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Abstract.  This article reports the development of biodegradable photoluminescent polymer (BPLP)-based 

nanoparticles (NPs) incorporating either magnetic nanoparticles (BPLP-MNPs) or gadopentate dimeglumine  

(BPLP-Gd NPs), for cancer diagnosis and treatment. The aim of the study is to compare these nanoparticles 

in terms of their surface properties, fluorescence intensities, MR imaging capabilities, and in vitro 

characteristics to choose the most promising dual-imaging nanoprobe. Results indicate that BPLP-MNPs 

and BPLP-Gd NPs had a size of 195±43 nm and 161±55 nm, respectively and showed good stability in DI 

water and 10% serum for 5 days. BPLP-Gd NPs showed similar fluorescence as the original BPLP materials 

under UV light, whereas BPLP-MNPs showed comparatively less fluorescence. VSM and MRI confirmed 

that the NPs retained their magnetic properties following encapsulation within BPLP. Further, in vitro studies 

using HPV-7 immortalized prostate epithelial cells and human dermal fibroblasts (HDFs) showed > 70% 

cell viability up to 100 µg/ml NP concentration. Dose-dependent uptake of both types of NPs by PC3 and 

LNCaP prostate cancer cells was also observed. Thus, our results indicate that BPLP-Gd NPs would be more 

appropriate for use as a dual-imaging probe as the contrast agent does not mask the fluorescence of the 

polymer. Future studies would involve in vivo imaging following administration of BPLP-Gd NPs for 

biomedical applications including cancer detection. 
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1. Introduction 
 

Cancer imaging is an important aspect of cancer diagnosis as it can be used for relatively 

accurate and early detection of the tumor masses in the body, preferably before the start of 

metastasis (Frangioni 2008). Various imaging modalities have been employed in monitoring the 

effects of different therapeutic agents on tumor growth (Balu-Maestro et al. 2002). Commonly 
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used modalities in cancer imaging include positron emission tomography (PET), computed 

tomography (CT), magnetic resonance imaging (MRI), and single-photon emission computed 

tomography (SPECT) (Frangioni 2008). However, the use of a single imaging modality sometimes 

provides insufficient information on the region of interest. For example, although MRI provides 

three-dimensional information of the region with high spatial resolution, it is limited by its reduced 

sensitivity to contrast agents. This can affect the information it provides on cellular and molecular 

processes (Menon et al. 2012, Nam et al. 2010). On the other hand, PET is extremely sensitive to 

tracers but has poor resolution (Jennings and Long, 2009). Optical imaging is another modality 

that is more sensitive than MRI and can provide more accurate information on cellular events; 

however, it is limited by low spatial resolution and limited tissue penetration depth, which can be 

only a few millimeters. MRI, on the other hand, has the advantage of deep tissue penetrability 

(Jennings and Long 2009, Ke et al. 2010). Recent developments in the imaging field have 

demonstrated that the combined use of multiple imaging modalities that complement each other 

would help in providing a more accurate representation of the disease; thus, aiding in accurate 

diagnosis and subsequent effective therapy (Townsend 2008). This accurate representation of the 

disease is because one modality can overcome the limitations of the other; thus, providing a better 

and more complete picture of the disease following imaging. 

In recent times, nanomedicine and imaging have been combined to develop nanoprobes that 

can be used for multimodal imaging and therapy following delivery. These probes can be used to 

target the diseased cells so that valuable information about the malignancy can be obtained. These 

biocompatible nanoprobes can also be used for early-stage diagnosis of cancer and real-time 

monitoring of tumor growth/shrinkage following release of the therapeutic agents encapsulated 

within the probes. For example, Nam et al. (Nam et al. 2010) developed glycol chitosan 

nanoparticles containing near-infrared fluorescent (NIRF) dye Cy5.5 for optical imaging and Gd 

(III) for MR imaging. In vivo studies on pectoral subcutaneous murine squamous carcinoma 

(SCC7) bearing mice showed good accumulation of the particles at the tumor site, which was 

detected with high accuracy using NIRF imaging and MRI. Similarly, Ke et al. (Ke et al. 2010) 

developed poly (acrylic acid)-iron oxide complexes surface modified with Rhodamine 123 dye for 

simultaneous MRI and fluorescence imaging. Further, folic acid was conjugated onto the surfaces 

of these dual-imaging nanoparticles for tumor targeting of KB cells. These nanoprobes showed 

good internalization within folate receptor-expressing cancer cells and retained their magnetic and 

fluorescence properties for dual modality imaging. However incorporation of multiple imaging 

agents could result in larger nanoparticle sizes causing faster clearance from the body, in addition 

to photobleaching and toxicity issues from the imaging agents used. 

