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Abstract

Engineered proteins provide an interesting template for designing fluorine-19 (19F) magnetic 

resonance imaging (MRI) contrast agents, yet progress has been hindered by the unpredictable 

relaxation properties of fluorine. Herein, we present the biosynthesis of a protein block copolymer, 

termed “fluorinated thermoresponsive assembled protein” (F-TRAP), which assembles into a 

monodisperse nanoscale micelle with interesting 19F NMR properties and the ability to 

encapsulate and release small therapeutic molecules, imparting potential as a diagnostic and 

therapeutic (theranostic) agent. The assembly of the F-TRAP micelle, composed of a coiled-coil 

pentamer corona and a hydrophobic, thermoresponsive elastin-like polypeptide core, results in a 
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drastic depression in spin-spin relaxation (T2) times and unaffected spin-lattice relaxation (T1) 

times. The nearly unchanging T1 relaxation rates and linearly dependent T2 relaxation rates have 

allowed for detection via zero echo time 19F MRI, and the in vivo MR potential has been 

preliminarily explored using 19F magnetic resonance spectroscopy (MRS). This fluorinated 

micelle has also demonstrated the ability to encapsulate the small-molecule chemotherapeutic 

doxorubicin and release its cargo in a thermoresponsive manner owing to its inherent stimuli-

responsive properties, presenting an interesting avenue for the development of thermoresponsive 
19F MRI/MRS-traceable theranostic agents.

Graphical Abstract
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Successful production of a protein-based magnetic resonance imaging (MRI) contrast agent 

is a challenging yet worthy endeavor,1–3 as proteins possess malleable architectures and 

functionalities4–13 not yet achievable with synthetic materials. Prior attempts of imaging 

proteins have focused on exploiting the relatively inert properties of serum proteins such as 

albumin3 or metal-binding proteins1,2 that are modified by appending paramagnetic metals 

(Gd3+, Mn2+) or manipulating superparamagnetic metals (iron oxide) in order to reduce the 

proton nuclei (1H) spin-lattice (T1) or spin-spin (T2) relaxation times, respectively. 

Reduction in T1 relaxation times enables high-intensity image acquisition, while a decrease 

in T2 relaxation times produces negative contrast images against a high-intensity 

background.1,2 Another method for imaging proteins via MRI hinges upon lysine-rich 

and/or arginine-rich proteins and peptides that contribute exchangeable protons with 

surrounding water molecules for altering 1H signal in a technique called chemical exchange 

saturation transfer (CEST).14 To date, protein and peptide imaging via MRI has largely 

required either chemical modification post-biosynthesis or indirect environmental imaging 

methods.15–20

One alternative technique for imaging proteins is the introduction of fluorine nuclei (19F). 

The 19F nucleus remains a standard NMR probe because it serves as a steric replacement for 

hydrogen. In recent years, however, 19F nanoprobes have been exploited for 19F MRI and 

magnetic resonance spectroscopy (MRS) as an alternative to 1H MRI. This application of 
19F is made possible as it exists in 100% natural abundance and elicits a sensitivity of 83% 
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compared to hydrogen,21–24 yet it is nearly absent in organisms, with the exception of trace 

amounts found in bone and teeth.21,25 Therefore, 19F is often pursued as an MRI contrast 

agent, providing agent-specific signal that can be easily co-registered with a 1H anatomical 

background.26–29 While the signal-to-noise (SNR) ratio of 19F MR is not as strong as that of 
1H studies, this drawback is mitigated by the lack of background signal in 19F MRI/MRS 

such that the signal is directly proportional to the concentration of the introduced 19F agent.
30,31

