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Abstract

Nanoparticles are excellent imaging agents for cancer, but variability in chemical structure, 

racemic mixtures, and addition of heavy metals hinders FDA approval in the United States. We 

developed a small ultra-red fluorescent protein, named smURFP, to have optical properties similar 

to the small-molecule Cy5, a heptamethine subclass of cyanine dyes (Ex/Em = 642/670 nm). 

smURFP has a fluorescence quantum yield of 18% and expresses so well in E. coli, that gram 

quantities of fluorescent protein are purified from cultures in the laboratory. In this research, the 

fluorescent protein smURFP was combined with bovine serum albumin into fluorescent protein 

nanoparticles. These nanoparticles are fluorescent with a quantum yield of 17% and 12–14 nm in 

diameter. The far-red fluorescent protein nanoparticles noninvasively image tumors in living mice 

via the enhanced permeation and retention (EPR) mechanism. This manuscript describes the use 

of a new fluorescent protein nanoparticle for in vivo fluorescent imaging. This protein nanoparticle 

core should prove useful as a biomacromolecular scaffold, which could bear extended chemical 

modifications for studies, such as the in vivo imaging of fluorescent protein nanoparticles targeted 
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to primary and metastatic cancer, theranostic treatment, and/or dual-modality imaging with 

positron emission tomography for entire human imaging.
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1. Introduction

Fluorescence probes are essential for biological imaging and allow for human cancer cell 

and tumor imaging.[1, 2] Fluorescence is becoming the imaging modality of choice for live 

cell imaging at subcellular resolution and in multiplex imaging, or imaging multiple targets 

simultaneously with different color fluorescence. These technologies are proving useful for 

the preoperative diagnosis of cancer and in intraoperative, fluorescence guided surgery.[3–5] 

Many fluorescent probes exist for tumor imaging in vivo, including small molecule dyes, 

fluorescent proteins, quantum dots, fluorescent polymers, upconversion nanoparticles, and 

labelled biological macromolecules, such as antibodies.[6–9]

Fluorescent proteins (FPs) are widely used in biomedical research applications for 

genetically labeling endogenous proteins or adding biosensors for visualizing proteins, small 

molecules, enzyme activity, and ions inside cells.[10] The original green fluorescent protein 

is excited by ~480 nm and fluoresces at ~510 nm. While useful in vitro, these wavelengths 

of light are limited in vivo, because of limited through-tissue penetration (<0.5 mm) due to 

absorbance, scattering, reflection, and autofluorescence by endogenous molecules. Deep 

tissue photon penetration is needed for true utility in in vivo clinical diagnosis and 

fluorescence guided surgery. New fluorescent proteins, like the small ultra-red fluorescent 

protein (smURFP), exhibit far-red and near-infrared fluorescence (650–900 nm) and is 

preferred for noninvasive fluorescence imaging in vivo due to deeper light penetration 

through biological tissue.[11]

Unfortunately, the transgenic encoding of fluorescent proteins into living human tissue is not 

currently a feasible strategy for identifying endogenous cancer, which would require 

incorporation of the transgene into cancer cells and not normal cells. The use of free 
fluorescent protein is an alternative strategy, but single dispersed proteins, like bovine serum 

albumin (~4 nm), are too small to accumulate at the tumor preferentially by passive targeting 

via the Enhanced Permeation and Retention (EPR) mechanism.[14,15] Nanoparticles are 

excellent scaffolds for passive cancer imaging in vivo, unfortunately, the chemical synthesis 

of dendrimers and polymers often result in an impure mixture of chemical structures, 

different molecular weight species, and racemates. Heavy metal nanoparticles and quantum 

dots contain heavy metals that can induce off-target toxicity to nearby healthy tissue. Protein 

nanoparticles or biological macromolecules are excellent alternatives that are translated by 

the ribosome as a single enantiomer into pure-molecular weight structures, but require 

further modification with an exogenous small molecule dye to fluorescently image. New 

probes are necessary for developing far-red and near-infrared fluorescent probes that lack 

chemical modification for fluorescent imaging, retained in the blood for a significant period 
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of time for passive tumor targeting through enhanced permeation and retention (EPR), and 

are amenable to chemical modification for cancer targeting, treatment, and multi-modality 

imaging.[12]

