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Abstract

Titanium dioxide (TiO2) nanoparticles have shown success as photosensitizers in the form of light-

based cancer therapy called Cerenkov radiation induced therapy (CRIT). While TiO2 nanoparticles 

have been reported to be an effective therapeutic agent, there has been little work to control their 

functionalization and stability in aqueous suspension. In this work, the controlled coating of 25 nm 

diameter TiO2 nanoparticles with the glycoprotein transferrin (Tf) for application in CRIT was 

demonstrated using an electrospray system. Monodisperse nanoscale droplets containing TiO2 and 

Tf were dried during flight, coating the proteins on the surface of the metal oxide nanoparticles. 

Real-time scanning mobility particle sizing, dynamic light scattering, and transmission electron 

microscopy show efficient control of the Tf coating thickness when varying the droplet size and 

the ratio of Tf to TiO2 in the electrospray precursor suspension. Further, the functionality of Tf-

coated TiO2 nanoparticles was demonstrated, and these particles were found to have enhanced 

targeting activity of Tf to the Tf receptor after electrospray processing. The electrospray-coated 

Tf/TiO2 particles were also found to be more effective at killing the multiple myeloma cell line 

MM1.S than that of nanoparticles prepared by other reported functionalization methods. In 

summary, this investigation not only provides a single-step functionalization technique for 
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nanomaterials used in Cerenkov radiation induced therapy but also elucidates an electrospray 

coating technique for nanomaterials that can be used for a wide range of drug design and delivery 

purposes.
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INTRODUCTION

Multiple myeloma (MM) is a hematological cancer caused by malignant plasma cells within 

bone marrow. In the United States, MM is the second most common hematologic cancer, 

accounting for 1% of all cancer deaths. While the occurrence of MM is relatively low 

compared to many other cancers, the 5-year survival rate is below 40%.1 Many patients 

respond well to treatment from several forms of chemotherapy, which often lead to periods 

of remission. However, remission induced by even the most effective current chemotherapies 

is short-lived, and patients ultimately relapse and die from disease progression. Although the 

mechanisms of the cancer’s growth and its resistance to conventional therapies are being 

elucidated, it is clear that new therapeutic approaches are needed to increase treatment 

efficacy and reduce relapse. Recently, nanomaterials including functionalized metal, metal 

oxide, micelles, and liposomes have been explored as novel therapies and as materials to 

enhance current therapies.2-10 Among these new materials, metal oxide photosensitizer 

nanoparticles have shown significant promise in light-based cancer therapy, but there are still 

significant scientific gaps in their functionalization, stability, and optimization for therapy. In 

this work, we present an electrospray method of functionalizing TiO2 nanoparticles for the 

treatment of multiple myeloma and other forms of cancer.
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Electrospray systems, when operated in the Taylor cone-jet regime, have been broadly 

utilized to produce monodisperse ionized droplets in a wide size range. While the technique 

is most commonly used to produce macromolecular ions for mass spectrometry, it has also 

been studied for generating monodisperse droplets for the synthesis and self-assembly of 

nanomaterials.11, 12 Recently, electrospray has been used to generate nanoparticle standards,
13 fabricate solar cells,12, 14 and deliver nanoparticles noninvasively to the brain of locusts.15 

Electrospray has also been extended to the synthesis of polymer and protein nanoparticles 

for biomedical applications.16-20 Many of these studies incorporate drug molecules into the 

electrospray synthesized nanoparticles to create biocompatible drug carriers.21 In this paper, 

the use of an electrospray system to efficiently coat the protein transferrin (Tf) on the surface 

of titanium dioxide (TiO2) nanoparticles in a single step is demonstrated. These 

functionalized nanoparticles are used for a light-based cancer therapy, known as Cerenkov 

radiation induced therapy (CRIT). CRIT takes advantage of cancer cells’ inherent 

susceptibility to reactive oxygen species (ROS) by spatiotemporally controlling the 

generation of cytotoxic ROS by exposing nanophotosensitizers, such as TiO2, to ultraviolet 

