging, treatment planning, and monitoring of 

therapeutic responses.[1, 2] Recently, innovative non-invasive imaging techniques have been 

developed to improve outcomes following chemotherapy or loco-regional/percutaneous 

ablation techniques for the treatment of cancers.[3, 4] However, surgical resection 

approaches that serve as the primary curative intervention for cancer remain most commonly 

performed under simple visual inspection and/or palpation of the interrogated tissues.[5] In 

many instances, ultrasonography or intraoperative magnetic resonance imaging (MRI)/

computed tomography (CT) imaging can be used to guide surgical resection but the systems 

may not be usable for real-time navigation, because of their prohibitive cost, large hardware 

footprint and use of hazardous ionizing radiation.[6, 7] Over the past years, near-infrared 

(NIR) fluorescent imaging has been proposed to perform pre-operative detection of lesions 

and for intraoperative guidance for surgery.[8, 9] NIR fluorescent organic dyes have 

provided real-time navigation for sentinel lymph node imaging, hepatic micrometastases 

detection, and surgical guidance.[8, 10] However, fundamental limitations of prior 

fluorescent imaging approaches in the surgical setting involve poor specificity and 

irreversible photochemical bleaching of injected dyes.

Upconversion luminescence (UCL) imaging using upconversion nanoparticles (UCNPs) is a 

promising photoluminescence imaging technology that offers unique properties, including 

long luminescence lifetimes, high photostability (non-bleaching and non-blinking), narrow 

emission bandwidths, large anti-Stokes shifts, low background light compared to the down-

conversion biological labels (e.g., organic dye markers and quantum dots) and low toxicity, 

making them more suitable as medical imaging agents than conventional organic dyes.

[11-16] Lanthanide-based UCNPs have been the most commonly used probes in UCL 

imaging for providing visible or near-infrared emission under continuous-wave excitation at 

980 nm. The superior features of lanthanide-UCNPs probes can be readily incorporated with 

different magnetic, radiopaque, and optical lanthanide ions for multimodality bioimaging 

contrast agents.[17] In particular, paramagnetic properties of lanthanide ions allow UCNPs 

to serve as promising MRI contrast agents.[12] However, conventional UCNPs doped by 

Yb3+ ions as sensitizers require excitation light around 980 nm, which risks local 

temperature increases and substantial overheating inducing unintended cell death and tissue 

injury, which consequently would restrict practical applications for clinical imaging.[18-21] 

Recently, considerable efforts have been devoted to the design UCNPs that utilize Nd3+ as 

the sensitizer for alleviation of the overheating effect.[18-24] Furthermore Nd3+ has been 

widely used as components of strong commercial magnet materials (i.e., NdFeB) due to 
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affordable prices being the second most abundant of the lanthanide series with paramagnetic 

properties.[25] While Nd3+ could be used as both a sensitizer and a MRI contrast agent for 

the design of a multimodal imaging nano-reporter, no application of Nd3+ ions serving as 

both a sensitizer and a contrast agent to pre-operative diagnosis and intra-operative image-

guided cancer therapy has yet been reported.

Herein, we present a targeted Nd3+-doped core-shell UCNP (Nd-CSUCNP) to serve as a 

multimodal-imaging reporter providing tumor-specific detection, surgical intervention and 

image-guided surgery for resection of hepatocellular carcinoma (HCC). HCC presents a 

unique pathophysiology that favors selective delivery of therapeutics and imaging agents to 

the target malignancies through transcatheter intra-arterial (IA) infusion. This delivery route 

permits significantly enhanced tumor uptake of infused agents with attendant reduction in 

systemic toxicity.[26-29] In our study, a multi-modal imaging reporter, Nd-CSUCNP 

conjugated with HCC tumor specific anti-CD44 monoclonal antibody, was delivered intra-

arterially and the in vivo feasibility of multimodal diagnostic MR and intraoperative UCL 

image-guided surgery for HCC resection was demonstrated in orthotopic HCC rat models 

(Figure 1). This is the first report describing multimodal image-guided surgery via the 

application of biocompatible nanomaterials integrating MRI and UCL imaging for potential 

HCC surgical resection applications.

2. Results and Discussion

2.1. Synthesis of Nd3+ doped core-shell UCNPs (Nd-CSUCNPs)

Monodisperse nanoparticles (NaYF4:30%Yb3+/1%Nd3+/0.5%Er3+) as a core material were 

obtained by a thermal decomposition method (Figure 2a).[18, 20] Then, a NaYF4:30%Nd3+ 

shell was coated on the surface of the NaYF4:30%Yb3+/1%Nd3+/0.5%Er3+ core through a 

seed-mediated process.[18, 20] The grown Nd3+ shell layer over the inner core increased the 

diameter of UCNPs without a change in structural and morphological uniformity (Figure 2a 

(inset)). X-ray diffraction (XRD) patterns of the Nd-CSUCNPs were indexed as the pure 

hexagonal phase NaYF4 crystal (JCPDS 16-0334) in Figure S1. Using the Scherrer equation, 

the sizes of the core and the Nd-CSUCNPs were calculated to be 24.7 and 29.9 nm, 

respectively, consistent with the sizes observed with TEM.