19F MRI and MRS have been used for a variety of biomedical applications including tumor 

imaging32–36 and measuring tumor cell proliferation,37 cell tracking,30,38,39 assessing 

physiological oxygen tension40 and inflammation,31 detecting venous thrombosis,41 and 

monitoring enzyme activity.42–45 Recently developed 19F agents take the form of 

perfluorocarbon nanoemulsions,36,38,40,41 perfluoropo-lyethers,30,33,39,46 polymer-35,47 and 

peptide-based nanop-robes,44 small molecular weight ligands31 and substrates,37,43 lipid 

nanoemulsions,34 liposomes,48 metal organic frame-works,32 nanogels,49 nanocrystals,50 

and dendrimers.45 19F-incorporated peptides and proteins have also been explored, but to 

date have only been studied using NMR and phantom MRI.42,51–55 Solid-phase synthesis of 

peptides has been used to incorporate fluorinated amino acids;51 however, this technique can 

be limited by low yield with increasing peptide chain length.56 Structural biologists and 

protein chemists have also biosynthetically incorporated 19F nuclei into proteins, either site-

specifically52 or residue-specifically,42,53,57 for use as NMR probes to understand structure-

function relationships involved in ligand binding53 and protein folding.58

Direct MR visualization of 19F nuclei in proteins is often hindered by unfavorable relaxation 

properties, which necessitate the inclusion of high concentrations of magnetically equivalent 
19F nuclei, long imaging times, and/or chemical conjugation of lanthanide chelates to 

shorten relaxation times.25 As the incorporation of fluorinated amino acids can impart 

benefits to the native protein function, direct imaging of 19F nuclei alone, unadulterated by 

synthetic linkers or metals, would be an advantageous development for multifunctional 

imaging agents.

Here we describe the biosynthesis and characterization of a protein block copolymer, or 

fluorinated thermoresponsive assembled protein (F-TRAP) (Figure 1A), composed of a 

coiled-coil domain and two repeats of elastin-like polypeptide domains. When subjected to 

concentration and temperature increases, this construct assembles into nanoscale micelles 

characterized by a drastic decrease in 19F T2 relaxation times and nearly constant 19F T1 

relaxation times. The precipitous decrease in 19F T2 relaxation times results from micelle 

assembly where NMR-active nuclei in the corona become more ordered and structurally 

constricted. Here, we overcome the signal loss associated with the dynamic T2 relaxation 

properties using a zero echo time (ZTE) 19F MRI pulse sequence, demonstrating the direct 

imaging of fluorinated amino acids within a protein (Figure 1B) without the aid of 

lanthanide chelates.59,60 Furthermore, as a proof-of-concept, this agent was introduced 

intratumorally into a mouse xenograft model of human breast cancer, enabling the 

acquisition of an agent-specific 19F MRS signal (Figure 1B) and demonstrating that the 

agent is detectable in vivo.
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In addition to 19F MRI/MRS detection, the inclusion of therapeutic capability with 

diagnostic visualization (Figure 1B) has led to the generation of a dual-purpose theranostic 

agent.61 Previous work has shown that the coiled-coil domain of our protein copolymer can 

bind an array of small molecules within its hydrophobic pore.5–7,62–66 This pore, along with 

the hydrophobic core of the assembled micelle, plays a role in binding doxorubicin (Dox), 

an anthracycline-class chemotherapeutic agent that has broad therapeutic efficacy against an 

array of tumor types.67 However, Dox also maintains profound off-target effects,68 spurring 

the need for research into Dox-carrying vehicles that provide controlled release.69–73 We 

anticipate that this work will encourage additional use of rational design principles in protein 

engineering to further exploit self-assembly for the controlled release of small-molecule 

therapeutics and the modification of relaxation properties in 19F MRI/MRS.

RESULTS AND DISCUSSION

Rationale and Protein Synthesis.