(UV) light. Other forms of light-based cancer therapy traditionally have limited application 

beyond superficial or endoscopically accessible tissues due to the shallow penetration of 

light in tissue, especially for shorter wavelengths. To circumvent the limited penetration of 

UV light, positron emission tomography (PET) radiopharmaceuticals are used as a source of 

UV light. As they circulate throughout the body, these compounds emit UV light called 

Cerenkov radiation (CR), which occurs when positrons emitted from the radionuclide travel 

faster than the speed of light within the body. TiO2 nanoparticles absorb this UV light and 

become excited, generating an electron and hole pair on the surface of the nanoparticle. This 

electron and hole react with water and oxygen to generate cytotoxic hydroxyl and 

superoxide radicals in vivo.3,22 To target these nanoparticles to cancer cells, Tf, a blood 

plasma glycoprotein that transports iron throughout the body, is coated on their surface and 

functions as a ligand for Tf receptors, which many cancer cells overexpress.23,24 By coating 

Tf on the surface of TiO2 we can first target cancer cells and then separately expose them to 

radionuclide-induced CR. The result is CRIT confined to the cancer cell microenvironment, 

thus avoiding off-target toxicity.3

TiO2 is extensively used as a photocatalyst due to its efficient absorption of UV light 

resulting in the generation of radicals including hydroxide and superoxide in the presence of 

water and oxygen.25-28 Previous work has shown that anatase TiO2 nanoparticles have the 

highest photocatalytic activity of any stable phase.29 Jiang et al. also observed that, among a 

wide range of tested particles sizes, the highest ROS activity per unit area was observed for 

particles with an average diameter of 30 nm. ROS production from our particles follows a 

similar trend, showing anatase TiO2 nanoparticles with an average diameter of 25 nm 

producing the highest ROS activity per unit area. In this work we focus on 25 nm anatase 

TiO2 nanoparticles, although 5, 10, 15, and 50 nm nanoparticles were also successfully 

coated with Tf using electrospray.

In previous work on CRIT using Tf-coated TiO2, the authors functionalized the 

nanoparticles by mixing Tf and TiO2 in a suspension and sonicating for several minutes. 

While this functionalization method was successful, a significant amount of unbound Tf was 

observed in the suspension; an unspecified amount of final product was lost in filtering; and 
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there was little control of the Tf coating thickness on the surface of the TiO2.3 In this work 

we utilize electrospray to controllably coat Tf on the surface of TiO2 nanoparticles by drying 

monodisperse droplets containing varying concentrations of Tf and controlled 

concentrations of TiO2 nanoparticles. During electrospray processing, once a stable Taylor 

Cone jet forms, monodisperse droplets are emitted from the end of the capillary. These 

droplets move with the CO2 sheath flow and immediately begin to dry. During drying, the Tf 

and TiO2 nanoparticles in the charged droplets move closer and closer together, eventually 

confining Tf to the TiO2 nanoparticle surface when the droplet fully dries, forming charged 

Tf/TiO2 nanoparticles.

The Tf/TiO2 nanoparticles were characterized in real time using a scanning mobility particle 

sizer and offline using transmission electron microscopy and dynamic light scattering. 

During our electrospray processing, the droplets were exposed to a large electric field and 

low pH. To test the effect of electrospray processing on the targeting of our Tf/TiO2 

nanoparticles, we used microscale thermophoresis to measure the binding affinity of 

fluorescently tagged Tf to the Tf receptor. To further validate the efficiency of our 

nanoparticles and coating process, an in vitro CRIT study was performed on an MM1.S 

cancer cell line. These cells are from a human multiple myeloma (MM) cell line and 

represent an in vitro model for multiple myeloma.30

RESULTS AND DISCUSSION

Titanium dioxide (TiO2) nanoparticles were synthesized by hydrolysis of TTIP under a 

controlled temperature, pH, and ratio of TTIP to water and ethanol. The TEM micrograph in 