2.2. In vitro cytotoxicity and cell-targeting efficiency of biofunctionalized Nd-CSUCNPs

To apply the Nd-CSUCNPs for bio-imaging, the as-synthesized surface of Nd-CSUCNPs 

were converted into hydrophilic amine-terminated Nd-CSUCNPs via a ligand exchanging 

process using a biocompatible poly(allyamine) (PAAm)[30] and then the amine-terminated 

Nd-CSUCNPs were conjugated with anti-CD44 monoclonal antibody using SATA and 

sulfo-SMCC for HCC tumor targeting. The mean hydrodynamic diameter of amine-

terminated Nd-CSUCNPs was 76.03 nm (Figure S2) and zeta potential was 36.5 ± 2.4 mV. 

The successful conjugation of the anti-CD44 antibody onto the Nd-CSUCNPs was 

evidenced by observing characteristic bands corresponding to amide groups of antibodies in 

Fourier transform infrared (FT-IR) spectra (Figure S3). A Zeta potential value of antibody-

conjugated Nd-CSUCNPs was 26.4 ± 2.9 mV. The zeta potential of Nd-CSUCNP was 

slightly decreased by antibody conjugation but the zeta potential value was stably 
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maintained for 7 days (Figure S4). The amount of bound anti-CD44 antibody was 12 μg of 

CD44 per 1 mg of Nd-CSUCNPs (Figure S5). Prior to subsequent in vivo imaging 

experiments, cytotoxicity of the PAAm-stabilized Nd-CSUCNPs was evaluated in N1S1 

hepatoma cells and Clone-9 liver epithelial cells by an MTT (3-[4, 5-dimethylthiazol-2-

yl]-2, 5 diphenyltetrazolium bromide) assay. The resulted viabilities of N1S1 and clone9 

were maintained at over 80 % for the tested range up to 400 μg/mL at 24 and 72 hours co-

incubation with the PAAm-stabilized Nd-CSUCNPs (Figure S6a). HCC tumor cell targeting 

of the anti-CD44-Nd-CSUCNPs was investigated with in vitro cell studies using N1S1 

hepatoma cells. High expression level of the targeted CD44 (transmembrane glycoprotein) 

receptors on N1S1 (hepatoma) cells (97.3 %) was confirmed with flow-cytometry analysis 

(Figure S6b). Normal liver cells Clone9 showed low level expression of CD44 (2.1%) 

(Figure S6b). Conversely, the overexpression of CD44 receptors on the N1S1 hepatoma cells 

can facilitate recognition by anti-CD44-Nd-CSUCNPs to induce specific targeting of the 

Nd-CSUCNPs to the hepatic tumors (N1S1).[31, 32] As a matter of fact, when the FITC 

labeled anti-CD44-Nd-CSUCNPs were incubated with N1S1 hepatoma cells, fluorescence 

imaging demonstrated green fluorescent signal that confirmed efficient selective binding of 

anti-CD44-Nd-CSUCNPs (Figure S6c).

2.3. Optical properties of Nd-CSUCNPs

We investigated the optical properties of core and Nd-CSUCNPs using NIR absorption 

spectroscopy and a wavelength-tunable laser system. As shown in Figure 2a, Nd-CSUCNPs 

showed multiple NIR absorption bands at around 800 and 865 nm, respectively while Yb3+ 

in the core structure produced an absorption band at ca 980 nm. Nd3+ is a strong NIR 

absorber and sensitizer for biological and medical applications for multiple reasons. The 

absorption cross section of Nd3+ at 808 nm is 10 times higher than that of Yb3+ at 980 nm 

(1.2×10−19 cm2 vs. 1.2×10−20 cm2).[18] The use of Nd3+ in the 800-865 nm region is 

expected to avoid biological overheating and auto-fluorescence and increase the penetration 

(probing) depth, a feature particularly advantageous for in vivo imaging. Small doping of 

Nd3+ (1%) in the core prevents the localized harsh quenching by co-doping Nd3+ with an 

activator (i.e. energy back-transfer from the activator to 4IJ manifolds of Nd3+).[21]

When the excitation laser wavelength was set to NIR range from 785 nm to 815 nm, visible 

range emission dependent on the excitation wavelength was displayed (Figure 2d). The 

brightest emissions were found for laser excitation wavelengths at roughly 794 nm to 805 

nm (Figure 2d). As we expected, the two intense emission peaks were identical in position to 

the two strong absorption peaks (Figures 2a and d). The significantly enhanced 

luminescence observed at 520, 540 and 660 nm (corresponding to characteristic bands of 

Er3+ (2H11/2, 4S3/2→4I15/2, 4F9/2→4I15/2) was achieved by Nd3+-dopants (30%) in the shell 

layer (Figures S6 and S7) of Nd-CSUCNPs. The Nd3+ doped shell layer effectively 

harvested NIR light (around 800 nm wavelength) and enhanced the upconversion emission 

by separating the surface relevant quenching centers (i.e., defect) and the luminescence 

centers (i.e., activators) inside the core (Figure S7). As shown in the energy transfer pathway 

of the synthesized core-shell UCNPs (Figure S8), The Nd3+ ions served as the sensitizer to 

harvest 800 nm photons resulting in a population of the 4F5/2 state of Nd3+. The Yb3+ ions 

are used to extract the excitation energy from Nd3+ ions through interionic cross-relaxation 
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and transfer to the Er3+ ion activator, which facilitates energy transfer from Nd3+ ions to 

Er3+ ions. The phase transfer for the functionalization with PAAm had negligible influence 

on the luminescence spectrum, as shown strong luminescence at 520, 540 and 660 nm 

(Figure 2b). The same UCL imaging properties of the UCNPs were also clearly 

demonstrated in 1:10 diluted whole blood samples (Figure S9).