Herein, we have developed a dual-imaging enabled nanoparticle system using biodegradable 

photoluminiscent polymers (BPLP) and either iron oxide (BPLP-MNPs) or Magnevist/ 

gadopentate dimeglumine (BPLP-Gd) as MRI contrast agents. BPLP-based nanoparticles have 

already been developed and thoroughly evaluated by our group as biodegradable and 

biocompatible nanocarriers that can be visualized using optical imaging due to their innate 

fluorescence (Wadajkar et al. 2012, Yang et al. 2009). BPLPs are fully degradable polymers with 

intrinsic fluorescence; thus, they can overcome the limitations of conventional fluorescent agents 

such as quantum dots and fluorescent dyes. Quantum dots tend to be insoluble in water, cause 

toxicity, and have relatively weak polarization of the emitted photons (Drbohlavova et al. 2009). 

Fluorescent dyes, on the other hand, have the disadvantage of having low chemical and photo-

stability and could undergo photobleaching (Wadajkar et al. 2012, Waggoner 2006). In contrast, 

BPLP is biodegradable, has inherent fluorescence, and can be dispersed in water; thus, overcoming 
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most of the limitations listed above (Wadajkar et al. 2012). Iron oxide nanoparticles have also been 

extensively evaluated for drug delivery as they exhibit a superparamagnetic property which is 

useful for MRI, magnetic targeting, and magnetic separation. Further, these particles can be used 

to generate hyperthermia in the presence of an alternating external magnetic field (Laurent et al. 

2011, Wadajkar et al. 2012). Magnevist or gadopentate dimeglumine is an FDA-approved 

commercially available gadolinium (Gd)-based compound that can be incorporated in 

nanoparticles as a contrast agent for MRI. Gadolinium-based contrast agents are considered to be 

relatively safe, as they do not cause nephrotoxicity like some iodinated x-ray agents. Gadopentate 

dimeglumine can also undergo hepatobiliary and renal clearance, and hence be cleared easily from 

the body (Runge 2000). While gadolinium is used as a ‘postive’ contrast agent, SPIO is usually 

used as a ‘negative’ contrast agent (Faucher et al. 2011). The objective of this project was to 

develop biodegradable, dual imaging enabled NPs encapsulating only one imaging agent, which 

can be used for sustained, controlled drug delivery later if needed. Traditionally, multi-imaging 

nanoprobes require the incorporation of multiple imaging components. However, this use of 

multiple imaging agents as seen in literature may result in the formation of particles with large 

sizes, which may be rapidly cleared from circulation. Our nanoparticle system can circumvent this 

disadvantage as the intrinsic fluorescence of the polymer used can aid in imaging. This research 

also focuses on comparing particles containing either iron oxide or gadolinium to choose the most 

optimal formulation for dual-imaging applications.  
 

 
2. Materials and methods 
 

2.1 Materials used 
 

Materials used include iron oxide nanoparticles (MNPs) (Meliorum Technologies, Rochester, 

NY) and Gadopentate Dimeglumine (Magnevist, Jefferson Medical & Imaging, Inc., Oak Ridge, 

NJ).  Adult Human Dermal Fibroblasts (HDFs) were obtained from Invitrogen (Grand Island, NY), 

while LNCaP and PC3 prostate cancer cell lines were purchased from American Type Culture 

Collection (ATCC, Manassas, VA). Dulbecco’s Modified Eagle’s Medium (DMEM), RPMI-1640 

medium, penicillin-streptomycin, and trypsin-Ethylenediaminetetraacetic acid (Trypsin-EDTA) 

were also purchased from Invitrogen Corporation (Grand Island, NY). PrEBM media 

supplemented with prostate epithelial growth medium (PrEGM) SingleQuot kit was obtained from 

Clonetics, Lonza (Allendale, NJ). Fetal bovine serum (FBS) was obtained from Atlanta Biological 

(Lawerenceville, GA). All other materials, if not specified, were purchased from Sigma Aldrich (St. 