We developed a small ultra-red fluorescent protein, named smURFP, with spectral 

characteristics similar to the heptamethine cyanine dye, Cy5 (Ex/Em = 642/670 nm), from a 

cyanobacterial phycobiliprotein. smURFP has a fluorescence quantum yield of 18%, 

extinction coefficient of 180,000 M−1 cm−1, and expresses extremely well in E. coli for safe 

isolation at gram quantities of fluorescent protein.[13] Expression quantity, far-red 

fluorescence, and biophysical brightness (quantum yield X extinction coefficient) make 

smURFP an excellent choice for tumor imaging in vivo. To force smURFP to intrinsically 

accumulate at the tumor via the EPR effect, we transformed smURFP into a nanoparticle 

with serum albumin. In previous work, we found that bovine serum albumin aggregates form 

nanoparticles that accumulate at the tumor via passive EPR targeting, while free serum 

albumin does not accumulate at tumors in vivo. [14, 15] This research inspired us to pack 

the fluorescent protein, smURFP, with our bovine serum albumin to create fluorescent 

protein nanoparticles that are fluorescent, without external chemical modification.

The far-red fluorescent protein, smURFP, was combined with bovine serum albumin in an 

oil and water emulsion to synthesize fluorescent protein nanoparticles. The fluorescent 

protein nanoparticles remain fluorescent, with a quantum yield of 17% and fluorescence 

emission at 667 nm. The fluorescent nanoparticles are stable in the bloodstream after 

intravenous injection and allow for noninvasive passive tumor imaging in mice. The 

fluorescent protein nanoparticles show no apparent toxicity in vitro and in vivo by MTT 

assay for cell metabolic activity and H&E histology of major organs, respectively. The 

fluorescent protein nanoparticles are excellent biomacromolecule scaffolds for further 

modification for targeting primary and metastatic cancer for in vivo theranostics and/or 

multi-modality positron emission tomography (PET) or magnetic resonance imaging (MRI) 

for imaging in entire humans.

2. Materials and Methods

2.1. Materials and instruments

smURFP was purified from E. coli expressing HO-1 for biliverdin production by Ni-NTA 

column as previously described.[13] Bovine serum albumin (BSA) and dichloromethane 

(DCM) were purchased from Sigma-Aldrich (USA). A549 cell lines were purchased from 

American Type Culture Collection (ATCC CCL-185). BALB/c nude mice were purchased 

from Charles River Laboratories (USA). The animal work was approved by the Weill 

Cornell Medical Center Institutional Animal Care and Use Committee (#2014–0030, mice) 

and are consistent with the recommendations of the American Veterinary Medical 

Association, the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals, and the ARRIVE guidelines.

Transmission electronic microscope (TEM) images of fluorescent protein nanoparticles were 

obtained with a TEM (JEM-1400, JEOL, Tokyo, Japan) at a voltage of 120 kV. The 

hydrodynamic size of the prepared fluorescent protein nanoparticles were measured by 
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dynamic light scattering (Malvern Zetasizer Nano-S). Absorbance and fluorescence spectra 

of the prepared fluorescent protein nanoparticles were obtained by Cary 60 UV-Vis 

Spectrophotometer and Cary Eclipse Fluorescence Spectrometer (Agilent Technologies, 

Santa Clara, CA, USA), respectively. Eppendorf tube and animal fluorescence were imaged 

with an In Vivo Xtreme Imaging System (Bruker, Billerica, MA).