2.4. Characterization of MR contrast effect of Nd-CSUCNPs

The magnetic properties of the core UCNPs and NIR absorbing Nd-CSUCNPs were 

investigated using a superconducting quantum interface device (SQUID) magnetometer. The 

magnetizations of both the triply-doped core/shell structures in the presence or absence of 

30% Nd3+ doping were proportionally increased with the applied magnetic field indicative 

of typical paramagnetic behavior. The Nd-CSUCNPs (30% Nd3+-doped shell layer) had 

higher magnetization than the UCNPs with non-doped shell layer at the same magnetic field 

strength (Figure S10). Then, MRI T2 contrast effects of Nd-CSUCNPs in 1% agar phantoms 

were investigated with a 7T MRI system (Figure 2e). T2-weighted contrast effects of the 

Nd-CSUCNPs were clearly seen within MRI T2 map images. The effective magnetic 

moments (μeff = 9.60, 4.50 and 3.62 μB of Er3+, Yb3+ and Nd3+) of each element in the Nd-

CSUCNPs contributed strong MRI T2 contrast effects.[33, 34] Their T2-weighted contrast 

effects (increasing MR signal loss with increasing UCNPs concentration) were clearly seen 

within MRI T2 map images. The measured r2 relaxivity was 1182 mM−1s−1 (mM: 

concentration of lanthanide components) which was 1.7 fold higher than core UCNPs 

(r2=682 mM−1s−1) (Figure 2c). r2/r1 ratio of core UCNPs (r2/r1=8886) was also increased to 

a 2.9-fold higher value (r2/r1=25807; r2= 1182 mM−1s−1 and r1=0.0458 mM−1S−1)) for Nd-

CSUCNPs (Figure S11). The resultant r2/r1 ratio of Nd-CSUCNPs was much higher than 

Ferumoxytol (r2/r1=2019 mM−1S−1) which is in clinical trials as MRI T2 contrast 

agents[35, 36]; these findings suggest that our lanthanide ion-doped UCNPs are efficient as 

T2-MRI contrast agents (Figure S11). To date, Ho3+-based UCNPs have been developed for 

luminescent/MRI T2 dual-modal imaging probes.[33] Although the effective magnetic 

moments of Ho3+ (μeff=10.60 μB)[33, 34] is larger than other lanthanide ions, the doping 

concentration of Ho3 + has been constrained to very low levels (less than 2%) to optimize 

luminescent intensity. Therefore, the relatively low amount of magnetic materials in the total 

amount of matrix materials as well as excitation wavelength at 980 nm may limit clinical 

imaging applications.

2.5. Transcatheter intra-arterial infusion and in vivo MRI and UCL imaging of anti-CD44-Nd-
CSUCNPs

An orthotopic HCC rat model and transcatheter IA targeted infusion technique were 

employed to demonstrate in vivo multimodal imaging properties and evaluate potential 

application for image-guided surgical resection of HCC (Figure 1). Prior to in vivo 
multimodal imaging, the undesirable heating effects of Nd-CSUCNPs upon exposure to 

imaging sources of an 808 nm NIR laser and commonly used 980 nm NIR laser at a power 

density of 361 mW/cm2 were compared by monitoring temperature changes in ex vivo rat 

liver tissues. Irradiation with a 980 nm laser demonstrated strong local heating effects and a 

significant rise (ΔT=+16.3 °C) in temperature after 50 s. In contrast, the temperature 

increase for the liver tissue irradiated with 808 nm laser was only ΔT=4 °C after the same 
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exposure duration (Figure S12). To evaluate in vivo multimodal imaging properties of anti-

CD44-Nd-CSUCNPs, HCC tumor was grown in left hepatic lobe. Transcatheter IA infusion 

of anti-CD44-Nd-CSUCNPs was successfully performed with X-ray digital subtraction 

angiographic (DSA) guidance. MRI scans at pre/post IA infusion readily demonstrated 

detection of the anti-CD44-Nd-CSUCNPs with marked signal reductions within peripheral 

zones and core of HCC tumors on T2-weighted images (Figure 3a). Then, UCL imaging 

allowed visualization of the IA infused anti-CD44-Nd-CSUCNPs in the HCC tumor region 

with NIR 808 nm laser excitation. Significant bright signal from the targeted anti-CD44-Nd-

CSUCNPs was observed in the central and peripheral portion of tumor region rather than 

normal liver parenchymal tissues (Figure 3a, right). These luminescent regions were well 

correlated with signal reduction within the T2-weighted images (Figure 3a). The MRI and 

UCL multimodal imaging of UNCPs deposited on tumors could translate to improved 

removal of neoplastic tissues, especially in the setting of non-anatomical resections, to 

ultimately reduce the rate of treatment failures due to recurrence.