Louis, MO) and used without further purification. 

 

2.2 Polymer synthesis 
 

BPLP-cysteine was synthesized based on the protocol previously described by our group (Yang 

et al. 2009). Briefly, citric acid, 1,8-octanediol and L-cysteine were combined and stirred at 160oC 

for 20 minutes. Then the temperature was decreased to 140˚C and the contents stirred for 75 

minutes. The resulting polymer was dissolved by using 1,4-dioxane, precipitated in DI water, and 

followed by lyophilization to obtain purified BPLP. 

 

2.3 Synthesis of BPLP-MNPs and BPLP-Gd NPs 
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BPLP-MNPs were prepared by a standard double emulsion method. To form the first water 

phase, 10 mg of MNPs was added to deionized (DI) water and dispersed by sonication. 8% w/v 

BPLP solution in 1,4-dioxane (oil phase) was prepared and the MNP suspension was added to it 

dropwise. This water-in-oil solution was then sonicated for 5 minutes at 20 W. Following this, it 

was added dropwise to the second water phase consisting of 400 mg of sodium dodecyl sulfate 

(SDS) in DI water.  The formed emulsion was sonicated further at 50 W  for 10 minutes, after 

which it was stirred overnight to allow solvent evaporation. The particles were collected using an 

external magnet and lyophilization. 

BPLP-Gd NPs were also prepared using a similar procedure as the one described above. The 

only deviation was the use of Magnevist solution (10 mg of gadopentate dimeglumine in DI water) 

as the first water phase instead of the MNP solution used in the BPLP-MNPs protocol. 

 

2.4 Nanoparticle characterization 
 

The hydrodynamic diameter, polydispersity index (PDI), and surface charge for both particles 

were studied using Dynamic Light Scattering (DLS) instrument (Brookhaven Instruments, 

Holtsville, NY). Electron Microscopy (TEM, FEI Tecnai G2 Spirit BioTWIN, Hillsboro, OR) was 

used to visualize particle morphology.  In addition to physical properties, the chemical 

characterization of BPLP-MNPs and BPLP-Gd NPs was carried out using Fourier Transform 

Infra-Red (FTIR) spectroscopy (Nicolet-6700, Thermo Fisher Scientific, Waltham, MA). The 

stability of these particles in media containing 10% serum and DI water at 37oC was also 

examined. For this study, the particles were dispersed in the designated solution and incubated at 

37oC.  Particle size was measured using DLS every 24 hours for 5 days. Further, the fluorescence 

emitted by the particles was quantified using a plate reader (Infinite M200, Tecan, Durham, NC). 1 

mg/ml suspensions of BPLP-Gd NPs, BPLP-MNPs, and BPLP were prepared in DI water and 

added to a 96 black well-plate. Fluorescence intensities were taken at λex 370 nm and λem 440 nm.  

Finally, the magnetic properties of both particles were characterized using a vibrating sample 

magnetometry (VSM). Briefly, the lyophilized sample was dispersed in epoxy gel and applied to a 

holder which was then inserted into the VSM (EV7, KLA-Tencor, Milpitas, CA). The particles 

were also dispersed in 0.5% w/v agarose phantoms at pre-determined concentrations (0.25, 0.5, 1, 

and 2 mg/ml) and visualized using MRI. Agarose only and BPLP only were used as controls. 

Imaging was done on a 7T Agilent (Varian) MRI Scanner which had a built in fsems sequence. 

The parameters used include TR=2500 ms; TE=10 ms (for BPLP-MNPs) or 60 ms (for BPLP-Gd 

NPs); matrix=256×256; field of view of 40mm×40mm; slice thickness=1 mm.  

 

2.5 In vitro studies 
 

2.5.1 Cell viability studies 
Studies were conducted to evaluate the viability of immortalized prostate epithelial cells (PZ-

HPV-7) and human dermal fibroblasts (HDFs) on exposure to BPLP-MNPs and BPLP-Gd NPs. 