We have designed TRAP and F-TRAP to contain an N-terminal hexahistidine tag for 

purification purposes followed by an RGD motif present within an ARGD(AT)6 linker, a 

modified cartilage oligomeric matrix protein coiled-coil (C) domain,63 another ARGD(AT)6 

linker, and an elastin-like polypeptide (E) region.5–7 While TRAP is a nonfluorinated 

protein, F-TRAP bears 5,5,5-DL-trifluoroleucines (TFLs), provided during protein 

expression as a racemic mixture of the two diastereoisomers (2S,4S)-5,5,5-trifluoroleucine 

and (2S,4R)-5,5,5-trifluoroleucine.4,8–12 The C domain is known to self-assemble into a 

parallel coiled-coil pentamer,11 while the E domain, composed of a 

[(VPGVG)2VPGFG(VPGVG)2]2 repeat,5–7 exhibits an inverse transition temperature (Tt) 

characterized by a random coil-to-β-spiral conformational change and subsequent chain 

association dependent on sequence composition.5–7,74–76

The TRAP plasmid construct was transformed into the leucine auxotrophic E. coli strain 

LAM1000 for recombinant expression and integration of TFL4,8–12 to generate F-TRAP 

(Figures 2A, S1, Table S1). Purified F-TRAP (Figure S1) was assessed for TFL 

incorporation using matrix-assisted laser desorption ionization-time-of-flight mass 

spectrometry (MALDI-TOF MS) and amino acid analysis (AAA) (Figures 2B, S2, and S3, 

Table S2). MALDI-TOF MS and AAA confirmed TFL incorporation of 80.90 ± 1.02% and 

81.36 ± 5.22%, respectively (Table S2).

Secondary Structure and Thermostability.

Circular dichroism (CD) spectra acquired at 20 °C revealed a 30% loss in negative signal in 

F-TRAP by comparing the mean residue ellipticity values at 222 and 208 nm to TRAP 

(Figure 2C, Table S3). Moreover, F-TRAP (Tm = 59.3 ± 2.3 °C) possessed a 5.3 °C higher 

melting temperature than TRAP (Tm = 54.0 ± 2.0 °C), presumably due to the increased 

hydrophobicity of TFL9 (Figure 2D, Table S4). The K2D3 CD deconvolution software77 

corroborated the differences in α-helicity at 20 °C and demonstrated an inversely 

proportional relationship between α-helical content and β-strand content as a function of 

temperature. This structural change was an expected result based on the Tt properties of the 

E domain6 (Figure S4).
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Micellar Assembly and Stability.

A highly specific probe, 5-dodecanoyl amino fluorescein (5-daf), was used in fluorescence 

anisotropy experiments to accurately assess the critical micelle concentration (CMC).78,79 

The 5-daf probe has two functional moieties: (i) a solvatochromic fluorescent component 

activated in the nonpolar micelle core and (ii) a long saturated aliphatic hydrocarbon chain 

that inserts slightly into the micelle corona.78 CMC experiments using 5-daf revealed CMC 

values of 0.59 ± 0.02 μM and 0.75 ± 0.11 μM for F-TRAP and TRAP, respectively (Table 1). 

The lower CMC value for F-TRAP could be indicative of either a more cooperative 

assembly of fluorinated protein-based micelles, a result shown in synthetic fluorinated 

micelles,80 or simply a probe-specific effect where the long aliphatic hydrocarbon tail of 5-

daf fit tightly into the more hydrophobic fluorinated pore of F-TRAP.

We further studied the assembly and stability of F-TRAP and TRAP as a function of 

temperature (Figure 3A,B) using the small molecular weight solvatochromic probe Nile red.
81 Nile red demonstrates negligible fluorescence in aqueous solution, but shows increased 

fluorescence when bound within an assembling micellar core.81–83 An increase in 

fluorescence intensity was observed at 20 °C with the maximum fluorescence intensity at 

approximately 35 °C, followed by an emission decrease as the Tt was approached (Figure 

3A,B). The increased fluorescent signal up to 35 °C was indicative of increased micelle 

assembly and, therefore, optimal Nile red uptake, while the subsequent signal decrease 

suggested micelle disassembly at higher temperatures (Figure 3A,B). Debye plots generated 

from static light scattering experiments revealed macromolecular F-TRAP assemblies 

measured at 717.09 ± 22.77 kDa, corresponding to 42.43 ± 1.34 monomeric units or 8.48 

± 0.26 pentameric units (Table 1). TRAP possessed a molecular weight of 682.42 ± 4.77 

kDa and showed a similar monomer aggregation number of 42.12 ± 0.55 units and 8.42 

± 0.11 pentamer units (Table 1).