The biodistribution of targeted anti-CD44-Nd-CSUCNPs after IA infusion were investigated 

with Yb elemental analysis in each organ with inductively coupled plasma-mass 

spectrometry (ICP-MS). The highest amount of Nd-CSUCNPs (4.3 μg-Yb/g of tissue) was 

accumulated within the targeted HCC tumor at 4 h post IA infusion (Figure. 3b). IA infusion 

of anti-CD44-Nd-CSUCNPs increased targeting efficiency approximately ~5 fold over IV 

injection and 35% of the targeted anti-CD44-Nd-CSUCNPs was still detected in the tumor 

region at post 10 days IA injection (Figure 3b and Figure S13). The amount of targeted 

particles was decreased by reticuloendothelial system (RES) uptake after 3 and 10 days, as 

shown the increased amounts of particles in kidney and spleen. For in vivo toxicity, the 

current dosage (2 mg) of anti-CD44-Nd-CSUCNPs for MRI and UCL imaging caused no 

significant toxic effects and histologic changes in the major organs of the HCC rats within 

30 days post-injection (Figure 3b). Blood tests also demonstrated no systemic toxicities of 

anti-CD44-Nd-CSUCNPs (2 mg) with regular level of alanine aminotransferase (ALT), 

aspartate aminotransferase (AST), bilirubin and albumin in the blood (Figure S14).

2.6. In vivo HCC surgical resection guided by multimodal pre-procedural MRI and UCL 
using IA targeted anti-CD44-Nd-CSUCNPs

Finally, to demonstrate proof-of-concept for multimodal MR/UCL image-guided resection 

of hepatic malignancies with anti-CD44-Nd-CSUCNPs imaging reporters, HCC tumors in 

orthotopic N1S1 HCC rats were resected with the guidance of MR imaging and real-time 

UCL visualization of anti-CD44-Nd-CSUCNPs imaging reporters. Anti-CD44-Nd-

CSUCNPs were successfully injected with transcatheter IA procedures as described 

previously. MRI T2 scan was able to identify the location of tumor region confirmed with 

targeted anti-CD44-Nd-CSUCNPs on tumors (Figure 4a). Then, under NIR-illumination 

with a hand-held irradiation source, green luminescence from anti-CD44-Nd-CSUCNPs was 

co-localized within tumor tissues (Figures 4b and c). Significantly higher UCL intensity 

(green signal) than the surrounding normal liver tissues was visually observed. Precise burns 

at these extrema defined the craniocaudal and mediolateral extent of the lesion and a 

circumferential resection around these areas was performed (Figure 4d) to spare the vast 

majority of the left lateral lobe. The large remnant lobe was scanned along the margins with 
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a NIR laser demonstrating no residual anti-CD44-Nd-CSUCNPs in these tissues, suggesting 

R0 (i.e., curative) resection. This was later confirmed by histopathology, demonstrating the 

HCC tumor of all suspected tissues detected by UCL imaging and no viable HCC cells in 

the remnant lobe (Figure 4e). Surgical resections in HCC treatment are definitive and 

potentially curative interventions. MRI and real-time intraoperative image guidance is 

expected to refine a surgeons’ visual assessment of the surgical bed, reducing the rate of 

undetected small satellite tumors and extensions of diffuse HCC.

A limitation of the use of UCNP in our study is that real-time NIR-UCL scanning/imaging 

devices for use in patients. The NIR beam area could broaden by using NIR Light-emitting 

diode (LED) array platform, which is an integrated circuit of each LED. NIR LED array 

platform with high power density should be developed for the depth of penetration into 

tissues. A second limitation is that despite the demonstrated non-toxic effects of our nano-

reporters, further long-term toxicity and excretion studies are required prior to future clinical 

translation.

3. Conclusion

In our studies, Nd3+ ions serving as both a sensitizer and a contrast agent in UCNPs were 

selected for multimodal imaging capability. While a relatively simple HCC tumor model 

having a single primary tumor was used in this study to demonstrate potential image-guided 

surgical resection of HCC using antibody conjugated UCNPs and selective IA infusion 

technique (interventional approach), we believe that our multimodal imaging antibody 

conjugated Nd-CSUCNPs reporters will serve as an ideal platform for translational into 

clinical image-guidance strategies with the potential to enhance the tumor detection rates 

during surgical interventions combined with pre-procedural and intraoperative image-

guidance approaches. Further, we anticipate that the incorporation of patient-specific 

targeting agents with MRI/UCL nano-reporters should lead to superior spatial localization of 

tumors and provide valuable diagnostic feedback that can assist surgeons to define more 

optimal surgical margins. As a result, our proposed multimodal Nd-CSUCNPs nano-

reporters may ultimately yield an interactive new surgical guidance paradigm.