First, the cells were plated at a density of 5000 cells/well in a 96 well plate and incubated at 37oC 

and 5% CO2 for a day to allow cell attachment. Then the media in each well was replaced with NP 

suspensions at pre-determined concentrations [0 (control), 10, 20, 40, 80, 100, 250, and 500 µg/ml] 

followed by incubation for 24 hours. The cell viability was then determined using colorimetric 

MTS assays (Cell Titer 96®  Aqueous One Solution Cell Proliferation Assay, Promega, Madison, 

WI) via manufacturer’s instructions and plotted as a percentage of viable cells per the control 
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group.  

 

2.5.2 Cellular uptake 
PC3 and LNCaP prostate cancer cells were seeded at 5000 cells/well seeding density in a 96 

well plate and incubated at 37oC and 5% CO2 to facilitate cell attachment. The following day, NP 

suspensions at varying concentrations (0, 50, 100, 250, and 500 μg/ml) were added to each well, 

and the cells were incubated at 37oC for 2 hours. The cells were then washed thrice with PBS, and 

1% Triton X-100 was added to all the wells for cell lysis. This cell lysate was used to quantify the 

total amount of particles taken up by the cells and normalized against the amount of cell protein 

per well. In the case of cells incubated with BPLP-Gd NPs, the particles were quantified using 

fluorescence emitted and correlated with a NP standard curve. In the case of BPLP-MNPs, it was 

observed that iron oxide blocks the fluorescence emitted by the contents in each well. Therefore, 

these NPs were quantified using a standard iron assay correlated with a NP standard curve. In the 

case of BPLP-MNPs as well as BPLP Gd NPs, cell protein was quantified using BCA protein 

assays (Pierce, Fisher Scientific, Hampton, NH). 

 

2.6 Statistical analysis 

 
Experiments were conducted in quadruplicates. Statistical evaluation of data obtained was done 

by two-way analysis of variance (ANOVA) using StatView (V 5.0.1, SAS Institute Inc., Cary,NC). 

Data was considered to be statistically significant when p<0.05 and using post hoc comparisons  

 

 
3. Results and discussion 
 

This work discusses the development and physical-chemical characterization of NPs with dual 

imaging capabilities, using BPLP encapsulated with either SPIO or Gd (Magnevist). We have 

previously demonstrated the applicability of BPLP towards the synthesis of fluorescent NPs 

(Wadajkar et al. 2012). These NPs can overcome limitations of commonly used fluorescent probes 

like quantum dots and dyes, such as photobleaching and toxicity (Wadajkar et al. 2012, Waggoner 

2006). In order to determine the biodistribution of NPs within the body, it is advisable to 

incorporate components that can be imaged using different modalities within the same particle. 

Therefore the BPLP NPs developed in this work were made to incorporate either iron oxide or Gd, 

so that the resultant NPs can be visualized by both optical imaging and MRI. 

 

3.1 Physical, chemical and magnetic properties 
 

Particle size measurements using the DLS detector indicated that BPLP-Gd NPs and BPLP-

MNPs had hydrodynamic diameters  of 161±55 nm and 195±43 nm, respectively. Thus, these particles 

would be appropriate for systemic delivery since previous studies have shown that particles >500 

nm tend to be taken up rapidly by the reticuloendothelial system and subsequently eliminated from 

the body (Cho et al. 2012, Liao et al. 2012). A surface charge of -23.3 mV and -30.7 mV for 

BPLP-MNP’s and BPLP-Gd NPs, respectively indicates that the particles are stable. High zeta 

potential values of nanoparticles have indicated that the electrostatic repulsion between the 

particles dominates the van der Waals forces of attraction; thus, stabilizing the particles in solution 

(Freitas and Muller 1998, Liu and Luijten 2004). 
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Fig. 1 Physical characterization of BPLP-MNPs and BPLP-Gd NPs. TEM images indicating the 

morphology of (A) BPLP-MNPs and (B) BPLP-Gd NPs. (C) Analysis of DLS data indicate that the 

average hydrodynamic diameters of both particles were <200 nm. The negative zeta potential is 

indicative of the good stability of the particles. 