2.2. Methods

2.2.1. Preparation of the fluorescent protein nanoparticles—An 0.18 mL 

quantity of isolated smURFP protein (20 mM, 1x PBS, pH 7.4) was combined with 3 mL 

BSA (6 mg/mL, 1x PBS, pH 7.4). 0.8 mL DCM was added to the protein in PBS and 

sonicated to form an emulsion. DCM was removed by overnight stirring and slow 

evaporation. The protein and PBS solution were centrifuged at 8,000 rpm for 10 min to 

remove bulk aggregate. The supernatant, which contains the desired fluorescent protein 

nanoparticles, was collected for fluorescence imaging experiments. The prepared fluorescent 

protein nanoparticles were characterized with dynamic light scattering (DLS) at 25 °C to 

determine size. For TEM size characterization, the nanoparticles were added to a copper grid 

and stained with 0.5% uranyl acetate for 1 min.

2.2.2. Photophysical properties—The absorbance spectra of fluorescent protein 

nanoparticles in 1x PBS, pH 7.4 was measured with a Cary 60 UV-Vis Spectrophotometer. 

The fluorescence emission spectra of the fluorescent protein nanoparticles in 1x PBS, pH 7.4 

was measured with a Cary Eclipse Fluorescence Spectrometer with excitation of 580 nm.

Fluorescence images were obtained with a Bruker In Vivo Xtreme Imaging System. A 1 μM 

solution of fluorescent protein nanoparticles (1x PBS, pH 7.4) in an Eppendorf tube was 

excited at 630 nm and fluorescence emissions were collected with a 700 nm long pass filter.

2.2.3. Fluorescence stability of fluorescent protein nanoparticles at various 
pH—The nanoparticles were incubated in different pH phosphate buffers for 24 h. 

Nanoparticle fluorescence was measured at different pH using a 620 nm excitation light 

source. Fluorescent emission intensities were collected at different pH values. A Bruker In 
Vivo Xtreme Imaging System was used to image fluorescent nanoparticles.

2.2.4. Fluorescent protein nanoparticle hydrodynamic diameter stability 
measurements—Dynamic light scattering diameter measurements of fluorescent protein 

nanoparticles were obtained in 1x PBS buffer (pH 7.4) every 24 h for 168 h (7 d).

2.2.5. Biocompatibility of the fluorescent protein nanoparticle—A549 cancer 

cells (ATCC) were seeded in 96-well plate at a density of 4,000 cells/well. After 24 h, the 

fluorescent protein nanoparticles were added to the cells and incubated for 24 h at 37 °C. 

A549 cell incubations, without nanoparticles were used as the control group. Cytoviability 

was evaluated with a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) colorimetric assay. The absorbance at 490 nm was measured and normalized to the 

control group. All fluorescent protein nanoparticle concentration groups were measured in 

triplicate.
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2.2.6. Cell imaging with the fluorescent protein nanoparticles—A549 cancer 

cells were seeded in 24-well plate and cultured for 24 h at 37 °C. The cells were incubated 

with 1 μM fluorescent protein nanoparticles and after 24 h, the cells were washed three 

times with 1x PBS, pH 7.4 and stained with DAPI. The cells were imaged with EVOS 

fluorescence microscope (Life Technologies) with a Cy5 LED cube (Ex/Em: 628(40)/

692(40) nm).

2.2.7. Noninvasive fluorescence imaging of A549 tumor xenograft in vivo—
BALB/c nude mice were implanted with subcutaneous A549 flank tumors. The tumors were 

imaged when they grew to ~150 mm3. A 200 μL solution of fluorescent protein 

nanoparticles in 1x PBS (pH 7.4) was intravenously injected via tail vein. Mice were imaged 

with a Bruker In Vivo Xtreme Imaging System before the injection, 2, 4, 6, 12, and 24 h post 

injection. Mice were imaged using 630 nm excitation light and a and a 700 nm long pass 

filter. Free far-red fluorescent protein, smURFP, was intravenously injected via tail vein and 

imaged as a control group.

2.2.8. Calculation of biodistribution via. ex vivo fluorescence imaging—
Xenograft bearing BALB/c nude mice were sacrificed 24 h after being intravenously 

injected with fluorescent protein nanoparticles. Organs were collected and imaged with a 

Bruker In Vivo Xtreme Imaging System. Organs were imaged using 630 nm excitation light 

and a 700 nm long pass filter. The mean fluorescence intensities of each organ from three 

mice for each condition were measured and plot for comparison. The mice of the group 

injected with free far-red fluorescent protein, smURFP, was set as a control.