4. Experimental Section

Chemicals

Yttrium acetate hydrate (99.9%), Ytterbium acetate hydrate (99.9%), neodymium acetate 

hydrate (99.9%), erbium acetate hydrate (99.9%), sodium hydroxide, ammonium fluoride, 1-

octadecene, oleic acid, Poly(allyamine) (PAAm), were all purchased from Sigma-Aldrich.

Synthesis of Nd3+ doped core upconversion nanoparticles (CUCNPs)

In a typical synthesis procedure,[18, 20] NaYF4:0.5% Er, 1% Nd, 30% Yb, 1-octadecene (7 

mL) and oleic acid (3 mL) were added into the 50 mL flask followed by adding a water (2 

mL) containing Y(CH3CO2)3, Yb(CH3CO2)3, Er(CH3CO2)3, and Nd(CH3CO2)3 with a total 

lanthanide amount of 0.4 mmol. Subsequently, the mixture was heated to 150 °C for 1 h and 

then cooled to room temperature. Later, a methanol solution (6 mL) containing NH4F (1.6 

mmol) and NaOH (1 mmol) was added and the solution stirred at 50 °C for 30 min, followed 
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by evaporating methanol from the reaction mixture at 100 °C. Upon removal of methanol, 

the solution was heated to 290 °C and maintained for 1.5 h under a nitrogen flow, then 

cooled down to room temperature. The resulting nanoparticles were washed with ethanol 

and methanol several times and finally re-dispersed in cyclohexane.

Synthesis of Nd3+ doped core-shell UCNPs (Nd-CSUCNPs)

A NaYF4:Nd shell precursor was prepared by mixing a water (2 mL) containing 

Y(CH3CO2)3, and Nd(CH3CO2)3 with a total lanthanide amount of 0.4 mmol, 1-octadecene 

(7 mL) and oleic acid (3 mL) followed by heating to 150 °C for 1 h and then cooled to room 

temperature. Later, cyclohexane (2 mL) containing core nanoparticles was added along with 

a methanol solution (6 mL) containing NH4F (1.6 mmol) and NaOH (1 mmol). The reaction 

mixture was stirred at 50 °C for 30 min and increased to 100 °C to remove the methanol. 

Then the solution was heated at 290 °C and maintained for 1.5 h under a nitrogen flow. The 

resulting nanoparticles were washed with ethanol and methanol several times and re-

dispersed in cyclohexane.

Preparation of PAAM-stabilized Nd-CSUCNPs

The ligand exchange process was carried out to transfer as-prepared oleate-stabilized 

nanoparticle dispersion into hydrophilic ones using PAAM as a ligand. PAAM 20% solution 

(200 μL) was dispersed in ethanol (10 mL). Cyclohexane (2 mL) containing the UCNPs (5 

mg) was mixed with the PAAM solution and stirred vigorously over 24 h at 30 °C. The 

resulting PAAM-stabilized Nd-CSUCNPs were collected by centrifugation and re-dispersed 

in water.

Anti-CD44 monoclonal antibody conjugation with Nd-CSUCNPs

PAAM-stabilized Nd-CSUCNPs were bio-functionalized with anti-CD44 monoclonal 

antibodies. 50 μg of anti-CD44 antibodies were reacted with SATA of 2.54 μg under 0.2 mL 

of HEPES buffer (10 mM, pH 7.4) for 45 min at room temperature (molar ratio of antibody 

to SATA is 1:18).[37] After first reaction, 50 uL of hydroxylamine hydrochloride solution 

(0.5 M) was added to reactant and further incubated for 2 h. Byproduct and un-reacted 

reagents were removed by dextran desalting column. Concentration of antibody was 

determined by a micro BCS assay (Thermo Fisher Scientific Inc., IL, USA). To fabricate 

anti-CD44-nanoparticles, the amine-introduced Nd-CSUCNPs (2 mg) were reacted with 0.2 

mg of sulfosuccinimidyl-4-N-maleimidomethyl cyclohexane-1-carboxylate (sulfo-SMCC) 

under 1 ml of PBS buffer (150 mM, pH 7.2) for 30 min at room temperature. To remove free 

sulfo-SMCC, the reactant was passed through a dextran desalting column. Finally, thiolated 

anti-CD44 antibody (25 μg) and maleimide-modified Nd-CSUCNPs (1 mg) were reacted 

under HEPES buffer (10 mM, pH 7.2) for 24 h at 4 °C. Unreacted antibody was removed by 

centrifugation (3 times at 15000 rpm, 5 min) with MilliQ water followed by re-suspension in 

PBS buffer. The anti-CD44 monoclonal antibody conjugated UCNPs were then stored at 

4°C.
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Characterization

TEM characterization of particle sizes and shapes was performed with a Tecnai Spirit G2 

applying an acceleration voltage of 120 keV. Magnetic properties were measured using a 

SQUID magnetometer (Quantum Design, USA). ATR/FT-IR spectroscopy was performed 

using a Bruker Vertex 70 spectrometer equipped with an attenuated total reflection accessory 

over the frequency range 4000-700 cm−1. Dynamic light scattering (DLS) and zeta potential 

distribution measurements were performed using a Malvern Zetasizer Nano ZS (Malvern 

Instruments Ltd., UK). Upconversion emission spectra were obtained using a USB 

spectrometer (Ocean Optics USB2000+) and a wavelength-tunable Ti-Sapphire laser 

(Coherent Indigo-S) as excitation source in the 785-815 nm regions. Laser power was 

maintained at 200 mW. The emission from the laser-irradiated sample was collected at 90° 

configuration by a collimating lens, a 750 nm IR cutoff filter, and an optical fiber connected 

to the spectrometer.