 

 
Fig. 2 FTIR and stability studies of BPLP-MNPs and BPLP-Gd NPs. (A) FTIR spectra of BPLP NPs, 

BPLP-Gd NPs, and BPLP-MNPs confirming the successful incorporation of all components in the 

respective nanoparticle systems. (B) Stability studies in DI water and serum at 37oC demonstrate that 

both particles were relatively stable in both solutions at physiological temperature with no significant 

particle aggregation, which is corresponding to an increase in the particle size, up to 5 days. 

 

 

Further, TEM images indicate that the particles are relatively spherical with the BPLP-MNPs 

having a dark core due to the presence of iron oxide (Fig. 1). The chemical composition of BPLP 

alone, BPLP-Gd NPs, and BPLP-MNPs was confirmed using FTIR as shown in Fig. 2A. The–CH2 

group present in the polymer backbone gave a peak at around 2980 cm-1 for all three tested 

samples. Further, the peaks at 1550 cm-1 and 1721 cm-1  represent the (-C=O) group for citric acid 

and –C(=O)NH group for cysteine, respectively. The presence of iron oxide in BPLP-MNPs is 

confirmed by the peak at 520 cm-1, whereas the presence of Gd-O is confirmed by the peaks from 

500 to 1000 cm-1. 

Results from the stability study indicate that both types of particles maintained their  
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Fig. 3 Fluorescence spectra of BPLP-MNPs and BPLP-Gd NPs. Fluorescence scans of BPLP NPs, 

BPLP-MNPs, and BPLP-Gd NPs demonstrating that both BPLP NPs and BPLP-Gd NPs had similar 

excitation and emission peaks, while BPLP-MNPs showed much weaker fluorescence at the same 

wavelengths 

 

 

hydrodynamic diameters consistently over a period of 5 days, indicating that they are stable and do 

not aggregate in solutions such as serum and DI water at a physiological temperature (Fig. 2B). 

These results concur with the high zeta potential values observed by us for these particles, which 

was also an indicator of good stability. MNP-containing BPLP NPs previously developed by our 

lab  also showed a similar stability profile up to 9 days in the culture medium (Wadajkar et al. 

2012).  

 
3.2 Optical imaging properties 

 
Fluorescence excitation and emission spectra of both particles was taken to confirm their 

fluorescence imaging capabilities (Fig. 3). It was observed that the excitation and emission spectra 

(λex = 365 nm , λem = 445 nm) of BPLP-Gd NPs showed a similar pattern as BPLP NPs with 

minimal loss in fluorescence intensity. On the other hand, BPLP-MNPs showed a significant 

decrease in fluorescence intensity compared to BPLP NPs. Gd did not significantly reduce the 

fluorescence emission from the BPLP.  MNPs and Gd alone did not give any fluorescence (data 

not shown).  

Our results are in concurrence with previous studies by Jarzyna et al. (Jarzyna et al. 2009), 

where incorporation of a lipophilic NIR dye and iron oxide in soybean oil core nanoemulsion 

resulted in highly reduced emission intensity from the dye. Incorporation of iron oxide and 

quantum dots within oil droplets have also reportedly resulted in reduced fluorescence intensity of 

the quantum dots due to the presence of the iron oxide (Mandal et al. 2005, Wadajkar et al. 2012). 

This occurs due to the absorption of light by the iron oxide nanoparticles, thereby reducing the  
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Fig. 4 Magnetic properties of NPs. Hysteresis loops of (A) BPLP-MNPs obtained using VSM shows 

that the particles had similar hysteresis pattern as bare SPIO. (B) BPLP-Gd NPs also showed a 

hysteresis loop while bare Gd showed a proportional relationship between the applied magnetic field 

and magnetization. MRI images of agarose phantoms containing (C) BPLP-MNPs and (D) BPLP-Gd 

NPs [ (i) Agarose only, (ii) BPLP NPs only, (iii) 0.25 mg/ml NPs, (iv) 0.5 mg/ml NPs, (v) 1 mg/ml 

NPs, (vi) 2 mg/ml NPs] indicating increasing negative contrast with increasing BPLP-MNPs 

concentrations and greater contrast with increasing BPLP-Gd NPs concentrations 

 

 

fluorescence emission from the fluorescent components. Confining the MNPs to the core of the 

NPs by coating them with substances such as oleic acid may help in improving the fluorescence of 

the final NP system (Mandal et al. 2005).  