3. Results and Discussions

To prepare fluorescent protein nanoparticles, small ultra-red fluorescent protein (smURFP) 

and bovine serum albumin were dissolved together in 1x PBS (pH 7.4). Dichloromethane 

(DCM) was added and the mixture was sonicated to form an oil in water (o/w) emulsion. 

The o/w system was stirred overnight in an uncapped flask. DCM was then removed by slow 

evaporation (Figure 1a). To confirm the successful loading of small ultra-red fluorescent 

protein (smURFP) into the fluorescent protein nanoparticles, the solution was centrifuged. A 

blue color was observed in both the solution and precipitate in the Eppendorf tube (Figure 

1b, inset). The observed blue color in the precipitate confirms emulsion-method-formation 

of smURFP aggregates and the pellet was discarded. Only the supernatant was used for 

fluorescence imaging experiments. Dynamic light scattering (DLS) was used to measure 

BSA protein with a ~4 nm diameter. The free smURFP absorbs the DLS laser line and did 

not allow accurate DLS measurements of the pure protein (Figure 1b).[13] DLS imaging of 

the fluorescent protein nanoparticles show a diameter of ~14 nm, indicating the formation of 

an aggregate of several BSA and smURFP proteins. TEM images of fluorescent protein 

nanoparticle showed an average size of ~12 nm, which is similar to the DLS measurement of 

~14 nm and most likely caused by shrinkage while the particles dried on the copper grid 

(Figure 1c).

Fluorescent protein nanoparticles exhibit maximum absorbance and fluorescence emission at 

644 and 666 nm, respectively (Figure 2a). Free smURFP has a maximum absorbance and 
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fluorescence pass filter for deep tissue penetration and noninvasive imaging (Figure 2b).[16] 

The absorbance and fluorescence spectra of the fluorescent protein nanoparticles are similar 

to the free small ultra-red fluorescent protein (smURFP). The quantum yield of the 

fluorescent protein nanoparticles was measured using methylene blue in ethanol as a 

reference standard (QY = 4%).[17] Fluorescent protein nanoparticles have a 17% quantum 

yield of fluorescence, which is slightly lower and within error of smURFP (18%).[13] These 

results demonstrate that the fluorescent protein maintains its tertiary structure around the 

chromophore. Unfolded smURFP protein would result in significant loss in fluorescence 

intensity and quantum yield reduction. At the measured level of incorporation into the 

nanoparticles, smURFP does not show significant homo Förster Resonance Energy Transfer 

(FRET). This suggests that one fluorescent protein with one fluorescent chromophore is 

incorporated per nanoparticle. Two fluorescent chromophores reduce the quantum yield by 

homo FRET.[13] If there was significant FRET, the quantum yield of the fluorescent protein 

nanoparticle would be less than 17%. An unperturbed fluorescence intensity and quantum 

yield of the chromophore within the fluorescent protein nanoparticle is essential for 

noninvasive fluorescence imaging in vivo.

In an alternative synthesis, we failed to combine the small ultra-red fluorescent protein 

(smURFP) and serum albumin by the reprecipitation method of nanoparticle synthesis. 

Ethanol was gradually added to the mixture of protein to force protein aggregation due to 

decreased solubility. Nanoparticles formed by the reprecipitation method were not 

fluorescent, suggesting that the this method unfolds smURFP allowing the chromophore to 

become flexible, solvent exposed, and no longer fluorescent (data not shown). The emulsion 

method (Figure 1a) is preferred for preparing fluorescent protein nanoparticles for 

fluorescent imaging applications.