Cell culture

N1S1 rat hepatoma cell line and Clone9 epithelial cell line (ATCC, CRL-1603, Manassas, 

VA, USA) were obtained and cultured in their respective Dulbecco's Modified Eagle's 

Medium (DMEM, ATCC, Manassas, VA, USA) and F-12K medium (ATCC, Manassas, VA, 

USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich, MO, USA) and 0.1% 

gentamycin (Sigma-Aldrich, MO, USA). For orthotopic HCC rat models, the viability of the 

N1S1 rat hepatoma cells was tested with Trypan blue staining (confirming > 90% cell 

viability for each tumor implantation procedure).

In vitro cytotoxicity of UCNPs

Cytotoxicity of the Nd-CSUCNPs was evaluated in N1S1 hepatoma cell line and Clone 9 

liver cell line (ATCC, CRL-1601, Manassas, VA, USA) by MTT assay. Cells from the 

exponential phase of the culture were harvested and diluted to a cell density of about 2×104 

per mL. 100 uL of the cell suspension was added to 180 ul of medium in each well of a 96-

well plate, incubated at 37 °C, 5% CO2 and 95% air for 1 day. A 100 uL solution consisting 

of different amounts of Nd-CSUCNPs was then added to the respective wells and incubated 

for specific periods of time. Control studies were conducted by exposing cells to normal 

saline. Exposure time was 24 and 72 h. Treated cells were then rinsed with PBS before 20 

uL of PBS containing 5 mg/ml of MTT was added prior to incubation for another 4 h. This 

was followed by the addition of 150 uL of DMSO and plate agitation for 10 min. The optical 

density (OD) of the contents in each well was then measured at 570 nm using a bioassay 

reader (SpectraMax M5, Molecular Devices, CA, USA). OD measurements were repeated in 

triplicate. Cell viability for each sample was calculated as the ratio between OD 

measurements within control and treatment wells (%viability = (ODtreatment/

ODcontrol)*100). Significant differences were determined using the Student's t-test where 

differences were considered significant for p-values < 0.05.

In vitro cell targeting

To measure CD44 expression level on N1S1 cells, cells were treated with FITC-anti-CD44 

monoclonal antibody for 24 h and analyzed with fluorescence-activated cell sorting (FACS) 
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(Becton Dickinson LSRFortessa flow cytometer). The percentage of FITC-anti-CD44 

monoclonal antibody was determined. Data were collected using CellQuest software (BD 

Biosciences) and analyzed using FCS Express (De Novo Software). To study gross cellular 

interactions of the anti-CD44-Nd-CSUCNPs, FITC labeled anti-CD44-Nd-CSUCNPs were 

prepared and 3×104 N1S1 cells were seeded onto 24 wells and incubated for 24h at 37°C in 

5% CO2 prior to addition of the nanoparticles. The N1S1 cells were exposure to these 

particles for 24 h. Next, the exposure medium was removed and all samples washed 3 times 

with PBS and fixed for 20 min in 4% neutral buffered formalin solution. A fluorescent 

microscope (Cytation3, Biotek, USA) was then used to capture images of the cellular 

localization of the fluorescently labeled anti-CD44-Nd-CSUCNPs.

Characterization of MR Relaxivity Properties of Nd-CSUCNPs

r2 and r1 relaxivities for the Nd-CSUCNPs were determined using a 7 Tesla MRI scanner 

(BioSpec, Bruker, Billerica, MA, USA). Imaging phantoms were prepared by diluting 

samples in 1% agarose at various concentrations of UCNPs. The atomic Yb concentrations 

of the stock solutions were determined using Inductively Coupled Plasma Spectroscopy 

(ICP-MS, Perkin Elmer, Waltham, MA, USA) and MRI signal changes were measured for 

increasing concentrations of the Nd-CSUCNPs. For T2 measurement, a Carr-Purcell-

Meiboom-Gill (CPMG) sequence of 6 echoes was used with TR = 1024ms and TE = 

10.5~63 ms with an echo interval of 10.5 ms. The T2 values were calculated using a least 

squares single exponential fitting model (pixel by pixel) and then averaging over the ROIs. 

For each concentration, we performed a linear fit between R2 relaxation value and particle 

concentration with corresponding slope thus providing r2 relaxivity estimates. T1 was 

measured using a spin-echo sequence with different repetition time (TRs=100~2500ms) and 

an echo time (TE=2.09ms). T1 measurements were performed using a nonlinear fit to 

changes in the mean signal intensity of each sample as a function of TR. The r1 relaxivity 

values were determined through the curve fitting of R1 relaxation time (s−1) versus the 

lanthanide Yb component concentration (mM).