 

3.3 MR Imaging properties 
 

After studying the fluorescence properties, the particles were further analyzed in terms of their 

magnetic properties and MR imaging capabilities. Results obtained using VSM demonstrated that 

BPLP-MNPs have a similar hysteresis loop as bare MNPs, indicating that the MNPs did not lose 

their magnetic characteristics following encapsulation within BPLP (Fig. 4A). However, the 

saturation magnetization of BPLP-MNPs was 58 emu/g compared to bare MNPs which had a 

saturation magnetization of 66 emu/g. This could have occurred because the diamagnetic polymer 

coating caused a decrease in the magnetic dipolar interaction (Sahoo et al. 2013). A remnence of 

6.2 MrMs
-1 and coercivity of 58.27 Oe was observed for BPLP-MNPs as opposed to the 7.4 MrMs

-1 

remanence and 62.5 Oe coercivity observed in bare MNPs. In the case of bare Gd, a relatively 

straight line was observed using VSM (Fig. 4B) indicating that it is paramagnetic in nature, similar 

to what has been observed in previous studies (Bridot et al. 2007, Das et al. 2010, Gossuin et al. 

2008). This means that there will be no saturation of magnetic moment for Gd with an increase in 

the applied magnetic field. However, in the case of BPLP-Gd NPs, a slight hysteresis was  

136



 

 

 

 

 

 

Dual imaging nanoprobes for cancer management 

 
Fig. 5 In vitro cytocompatibility of BPLP-MNPs and BPLP-Gd NPs. Cell viability on treatment with 

varying concentrations of BPLP-MNPs and BPLP-Gd NPs for 24 hours. They were quantified using 

MTS assays. (A) HDFs and (B) HPV-7 cells showed good cytocompatibility up to 100 μg/ml on 

treatment with both particles (no significance with the control group). About >70% of the cells was 

viable at 250 μg/ml NP concentration compared to that of the 0 μg/ml group (Control) (*p<0.05 w.r.t 

cell viability at 0 μg/ml, n=4) 

 

 
Fig. 6 Cellular uptake of BPLP-MNPs and BPLP-Gd NPs by prostate cancer cells. In vitro cellular 

uptake studies on treatment with varying concentrations of BPLP-MNPs and BPLP-Gd NPs for 2 

hours, quantified using fluorescence measurements (BPLP-Gd NP quantification), iron assays (BPLP-

MNPs quantification), and BCA assay (cell protein quantification) (A) PC3 and (B) LNCaP prostate 

cancer cells. The results indicate that the particles were taken up by both cell lines in a dose-dependent 

manner. Significantly higher uptake of BPLP-MNPs was seen by PC3 cells while significantly higher 

BPLP-Gd NPs uptake occurred in LNCaP cells (*p<0.05, n=4). 

 

 

observed following coating with polymer indicating that the nanoparticles exhibited slightly 

superparamagnetic characteristics. This is similar to the superparagmagnetic behavior observed by 

Azizian et al. (Azizian et al. 2012) when coating Gd oxide with diethylene glycol. MRI studies of 

agarose phantoms consisting of these nanoparticles were further performed to investigate if they 

could be used for visualization via MRI. A significantly dark negative contrast was observed in the 

BPLP-MNPs samples with increasing NP concentration (Fig. 4C). This negative contrast could be 

observed even at a low NP concentration of 0.25 mg/ml. The signal intensity was found to drop by 

83%, 90%, 95%, and 97% for 0.25mg/ml, 0.5 mg/ml, 1 mg/ml, and 2 mg/ml concentrations, 

respectively (compared to the signal intensity of the control [agarose only]). In the case of agarose 

phantoms containing Gd, an enhancement in the MR signals was observed with increasing 

concentration of BPLP-Gd NPs (Fig. 4D). The increase in signals was found to be 113%, 116%, 

134%, and 179%, respectively for 0.25mg/ml, 0.5 mg/ml, 1 mg/ml, and 2 mg/ml BPLP-Gd NPs 
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concentrations (compared to the signal intensity of the control [agarose only]). The decrease in 

signal intensity observed with increasing BPLP-MNPs concentration and the enhanced MR signals 

with increasing BPLP-Gd NPs concentration are in agreement with previous studies done by our 

group as well as others on NPs encapsulating these contrast agents (Cho et al. 2012, Liao et al. 