The internal pH inside a cell depends on the subcellular compartment being measured and 

ranges from 4.5–8.0 depending on the organelle. Most fluorescent proteins are not stable in 

acidic environments, such as the lysosomes and endosomes, as indicated by a diminished 

fluorescence intensity. Free smURFP has a pKa = 3.2. We tested if the pKa was altered in 

the fluorescent protein nanoparticle core. The fluorescence of the nanoparticle was 

determined at various pH values. Fluorescent protein nanoparticles show stable fluorescence 

intensity between pH 4.5–8.0 with no significant change (Figure 3). These results 

demonstrate that the fluorescence of fluorescent protein nanoparticles are resistant to 

changes in pH between 4.5–8.0. This range allows fluorescent protein nanoparticles to be 

suitable for pH measurements in all organelles within the cell, including in acidic lysosomes 

and endosomes, and the acidic environment of tumors in vivo.

Fluorescent protein nanoparticle stability was studied by measuring its diameter over time 

by dynamic light scattering (DLS). The diameter of solutions of fluorescent protein 

nanoparticles in 1x PBS, pH 7.4 was measured by DLS every 24 h for 7 days. The average 

measured fluorescent protein nanoparticle diameter varied between 12–15 nm, which is 

typical of DLS measurements (Figure 4). These DLS measurements indicate that fluorescent 

protein nanoparticle diameters are stable for days in 1x PBS at room temperature. Room 

temperature stability is important for predicting clinical translatability because room 

temperature storage is preferred and more readily accessible. The diameter size of 12–15 nm 
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and stable diameter of the nanoparticles facilitates accumulation via the enhanced 

permeation and retention (EPR) effect in tumors within the optimum range of 10–200 nm.

[18] Research showed 12–15 nm diameter nanoparticles are reliably delivered to poorly 

permeable tumors in vivo.[19] Therefore, we tested our 12–15 nm diameter fluorescent 

protein nanoparticles for imaging poorly permeable tumors in vivo.

Before in vivo studies, we measured if the fluorescent protein nanoparticles are non-toxic to 

cells. Lung cancer (A549) cells were incubated with fluorescent protein nanoparticles at 

different concentrations for 24 h. The viability of A549 cells was evaluated in standard MTT 

assays. The MTT assays indicates no change in cytoviability at concentrations ≤50 μM after 

24 h exposure (Figure 5). The MTT assays showed the fluorescent protein nanoparticles are 

not cytotoxic to A549 lung cancer cells in vitro.

We tested if fluorescent protein nanoparticles could enter cells passively. Fluorescent protein 

nanoparticles were incubated with A549 cells for 24 h. Fluorescent microcopy showed the 

fluorescent protein nanoparticles entered A549 cells by non-specific endocytosis. After 

vigorous washing, three times with 1x PBS, red fluorescence was visible inside cells, 

suggesting non-specific uptake of fluorescent protein nanoparticles by A549 cells. 

Endocytosed fluorescent protein nanoparticles show stable fluorescence for at least 24 h at 

37 °C. These results confirm that the fluorescent protein nanoparticles are stable, even 

following endocytosis.

Fluorescent protein nanoparticles were used to noninvasively image A549 tumor xenografts 

in vivo. A baseline, background image of BALB/c mice bearing an A549 tumor xenograft 

was collected before injection of fluorescent protein nanoparticles (Figure 7 Left). Mice (n = 

3) were imaged at 2, 4, 6, 12, and 24 h following intravenous fluorescent protein 

nanoparticle injection. Fluorescence contrast in the tumor that is above background is clearly 

visible 2 h after contrast injection (Figure 7, Red Arrow). 24 h post injection, the tumor 

maintains its fluorescence intensity suggesting that the fluorescent protein nanoparticles are 

stable in vivo. The fluorescence signal in neighboring, non-tumor tissue decreases steadily 

as excess circulating nanoparticles are removed from circulation. The reduced background 

signal enhances the signal to background contrast (Figure 7). In contrast, the free small 

ultra-red fluorescent protein, smURFP, does exhibit efficient tumor accumulation and 

imaging post i.v. injection (Figure S2). The small, 2–3 nm diameter of smURFP shows rapid 

clearance from the blood and does not accumulate in tumors by the EPR effect. Fluorescent 

protein nanoparticles are useful for noninvasively imaging tumors in vivo 2–24 h post 

injection because the fluorescent protein nanoparticles accumulate in tumors by the EPR 

effect.