Orthotopic Rat Hepatoma Model

Animal studies were performed with approval from Institutional Animal Care and Use 

Committee (IACUC). N1S1 hepatoma cells were implanted in the left lateral liver lobe 

during mini-laparotomy procedures in 16 male Sprague Dawley rats. Briefly, rats were 

anesthetized with isoflurane (mixture of 5% isoflurane and oxygen at 3 L/min). A mini-

laparotomy was performed and left hepatic lobe exposed. 1×106 N1S1 hepatoma cells were 

injected in the left lateral lobe and surgical site closed in 2-layers. Tumors were allowed to 

grow for 7 days to reach a size typically >5mm in diameter while observing animal daily for 

any signs of distress.

Hepatic Intra-arterial Transcatheter Targeting of anti-CD44-Nd-CSUCNPs

7 days after implantation, animals were scanned with MRI to confirm tumor growth. T2 

weighted images were collected using a gradient-echo sequence (details in next imaging 

section). The following steps were used to invasively catheterize the left hepatic artery 

(LHA) for selective infusion of the anti-CD44-Nd-CSUCNPs in each animal.[26, 27] First, 

rats were anesthetized with an isoflurane induction. After laparotomy, a cotton-tipped 
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applicator was used to expose the common hepatic artery (CHA), proper hepatic artery 

(PHA), and gastroduodenal artery (GDA). A micro bulldog clamp (World Precision 

Instruments, Sarasota, FL) was placed on the CHA to prevent bleeding during 

catheterization. 4-0 Vetacryl absorbable polyglycolic acid suture (Webster Veterinary, 

Devens, MA) was then used to ligate the GDA distally to control retrograde bleeding during 

catheterization. Next, a 24G SurFlash polyurethane catheter (Terumo Medical Co., 

Somerset, NJ) was inserted into the GDA, advanced into the PHA and then distally into the 

LHA. X-ray digital subtraction angiographic (DSA) was used to confirm catheter placement 

in common branch of PHA using iodinated contrast (Omnipaque, Amersham). After 

selective catheterization, 0.1 mL of heparin was infused before infusing the Nd-CSUCNPs 

(2 mg in 200 uL); each infusion was followed by a 0.2 mL saline flush. The catheter was 

then withdrawn, and a 3-0 suture used to permanently ligate the GDA above the insertion 

position. Finally, abdomen was closed using two-layer technique. The animals were then 

moved to the MRI scanner located adjacent to the surgical suite.

In Vivo multimodal UCL and MR imaging of IA targeted anti-CD44-Nd-CSUCNPs in HCC rat 
model

For n=4 animals, after IA targeting of anti-CD44-Nd-CSUCNPs, UCL imaging was 

performed with an 808 nm laser with a power density of 361 mW/cm2 as the excited source, 

digital single-lens reflex camera (Canon, T3) and 52mm UV-IR cut filter (Neewer Global, 

USA). A laser protective goggle (Kentek Corporation, Pittsfield, NH, USA) with minimal 

safety rating of OD6+ (800-818 nm) was worn to prevent eye injuries during UCL imaging. 

Then, T2-weighted images were collected again to confirm the distribution of anti-CD44-

Nd-CSUCNPs. The rats were anesthetized with isoflurane (mixture of 5% isoflurane and 

oxygen at 2 L/min) during imaging. MR scans were performed in the coronal orientation 

using a gradient-echo sequence with following parameters: TR/TE=1,300/7.2 ms, 0.7 mm 

slice thickness, FOV 71 × 85mm, 216 × 256 matrix, respiratory triggering with MRI-

compatible small animal gating system (Model 1025, SA Instruments, Stony Brook, NY). 

UCL images were analyzed with the aid of image processing software (Image J).

Biodistribution and systemic toxicity of anti-CD44-Nd-CSUCNPs

Biodistribution of the anti-CD44-Nd-CSUCNPs was investigated in 6 rats after hepatic intra-

arterial administration. The rats were then euthanized at 4 hours and 10-day time points 

(each group n=3). For an additional control group (n=3), anti-CD44-Nd-CSUCNPs (2 mg in 

200 uL) was injected intravenously for comparison to resulting IA distributions. Major 

organs (heart, liver, spleen, lung, and kidney) were collected and weighed. Then the atomic 

Yb concentrations of all the tissues were determined using Inductively Coupled Plasma 

Spectroscopy (ICP-MS, Perkin Elmer, Waltham, MA, USA). To evaluate in vivo systemic 

toxicity of anti-CD44-UCNPs, anti-CD44-Nd-CSUCNPs (2 mg in 200 uL) were injected 

intravenously. Then, whole blood from the right ventricle was collected at 1 and 3 days, and 

centrifuged at 8000rpm for 5min in a green top tube with heparinized plasma sent for 

biochemistry to assess total bilirubin, albumin, ALP, and ALT.
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Histology

Each rat was euthanized after catheterization and imaging procedures. HCC specimens were 

sliced at 2 mm intervals; these slices were sectioned into 5 um-thick sections for 

hematoxylin and eosin (H&E) staining to identify organ-specific toxicity of Nd-CSUCNPs 

and positions of HCC tissues. All slides were digitized at ×200 optical magnification using a 

TissueFAXS microscope (TissueGnostics GmbH, Vienna, Austria). Post-processing was 

performed using the HistoQuest software package (TissueGnostics GmbH).