Figure 1 shows the successful synthesis of TiO2 nanoparticles with an average diameter of 

25 nm (±3.2 nm). XRD analysis of these nanoparticles, shown in Figure 2, indicates they are 

anatase TiO2. DLS measurements, found in Table 1, further describe their size in water at 

pH 4 and show the hydrodynamic number mean diameter of these bare TiO2 nanoparticles 

as 25.4 nm with a polydispersity index of 0.38.

When preparing precursor suspensions, it is critical to ensure the TiO2 nanoparticles and Tf 

are as stable as possible so that aggregation does not occur in the capillary. For efficient and 

tightly controlled electrospray coating of Tf on TiO2, it is ideal to only have one TiO2 

nanoparticle and many Tf molecules per droplet. This was achieved by changing the 

conductivity, zeta potential, flow rate, and precursor concentration of the sprayed 

suspension. The isoelectric points of all precursor Tf and TiO2 nanoparticle suspensions 

were found to be very similar, between pH of 6.5 and 7.5 (Figure 3). Due to the relatively 

low stability of these suspensions in ultrapure water, the pH was lowered to approximately 4 

using nitric acid, which increased the zeta potential to 35–40 mV, significantly increasing 

their stability in suspension. Nitric acid had the dual purpose of increasing the conductivity 

of the nanoparticle suspension to 0.3 S/m for electrospray processing. While pH was 

important for stability, the conductivity of the suspension was more critical and was more 

tightly controlled than pH. Using a dilute precursor suspension further helped assure that 

only single TiO2 nanoparticles were in each droplet, but too much dilution also increased the 

number of empty droplets and those containing only Tf. By balancing these factors and 

droplet size, an ideal concentration was determined to be 1 mg/mL of TiO2 nanoparticles.
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Controlled functionalization of TiO2 nanoparticles with Tf was successfully demonstrated 

by adjusting the concentration of Tf in the precursor suspension from 0 to 25 μM with a 

constant 1 mg/mL concentration of TiO2 nanoparticles. The thickness of the Tf coating was 

estimated assuming the Tf’s were noncoalescing spheres with a diameter of 6.6 nm.31-33 The 

SMPS measurements shown in Figure 4 highlight the close match between the geometric 

mean diameter (GMD) of nanoparticles and the expected Tf/TiO2 nanoparticle size for each 

Tf concentration. Further experiments were completed with Tf only at the same 

concentrations. The SMPS data shown in Figure 5 further validate that the measured GMD 

of Tf nanoparticles formed from dried electrospray drops match the expected size. The TEM 

images in Figure 6 show TiO2 nanoparticles with a coating on their surface that closely 

correlates with the expected Tf coating thickness. The DLS data in Table 1 show similar 

number mean diameters as those measured by SMPS and TEM for each concentration of Tf. 

While the PDI for these nanoparticles is relatively high, they are very similar for all samples 

including the bare TiO2 nanoparticles.

Once Tf was successfully coated on the surface of TiO2 nanoparticles the next step was to 

determine the effect of electrospray processing on Tf’s affinity to bind to the Tf receptor. 

This binding was measured by microscale thermophoresis (MST), a technique for the study 

of biomolecular interactions in an aqueous environment, which does not require 

immobilization of either reaction partner.34 MST exploits the directed movement of 

molecules along a microscopic temperature gradient. The rate and direction of movement 

are dependent upon the size, charge, and solvation shell of the species under study. Any 

changes in this environment have the potential to change the thermophoretic movement of 

the species.35 This technique can distinguish very small changes to protein surfaces that 

occur, for example, when a small molecule binds to the surface of a large fluorescently 

labeled protein,36-38 in our case, the fluorescent protein coated nanoparticle. MST analysis 