After in vivo imaging (Figure 7), mice were sacrificed, and organs were harvested. Organs 

were imaged with a Bruker In Vivo Xtreme Imaging System with 630 nm excitation and 700 

nm long pass filter (Figure 8a). The fluorescence intensities of the ex vivo organs from three 

mice were averaged (Figure 8b). Tumor fluorescence has the largest signal, followed by 

clearance organs, including liver, spleen, and lung. Ex vivo organ imaging demonstrates that 

the probe is primarily removed by the hepatic system (liver), lung, and spleen. The renal 

system (kidney) does not appear to remove the fluorescent protein nanoparticles. The 
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injected fluorescent protein nanoparticles are retained at the tumor site 24 h post 

administration and was removed by specific clearance organs, which clearly demonstrates 

the value of fluorescence imaging to confirm nanoparticle biodistribution temporally in 

living mice (Figure 7) and after death in organs (Figure 8). Tumor fluorescent signal is 

greatest 24 h post administration (Figure 8b). In contrast, the fluorescence distribution of the 

free small ultra-red fluorescent protein, smURFP, is mainly at the stomach and low at the 

tumor (Figure S3). The results correspond to the non-invasive mice imaging lacking free 
smURFP accumulation in the tumor by EPR (Figure S2). H&E histology sections of the 

collected organs show no obvious side effect of the synthesized nanoparticles (Figure S4).

4. Conclusions

We describe a method for synthesizing stable fluorescent protein nanoparticles containing a 

novel, small ultra-red fluorescent protein (smURFP). This fluorescent protein is an optimal 

choice because the protein fluoresces in the far-red and near-infrared, is biophysically bright, 

stable at acidic pH, and large quantities are isolated from E. coli. The biophysical brightness, 

acid stability of the fluorescent chromophore, and fluorescence in the far-red allows this 

fluorescent protein nanoparticle to be visualized deeper through tissue. Fluorescent protein 

nanoparticles retain a similar quantum yield to free smURFP, which suggests that a single, 

folded smURFP is incorporated per nanoparticle. Increased incorporation of smURFP would 

result in diminished quantum yield by homo Förster Resonance Energy Transfer (FRET) and 

red-shifted fluorescence, which is seen with two chromophores.[13] Unfolded protein would 

result in a decrease in absorbance, fluorescence, and quantum yield caused by chromophore 

exposure to solvent and increased flexibility of the chromophore.

The fluorescent protein nanoparticles retain fluorescence stability across a range of pH (4.5–

8.0) (Figure 3). The diameter of the fluorescent protein nanoparticles is ~12–15 nm and 

remains constant following 7 days of incubation in 1x PBS, pH 7.4 at room temperature 

(Figure 4). No visible toxicity was seen in MTT assays (Figure 5), fluorescence imaging 

with A549 cells (Figure 6), and in mouse organs after 24 h (Figure S4).

Fluorescent protein nanoparticles were used to noninvasively imaged A549 tumor xenografts 

in vivo via the EPR effect (Figure 7). Specific tumor fluorescence signal is visible 2 – 24 h 

post-injection, where the greatest fluorescence signal-to-noise signal is visible 24 h post 

injection. Fluorescent protein nanoparticles are cleared from the circulation of mice through 

the liver, spleen, and lung. Probe accumulation is not observed in the kidneys of mice. This 

study shows that fluorescent protein nanoparticles could be useful for imaging solid tumors 

in the kidney and other organs with low background fluorescence. The free smURFP 

injected into mice showed no accumulation in the tumor after 24 h (Figure S2) and clearance 

was through the stomach (Figure S3). Clearly, size matters and the fluorescent protein 

nanoparticles at 12–14 nm are preferred for imaging tumors in vivo relative to the free 
smURFP.