In Vivo multimodal image-guided surgical resection of HCC using targeted anti-CD44-Nd-
CSUCNPs

To demonstrate proof-of-concept for multimodal image-guided resection of hepatic 

malignancy with UCNPs, an orthotopic N1-S1 rodent model of HCC was generated in the 

Sprague-Dawley rat (n=3) with confirmation of 0.6~1 cm tumor after 7 days on MRI at 7 

Tesla. Anti-CD44-Nd-CSUCNPs (2 mg in 200 uL) were injected via intra-arterial 

administration. After 1 hr, the rat was scanned with MRI to confirm tumor targeting with IA-

injected Nd-CSUCNPs and NIR luminescent imaging (808nm laser) of the targeted Nd-

CSUCNPs was performed to guide hepatic resection. The luminescent regions were resected 

with a high temperature cautery unit (2000 °F loop tip, Change-A-Tip, AARon medical 

industry, USA) attached on NIR laser probe. After resection, the remnant left lateral lobe 

and tumor naïve right median lobe (as a control) were imaged with NIR laser to confirm the 

resection of tumors and the resected tissues were fixed in 10% formalin for histopathological 

analysis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of multimodal MR/Upconversion luminescent imaging of HCC tumor using 

transcatheter hepatic intra-arterial (IA) targeted anti-CD44-Nd-CSUCNPs. Multi-modal 

imaging reporters, Nd-CSUCNPs conjugated with an anti-CD44 monoclonal antibody, were 

delivered intra-arterially for the sensitive and rapid detection of HCC in orthotopic HCC rat 

models. IA delivery of multi-modality Nd-CSUCNPs conjugated with specific tumor 

targeting molecules facilitates rapid and selective targeting of Nd-CSUCNPs to HCC, 

providing strong image-contrast between the tumors and normal hepatic tissue. Next, the 

feasibility of multimodal diagnostic MR and intraoperative UCL image-guided surgery for 

HCC resection was demonstrated.
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Figure 2. 
(a) Near-IR absorption spectra and TEM images of NaYF4:30%Yb/1%Nd/0.5%Er (core) 

and NaYF4:30%Yb/1%Nd/0.5%Er@NaYF4:30%Nd (core/shell) nanoparticles showing 

monodispersed size distribution and strong NIR (around 800 nm) absorption of Nd-

CSUCNPs. (b) Photographs and upconversion emission spectra for bare Nd-CSUCNPs in 

cyclohexane and PAAm-stabilized Nd-CSUCNPs in water. The spectra were recorded under 

excitation by a 796.4 nm laser at power of 20 mW. (d) Emission photographs of 

NaYF4:30%Yb/1%Nd/0.5%Er@NaYF4:30%Nd (Nd-CSUNCPs) colloidal solution as a 

function of excitation wavelength when the excitation laser wavelength changed from 785 

nm to 815 nm using uniform step size of ~1.3 nm. The brightest emissions were found for 

laser excitation wavelengths at roughly 794 nm to 805 nm. (c, e) T2 map images and R2 

value plots of agarose phantoms containing different concentration of core (NaYF4:30%Yb/

1%Nd/0.5%Er) and core-shell (NaYF4:30%Yb/1%Nd/ 0.5%Er@NaYF4: 30%Nd) structure 

UCNPs. UCNPs measured from images of phantoms containing 0-1.5 mM of Ln3+ 

components in UCNPs; the strong linear correlation was observed between R2 and UCNP 

concentration.
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Figure 3. 
(a) T2-weighted MR images acquired before and after catheter-directed hepatic IA anti-

CD44-Nd-CSUCNP infusion and T2 maps (insets) of HCC tumor regions; (right) 

intraoperative upconversion luminescent imaging of anti-CD44-Nd-CSUCNP imaging 

reporters was also performed after IA transcatheter infusion. (b) Biodistribution of Nd-

CSUCNPs following IA catheter-directed infusion (4 h, 3 days and 10 days follow-up 

intervals) and histological analysis of primary organs indicating no histologic changes in 

these rats 30 days after IA infusion of the anti-CD44-Nd-CSUCNP imaging reporters (scale 

bars=100 um). Retention of Nd-CSUCNPs in HCC tumor by IA infusion was still observed 

at 10 days post infusion.
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Figure 4. 
Multimodal image-guided surgical resection of HCC using IA targeted anti-CD44-Nd-

CSUCNP imaging reporters, (a) MR T2 weighted images of rats after IA delivery 

confirming HCC detection of anti-CD44-Nd-CSUCNP imaging reporters, (b) digital 

imaging of HCC lesion, (c) detection of HCC with UCL imaging of IA targeted anti-CD44-

Nd-CSUCNPs and NIR light (808 nm), (d) an image of liver after image-guided hepatic 

electro-cauterization resection, (inset) UCL imaging of resected HCC tissue with NIR light 

(808 nm), (e) representative H&E histologic images of resected tissues (center and 

peripheral tissues) with multimodal image guidance using anti-CD44-Nd-CSUCNP imaging 

reporters and remnant liver tissues.
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