of electrospray-coated Tf680/TiO2 nanoparticles and the Tf receptor had a binding affinity 

of KD = 2.07 ± 1.06 nM, which is similar to the binding affinity of free Tf680 to the Tf 

receptor (KD = 5.71 ± 3.15 nM) and was close to the reported binding affinity value for Tf to 

the Tf receptor (Figure 7, Table 2).39,40 The slightly improved KD for the electrospray-

processed Tf680/TiO2 nanoparticles compared to free Tf may be attributed to the multivalent 

effect due to multiple Tf680 molecules on a single nanoparticle. The conventionally 

prepared Tf680/TiO2 nanoparticles showed worse binding with a significantly higher KD 

value (21.86 ± 2.58 nM), possibly due to aggregation.

The in vitro cytotoxicity of conventional Tf/TiO2, electrospray functionalized Tf/TiO2, 
18FDG, and our CRIT treatment was assessed on MM1.S-Luc and HT1080 cells using an 

MTS assay. No obvious toxicity was observed from the cells treated with Tf/TiO2 

nanoparticles only, even at a concentration of 100 μg/mL, which indicates good 

cytocompatibility of both conventional and electrospray-functionalized nanoparticles. 

MM1.S cells treated with 18FDG alone did not show obvious cytotoxicity at a dosage of 100 

μCi/mL. Treatment of conventional Tf/TiO2 nanoparticle internalized tumor cells with 
18FDG only decreased cell viability by 23%, while electrospray Tf/TiO2 nanoparticles have 

up to 57% cell killing from CRIT treatment (Figure 8a). These results suggest that 

internalization of both nanoparticles and the radionuclide in cells is a prerequisite for CR-

induced cytotoxicity. From these results, we hypothesize that the electrospray Tf/TiO2 
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nanoparticles’ larger surface area compared to the clustered conventional Tf/TiO2 

nanoparticles provides enhanced ROS generation under the Cerenkov radiation from 

radioisotopes which leads to more effective cancer cell killing. Similar results were obtained 

with the HT1080 cell line (Figure 8b).

Due to the success of electrospray functionalization of these nanomaterials, future work will 

focus on increasing production volume by microfabricating a multiplexed electrospray 

emitter array. This device will increase electrospray production rates by orders of magnitude 

and provide sufficient materials for testing in mouse cancer models and further develop this 

technique so it can be utilized for more applications.

CONCLUSIONS

Electrospray has provided a method for functionalizing metal oxide nanoparticles with 

proteins. The protein Tf was efficiently and controllably coated on the surface of TiO2 

nanoparticles. The coating thickness of Tf was tuned by adjusting the precursor 

concentration of Tf while keeping the TiO2 number concentration constant. SMPS and TEM 

measurements closely matched the expected functionalized nanoparticle size for each Tf 

concentration. DLS hydrodynamic diameter measurement further validated the size data. 

Using MST, the functional properties and targeting activity of electrospray processed Tf 

proteins on the surface of TiO2 nanoparticles were confirmed by measuring their binding 

efficiencies with Tf receptors, compared to a control. Results of in vitro studies showed that 

electrospray-coated Tf/TiO2 nanoparticles improved cell killing for MM1.S multiple 

myeloma cells from 23% to 57% compared to Tf/TiO2 nanoparticles prepared using 

conventional functionalization methods. Our results show that electrospray is an effective 

and highly controllable method of functionalizing nanoparticles with high monodispersity. 

In vivo assessment of this particle will focus on optimization of tumor uptake and Cerenkov 

light production of different radioisotopes to produce maximum CRIT effect.

METHODS

Materials.