The supramolecular assembly of the proteins was further assessed by dynamic light 

scattering (DLS) and UV-vis turbidometry analyses with particle morphologies confirmed 

by transmission electron microscopy (TEM) (Figures 3, S5, S6, S7, Tables S5, S6, S7, S8). 

As expected,7 at 20 °C, 0.5 mg/ mL F-TRAP assembled into nanoparticles 30.30 ± 0.60 nm 

in diameter as assessed by DLS, and spherical particles 33.78 ± 6.06 nm in diameter were 

observed via TEM (Figures 3C, S5, S6A, Tables S5, S7). At the same temperature, 0.5 

mg/mL TRAP demonstrated slightly larger nanoparticles by DLS (32.14 ± 1.20 nm) with 

TEM results showing spherical particles of similar size to F-TRAP (34.96 ± 7.30 nm) 

(Figures 3D, S5, S6C, Tables S6, S8). Increasing F-TRAP and TRAP concentrations, to 0.75 

and 1.0 mg/mL, showed a negligible difference in size via DLS at 20 °C (Tables S5, S6). As 

the temperature was increased to 50 °C, a dramatic change in size was observed by DLS 

with near-micrometer size aggregates of F-TRAP (952.06 ± 300.17 nm) and TRAP (1715.96 

± 912.70 nm) at concentrations ranging from 0.5 to 1.0 mg/mL (Figures 3C,D, Tables S5, 

S6). Proteins prepared at 0.5 mg/mL and 50 °C revealed aggregates on TEM similar in size 

to those observed by DLS, but with larger polydispersity (724.67–3057.73 nm) (Figure 

S6B,D, Tables S7, S8).84,85 The large aggregate size range was reflective of the stochastic 

nature of the coacervation. The Tt was known to decrease with increasing concentration,74,76 
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and here we observed this trend in both F-TRAP and TRAP, with fluorination imparting 

resistance to coacervation as the Tt was raised by 4.10 ± 0.43 °C (Figure 3E).

DLS was also employed to assess the z-average diameters of F-TRAP and TRAP over 24 h 

at both 35 °C, the temperature at which Nile red fluorescence studies revealed peak micelle 

formation (Figure S7A,B), and the hyperthermic temperature 42 °C86 (Figure S7C,D). Upon 

reaching 35 °C, F-TRAP and TRAP demonstrated similar z-average diameters among all 

three concentrations studied from 0.5 to 1.0 mg/mL with 28.64 ± 2.46 nm for F-TRAP 

(Figure S7A) and 24.19 ± 4.49 nm for TRAP (Figure S7B). At 35 °C held over 24 h, both F-

TRAP and TRAP showed no statistically significant change in z-average diameter according 

to a paired two-tailed Student’s t-test between 0 and 24 h. These results suggest micelle 

stability of at least 24 h at 35 °C for both protein assemblies. By contrast, at 42 °C, both F-

TRAP (Figure S7C) and TRAP (Figure S7D) exhibited an increase in size. The size of 

detectable protein aggregates peaked within the first 4 h at 42 °C for 0.75 and 1.0 mg/mL F-

TRAP and then drastically reduced as aggregates precipitated out of solution. F-TRAP at 0.5 

mg/mL, however, showed peak aggregation size after approximately 8 h at 42 °C before 

precipitating. TRAP samples showed peak aggregation at 8 h for all concentrations, with 

0.75 and 1.0 mg/mL samples subsequently precipitating out of solution, while 0.5 mg/mL 

remained as large detectable aggregates. These time course studies suggested that F-TRAP 

and TRAP micelle assemblies were stable for at least 24 h under physiological conditions 

and again confirmed their capacity for temperature-stimulated coacervation at 42 °C.