We describe a new fluorescent protein nanoparticle scaffold. This smURFP containing, 

fluorescent protein nanoparticle is useful for fluorescent imaging. Chemical modification of 

the fluorescent protein nanoparticles extends utility of this fluorescent biomacromolecular 
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scaffold to allow targeted in vivo imaging of cancer, theranostic treatment, nanoparticle drug 

delivery, and/or dual-modality imaging with positron emission tomography for whole body 

imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis and size characterization of fluorescent protein nanoparticles. a) Schematic of 

fluorescent protein nanoparticle preparation by the emulsion method. b) The DLS 

characterization of BSA and the fluorescent protein nanoparticles (NPs). Diameter (d) is 

shown on the X-axis with a log scale. Inset: Centrifuged Eppendorf tube showing 

precipitated protein in the pellet and fluorescent protein nanoparticles in solution. c) TEM 

image of fluorescent protein nanoparticles negatively stained with 0.5% uranyl acetate. 

Fluorescent protein nanoparticles are shown as white in the image.
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Figure 2. 
Biophysical characterization and fluorescence image of fluorescent protein nanoparticles. a) 

The absorbance and fluorescence emission spectra of fluorescent protein nanoparticles in 1x 

PBS, pH 7.4. b) Overlay of fluorescence and white light images of fluorescent protein 

nanoparticles in 1x PBS solution, pH 7.4 (NPs, Left) and 1x PBS, pH 7.4 (Right). 

Fluorescence imaged with 630 nm excitation and 700 nm long pass filter.
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Figure 3. 
Fluorescence stability of fluorescent protein nanoparticles at various pH. a) Fluorescence of 

fluorescent protein nanoparticles at pH 4.5–8.0. ‘PBS’ is pH 7.4. Fluorescence spectra were 

obtained with excitation at 620 nm. b) Plot of the fluorescence intensities at maximum 

fluorescence emission. Inset: Fluorescence image of the fluorescent protein nanoparticles at 

different pH values in Eppendorf tubes. Fluorescence images were obtained with excitation 

at 630 nm and a 700 nm long pass filter.
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Figure 4. 
Measurement of the fluorescent protein nanoparticle diameters as a function of time. The 

diameters were measured by dynamic light scattering at 25 °C.
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Figure 5. 
Viability of A549 cells after incubation with fluorescent protein nanoparticles for 24 h. 

Concentrations are listed on the X-axis and were repeated in triplicate. Error bars are ± 

SEM.
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Figure 6. 
Images of A549 cancer cells incubated with fluorescent protein nanoparticles. a) Bright-field 

image of A549 cells. b) A549 cancer cell nuclei stained with DAPI (Blue). c) A549 cancer 

cells labelled with fluorescent protein nanoparticles (Red). Fluorescence was visible after 

three washes with 1x PBS. d) Overlay of a), b), and c). Fluorescent protein nanoparticles are 

not expected to enter the cells without targeting, however, some non-specific nanoparticle 

endocytosis was observed in endosomes and/or lysosomes. We hypothesize that punctate, 

distinct fluorescence spots appear larger than ~14 nm due to the diffraction of fluorescence 

light, but may also be multiple nanoparticles and undiscernible by widefield imaging. Scale 

bar is 25 μm.
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Figure 7. 
Fluorescence imaging of fluorescent protein nanoparticles injected intravenously through the 

tail vein in nude mice with an A549 tumor xenograft (Red Arrow). Representative mouse 

images before injection and 2, 4, 6, 12, and 24 h after fluorescent protein nanoparticle 

injection. Images are overlay of fluorescence (Rainbow LUT) and bright field (gray). 

Fluorescence imaged with In Vivo Xtreme Imaging System (Bruker).
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Figure 8. 
Biodistribution of fluorescent protein nanoparticles ex vivo. a) Representative ex vivo 
fluorescence image of organs 24 h post fluorescent protein nanoparticle injection (In Vivo 
Xtreme Imaging System (Bruker)). b) Biodistribution analysis of nanoparticle in mice (n = 

3) by ex vivo organ fluorescence. X-axis: 1 - brain, 2 - heart, 3 - liver, 4 - spleen, 5 - lung, 6 - 

kidney, 7 - stomach, 8 - intestine, and 9 -tumor. Error bars are ± SEM.
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