Sucrose (BioXtra, ≥99.5%), ammonium acetate (anhydrous, for molecular biology, ≥99%), 

ammonium hydroxide, titanium(IV) isopropoxide (99.999% trace metals basis), nitric acid 

(≥99.999% trace metals basis), and transferrin (human, powder, BioReagent) were 

purchased from Sigma-Aldrich (Saint Louis, MO, USA). Fluorescent transferrin (Tf680, 

Alexa Fluor 680 Conjugate) was purchased from ThermoFisher Scientific (Waltham, MA, 

USA). The electron microscopy stain Nano-W was purchased from Nanoprobes Inc. (Upton, 

NY, USA). Ultrapure water (Milli-Q Advantage System, Millipore, USA) was used in all 

solutions and suspensions and had a resistivity of 18.3 MΩ-cm prior to the addition of 

chemicals and precursors.

TiO2 Nanoparticle Synthesis.

Anatase-phase TiO2 nanoparticles were synthesized by hydrolysis of titanium isopropoxide 

(TTIP) in an acidic ethanol/water solution which is heated in a hydrothermal Parr bomb 

(Parr Instrument Co., Moline, IL).41 For synthesis of 25 nm diameter anatase TiO2, the pH 
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of a 1:8 (v:v) ethanol/water solution was adjusted to 0.7 by adding nitric acid followed by 

dropwise addition of 1 mL of TTIP. After 4 h of stirring, the solution was added to the 

hydrothermal bomb and heated to 240 °C for 4 h without stirring. The particles were then 

cooled and washed with ethanol three times. For each wash, the nanoparticle batch was split 

between two 50 mL centrifuge tubes, and ethanol was added to fill the tubes. The samples 

were vortexed and sonicated before centrifugation at 10 000 rpm for 10 min. Supernatant 

was poured off, and then the particles were resuspended in ethanol. After washing, the 

nanoparticles were dried at 80 °C for preparation of stock TiO2 suspensions.

Electrospray Processing.

A diagram of the electrospray system used in this work is shown in Figure 9. A 125 μm 

inner diameter (ID) capillary tube is supplied with the precursor suspension by a syringe 

pump (Harvard Apparatus, South Natick, MA). The distance from the tip of the capillary 

tube to the grounded collection solution is 10 cm. The collection solution consists of 

ultrapure water in a glass dish with nitric acid added to modify the conductivity to 0.3 S/m. 

A grounded electrode is added to the collection solution. A coaxial tube allows CO2 to flow 

as a sheath around the capillary tube to suppress possible corona discharges.42,43 The flow 

rate of the precursor suspension is controlled by the programmable syringe pump, while the 

flow rate of CO2 is controlled by a mass flow controller (Omega Engineering, Inc., Stanford, 

CT). During electrospray processing the shape of the liquid meniscus jet at the end of the 

capillary is observed using a DALSA camera (CA-D6). A high voltage power supply 

(Bertan High Voltage, Hicksville, NY) was used at voltages between −5.5 and −6.5 keV to 

produce a stable Taylor Cone-jet in most experiments.

Nitric acid was used to modify the conductivity of the precursor suspension to 0.3 S/m but 

also to increase the zeta potential and stability of the precursor suspension. The 

concentration of TiO2 nanoparticles in the precursor suspension was held constant at 1 mg/ 

mL, and varying concentrations (0 to 25uM) of Tf were then added to control the final 

coating thickness after electrospray processing.

Tf/TiO2 Nanoparticle Sizing and Stability.

The charged aerosolized Tf/TiO2 nanoparticles were directly measured after their formation 

by a scanning mobility particle sizer (SMPS) system. Shown in Figure 9, the SMPS consists 

of a radioactive neutralizer, a nanodifferential mobility analyzer (DMA, TSI model 3071), 

and a condensation particle counter (CPC, TSI model 3025A). The nano DMA is used to 

measure particles from 3 to 80 nm. During measurement, the Tf/TiO2 nanoparticles are first 

passed through the radioactive neutralizer which gives the particles a known charge 

distribution. The particles then pass through the DMA, where they are subjected to a radial 

electric field at atmospheric pressure. The Tf/TiO2 nanoparticles move in the electric field, 