Doxorubicin Encapsulation and Thermoresponsive Release.

On the basis of previous work, we hypothesized that the C domain of F-TRAP and TRAP 

would serve as a depot for binding and delivering small molecules.62,63,66,87 Here, we 

explored the binding capacity of F-TRAP and TRAP assemblies for Dox, aimed at 

controlling its release through thermosensitive coacervation of the protein. A 2:1 ratio of 

Dox:protein was used, and free Dox was removed by size exclusion chromatography (SEC). 

F-TRAP encapsulated 175% more Dox than TRAP (Table S9). In addition, comparison of 

the weighted Dox loading revealed 55% greater loading by F-TRAP compared to TRAP 

(Table S9), likely due to the increased hydrophobicity of the coiled-coil pore of F-TRAP 

upon incorporation of TFL.

As both F-TRAP and TRAP were capable of binding Dox, we assessed the drug-carrying 

capabilities of these constructs. Initial experiments quantified the passive release of free Dox 

or Dox encapsulated by F-TRAP or TRAP at their corresponding loading efficiencies (Table 

S9) through a 10 kDa MWCO dialysis membrane at room temperature over 24 h (Figure 

4A). The dialysis buffer was replaced every 1 h for up to 8 h to prevent the Dox 

concentration from reaching an equilibrium state. A slow release of Dox through the 

membrane was exhibited by free Dox, F-TRAP·Dox, and TRAP·Dox with 46.99 ± 7.99%, 

46.68 ± 1.67%, and 38.99 ± 5.99% of Dox being collected at 8 h, respectively (Figure 4A). 

At 24 h, free Dox, F-TRAP·Dox, and TRAP·Dox had released 48.30 ± 9.83%, 51.58 

± 1.39%, and 44.06 ± 3.04% of the initial Dox concentration, respectively (Figure 4A).

To determine whether an increase in temperature could impact Dox release through 

thermally induced coacervation of the proteins in vitro, F-TRAP·Dox and TRAP·Dox were 
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heated at 45 °C for 30 min, 1 h, or 2 h, and the supernatant was assessed for free Dox. By 30 

min, Dox release by F-TRAP and TRAP peaked at 51.07% ± 3.60% and 45.96% ± 0.78%, 

respectively, without further release after 1–2 h of heating (Figure 4B). Therefore, both 

proteins demonstrated improved drug release at elevated temperature.

In vitro Therapeutic Delivery of Doxorubicin to MCF-7 Breast Adenocarcinoma Cells.

The release of Dox by F-TRAP and its therapeutic efficacy was assessed in mammalian 

tumor cells. MCF-7 human breast adenocarcinoma cells were subjected to treatment with 

free and F-TRAP-encapsulated Dox in addition to F-TRAP and buffer-only controls (Figure 

4C,D). Treatment effects on cell viability were compared via Tukey’s honestly significant 

difference (HSD) test for multiple comparisons. MCF-7 cell viability at 37 °C was 

significantly reduced by both Dox and F-TRAP·Dox, ranging from 0 to 110 nM Dox, 

compared to F-TRAP alone (**, p < 0.01), but the overall effect of Dox on cell viability was 

significantly stronger than that of F-TRAP·Dox (*, p < 0.05). However, while a thermal onus 

of 42 °C for 1 h and subsequent incubation at 37 °C for 47 h did not affect cell viability 

under Dox treatment (p = 0.72), the hyperthermic state resulted in significantly reduced cell 

viability with F-TRAP·Dox treatment compared to F-TRAP·Dox at 37 °C (*, p < 0.05). This 

difference suggested that the therapeutic effect of F-TRAP·Dox could be improved under 

hyperthermic conditions. Again, both Dox and F-TRAP·Dox were significantly more 

effective at reducing cell viability than F-TRAP alone (***, p < 0.001).