2012, Wadajkar et al. 2012, Wadajkar et al. 2013). 

 

3.4 In vitro cytocompatiility studies 
 

Our cytotoxicity results demonstrate that both BPLP-Gd NPs and BPLP-MNPs were 

cytocompatible with HPV-7 cells and HDFs. More than 70% of the cells compared to the control 

group (cells in media only, 0 μg/ml) were viable at 250 μg/ml concentration for both particles 

(Figs. 5A, B). For both cell lines BPLP-MNPs showed a slightly higher cytocompatibility than 

BPLP-Gd NPs although this difference in cytocompatibility was not significant. BPLP-based films 

prepared by our group have previously shown good cytocompatibility with 3T3 mouse fibroblasts 

in vitro (Yang et al. 2009). The BPLP-based scaffolds also did not trigger major inflammatory 

responses in vivo for up to 5 months (Yang et al. 2009). Our BPLP-MNP cytocompatibility was in 

the same range as that observed for BPLP-MNPs synthesized previously by us, which also showed 

good cytocompatibility with HDFs up to 500 μg/ml concentration (Wadajkar et al. 2012). These 

results show that the BPLP-MNPs and BPLP-Gd NPs are cytocompatible and can be administered 

up to a dose of 250 μg/ml for imaging and drug delivery applications.  

 

3.5 In vitro cellular uptake studies 
 

A cellular uptake study was conducted to determine the optimal concentration of BPLP-Gd NPs 

and BPLP-MNPs at which saturation of uptake occurs in PC3 and LNCaP prostate cancer cells. A 

dose-dependent increase in uptake of the particles was observed in the case of both cancer cells 

(Figs. 6A, B). BPLP-MNPs were taken up at a significantly larger amount by PC3 cells than 

LNCaP cells, while BPLP-Gd NPs were taken up in greater amounts by LNCaP cells. It has been 

reported previously that treatment of PC3 cells with Gd-based products caused disruption of zinc 

metabolism resulting in increased intracellular free zinc levels (Magda et al. 2005). Zinc is known 

to play a key role in regulating biological pathways related to carcinogenesis and elevated zinc 

levels can have cytotoxic effects on the cells. This disruption in cell metabolism could possibly 

have affected the uptake of Gd by PC3 cells. Further, Gd has also been shown to possibly inhibit 

phosphorylation of extracellular-signal-regulated kinase (ERK) and mitogen-activated protein 

kinase (p38 MAPK) signaling pathways resulting in inhibition of PC3 cell migration and colony 

forming ability, leading eventually to apoptotic death (Wang et al. 2011). These results were not 

observed by the same authors in the same work with DU145 prostate cancer cells, although the 

reason for this differential response to Gd remains unclear. LNCaP, on the other hand, is a non-

migratory cell line (Maroto et al. 2012) and may have been affected to a lesser extent by Gd 

uptake than the PC3 cells.  

 

 
5. Conclusions 

 
In summary, two different types of NPs for dual-imaging were synthesized. The BPLP-MNPs 

and BPLP-Gd NPs showed sizes less than 200 nm, which are optimal for avoiding clearance by 
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RES, and showed good magnetic and MR imaging capabilities. While BPLP-Gd NPs showed 

comparable fluorescence as that of BPLP NPs, the MNPs within BPLP-MNPs significantly 

quenched the fluorescence of the polymer. Both NPs showed good cytocompatibility with 

fibroblasts and normal prostate epithelial cells up to 100 μg/ml concentration. While BPLP-MNPs 

were taken up more in PC3 cells, BPLP-Gd NPs were taken up in more quantities by LNCaP cells. 

Our results indicate that BPLP-Gd NPs may be more appropriate in maintaining the dual imaging 

capabilities of its components. However, steps must be taken to improve the magnetic 

susceptibility of Gd for MRI applications. Future studies will involve encapsulation of therapeutic 

agents and studying their release kinetics. In vivo studies will also be conducted to confirm the in 

vivo theranostic capabilities of these multi-functional dual-imaging capable NPs.  
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