and only those with a specific mobility exit the DMA for a given electric field. Nanoparticles 

of each mobility are counted by the CPC as the electric field inside the DMA is varied 

stepwise. The number of Tf/TiO2 nanoparticles measured for each mobility is then converted 

to a size distribution.
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A solution of 0.1% (v/v) sucrose was used as a standard to determine droplet sizes for each 

electrospray operating condition. Sucrose was dissolved in deionized water and titrated with 

nitric acid until the electrical conductivity was measured at 0.3 S/m. Because the size of the 

produced droplets is primarily controlled by the electrical conductivity of the solution and 

the liquid flow rate, these parameters were carefully controlled and monitored. Droplet size 

was then calculated as described by Chen et al. for precursor flow rates between 0.3 and 1.5 

μL/min, using the SMPS. Equation 1 is an empirical formula expressing that the primary 

droplet diameter Dd can be calculated for a known sucrose concentration C and sucrose 

particle diameter Dp.42 These droplet size measurements were used to help determine the 

optimal concentrations of Tf and TiO2 in the precursor suspension.

Dd = 1
C1 ∕ 3 Dp (1)

Transmission electron microscopy (TEM, FEI Tecnai Spirit) was used to characterize the 

shape and size of the Tf/TiO2 nanoparticles. TEM images were analyzed using ImageJ 

software (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, 

USA). Samples were collected on a 300-mesh copper TEM grid placed on a grounded 

surface below the emitter. Nano-W was used to stain the Tf on the TiO2 nanoparticle surface 

and make it electron dense enough to have contrast in TEM images.

X-ray powder diffraction (XRD) was used to confirm the crystal phase of TiO2 and was 

carried out using a Bruker D8 Advance (Bruker AXS, Germany).

Dynamic light scattering (ZetaSizer Nano ZS, Malvern Instruments Inc.) was used to 

measure the hydrodynamic diameter of Tf/TiO2 nanoparticles and zeta potential of precursor 

suspensions. All measurements were made at 25 °C with 173° back-angle scattering. For 

zeta potential measurements, the pH was adjusted with nitric acid and ammonium hydroxide 

to determine the isoelectric point.

Tf/TiO2 Binding Affinity.

Microscale thermophoresis (MST) was used to determine the binding affinities between 

Tf680/TiO2 nanoparticles prepared using the conventional method described in Kotagiri et 

al.,3 Tf680/TiO2 nanoparticles prepared via electrospray (1:3, Tf:TiO2, wt:wt), free Tf680, 

and the Tf receptor. Analyses were performed on a Monolith NT115.pico instrument (Nano 

Temper Technologies GmbH, Munich, Germany) using Nanotemper glass capillaries with an 

MST power of 40% and a red channel LED power of 10%. For MST measurements, Tf680 

was used at a constant concentration of 5 nM. Transferrin receptors were diluted 16 times in 

a 1:1 serial dilution from 0.5 mM to a final concentration of 15.25 nM and incubated at 

room temperature with the test particles for at least 5 min before measurement. Data analysis 

was performed with Monolith Affinity analysis software (Nano Temper Technologies, 

Munich, Germany).
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Cancer Cell Culture.

All cell lines underwent Short Tandem Repeat (STR) profiling and testing for mycoplasma 

contamination. MM1.S-Luc cells were cultured in RPMI1640 medium containing 10% heat-

inactivated fetal bovine serum (FBS) and 2-mercaptoethanol (50 μM final) and 1× of all of 

the following: penicillin/streptomycin (100 μg mL−1 final), sodium pyruvate (1 mM final), 

nonessential amino acids, HEPES (10 mM final), and L-glutamine. HT1080 cells were 

cultured in Dulbecco’s Modified Eagle’s Medium containing 10% FBS, L-glutamine (2 

mM), penicillin (100 units/mL), and streptomycin (100 μg/mL), incubated at 37 °C in a 

humidified atmosphere of 5% CO2 and 95% air.

In Vitro Cell Viability Assays: Understanding the CRIT Efficiency of Tf/TiO2.

The MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium) assay, a calorimetric assay for assessing viability of cell culture, was performed 

using the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay kit (Promega Co., 

Fitchburg, WI, USA). Cells (5 × 105 for MM1.S and 5 × 104 for HT1080) were treated with 

100 μg/mL of Tf-coated nanoparticles in a 24-well plate for 16 h based on the CRIT 

experiments from previous studies.3 After removing the culture media, cells were washed 

twice with PBS to remove any noninternalized nanoparticles before introducing 100 μCi/mL 

of 18FDG for CRIT treatment. The cells were incubated another 48 h before MTS assays 

were performed. Absorbance measurements were taken on a Biotek Synergy HTX 

multimode platereader.
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Figure 1. 
TEM of 25 nm TiO2 nanoparticles after synthesis.
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Figure 2. 
XRD of nanoparticles indicating anatase TiO2.
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Figure 3. 
Isoelectric point measurements of electrospray precursor solutions with varying 

concentrations of Tf to TiO2. Ratio of Tf:TiO2 (wt:wt) ranged from 0:1 to 2:1.
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Figure 4. 
SMPS measured geometric mean mobility diameter for varying Tf to TiO2 ratios.
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Figure 5. 
SMPS measured geometric mean mobility diameter for varying Tf nanoparticle sizes.
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Figure 6. 
Transmission electron microscopy images of TiO2 nanoparticles that have been electrospray 

coated with varying concentrations of Tf. Ratio of Tf:TiO2 is wt:wt: (A) 0:1, (B) 1:3, (C) 

1:1, and (D) 2:1.
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Figure 7. 
Binding affinity of electrospray-coated Tf680/TiO2 nanoparticle (open circle, KD = 2.07 

nm), conventionally prepared Tf680/TiO2 nanoparticle (solid circle, KD = 21.86 nm), and 

free Tf680 (triangle, KD = 5.71 nm) with transferrin receptor analyzed by microscale 

thermophoresis.
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Figure 8. 
Cell viability assay comparing the conventional Tf/TiO2 and electrospray Tf/TiO2 constructs 

with and without exposure to 100 uCi 18FDG on (a) MM1S cells and (b) HT1080 cells.
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Figure 9. 
Electrospray setup with SMPS particle sampling for size measurements. A syringe pump 

supplies the precursor suspension to the electrospray capillary with a grounded capture 

solution below. A high voltage power supply controls the electric field. A scanning mobility 

particle sizer (SMPS) measures the mobility size of the electrospray-coated particles by first 

neutralizing the particles and passing them through a differential mobility analyzer and then 

counting them using a condensation particle counter.
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Table 1.

DLS Number Mean Diameter and Polydispersity Index (PDI) for TiO2 and Tf/TiO2 Nanoparticles Synthesized 

with Varying Concentrations of Tf
a

material number mean diameter (nm)
zeta potential

(mV) PDI

bare TiO2 25.38 45.1 ± 10.8 0.38

Tf:TiO2 1:3 37.74  35 ± 12.4 0.293

Tf:TiO2 1:1 47.39 37.5 ± 9.68 0.331

Tf:TiO2 2:1 58.54  37.4 ± 9.2 0.394

a
All measurements were taken at pH 4.
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Table 2.

MST Binding Data for the Fluorescence Protein Coated TiO2 Nanoparticles with the Transferrin Receptor
a

compound KD (nM) (Mean ± SD) goodness of fit (R2)

Tf680/TiO2

conventional
21.86 ± 2.58 0.7134

Tf680/TiO2

electrospray
2.07 ± 1.06 0.8540

free Tf680 5.71 ± 3.15 0.7440

a
Tf680/TiO2 conventional was prepared as described by Kotagiri et al.3
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