19F NMR Detection and Relaxation Analysis.

F-TRAP was further investigated as a potential dynamic probe for noninvasive 19F NMR, 

MRI, and MRS using radiofrequency (RF) probes tuned to a 19F Larmor frequency. The 

limit of detection (LOD)88–91 for 19F within F-TRAP was assessed using a 400 MHz (9.4 T) 

NMR spectrometer, with a spectral resolution of 1.36 Hz/pt (0.004 ppm/pt) (Figure 5A); an 

example 19F NMR spectrum was displayed at 1.125 mg/mL protein concentration (1.84 mM 
19F) (Figure 5B). As demonstrated in the example spectrum (Figure 5B), all F-TRAP NMR 

spectra revealed three peaks spread over approximately 0.6 ppm. The main resonance peak, 

detected at 3.05 ppm, made up 82.19% of the signal contributed by the three peaks. A 

second peak, observed at 3.40 ppm, contributed 12.07% of the overall signal, and a third 

peak, at 3.65 ppm, contributed 5.74% of the signal. The SNRs of the main resonance peak at 

3.05 ppm were calculated using the Bruker SINO command at 19F concentrations of 2.5 mM 

and lower until an SNR = 3 was reached, indicative of the LOD88 (Figure 5A). The LOD of 

F-TRAP at 400 MHz, acquired over 264 scans in 3 min 13 s, was reached at 0.25 mM 19F 

concentration (corresponding to 0.15 mg/mL protein), while the LOD of a commercially 

available perfluorocarbon nanoemulsion, V-Sense (Celsense), measured using its main 

resonance peak detected at −15.04 ppm, was found to be 100-fold lower than that of F-

TRAP (Figure S8) at a concentration of 0.0025 mM 19F. Furthermore, the full width of the 

main resonance peak at half-maximum (fwhm) for F-TRAP and V-Sense were compared at 

0.75 mM 19F concentration and found to be 21.14 Hz (0.056 ppm) and 31.60 Hz (0.084 

ppm), respectively.

19F NMR spectra of F-TRAP at 1 mg/mL protein concentration (1.63 mM 19F) were then 

further explored at temperatures of 26.85, 31.85, and 37.0 °C and magnified within a 2 ppm 
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range to compare the F-TRAP peaks (Figure S9). The main resonance peaks demonstrated a 

minor chemical shift of 0.03 ppm with increasing temperatures, resonating at 3.87, 3.88, and 

3.90 ppm for 26.85, 31.85, and 37.0 °C, respectively.

The longitudinal (R1 = 1/T1) and transverse (R2 = 1/T2) relaxation times of F-TRAP were 

assessed via inversion recovery and Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence 

experiments, respectively, via 19F NMR (Figure 6A,B). The relaxation experiments were 

performed to not only attain a deeper understanding of the macromolecular assembly of F-

TRAP, but to also serve as an aid in selecting pulse sequence experiments for acquiring 

reliable MRI signals. Inversion recovery experiments, performed in predominantly water-

based solvent systems, revealed a near-uniform resistance of the longitudinal relaxation rates 

(R1 = 1/T1) to both temperature and concentration increases, yielding values in the range of 

approximately 0.002–0.004−1 ms (Figure 6A, Table S10). The 19F spin-spin relaxation 

times, however, presented an interesting depiction of protein assembly as R2 (=1/T2) 

relaxation times increased with restricted motion of nuclei,92,93 a characteristic observed in 

synthetic micelles.92 This assembly-driven restriction of internal 19F atom mobility was 

further corroborated by the observed increase in R2/R1 relaxation rate (Tables S10, S11).
52,92,93 The increase in R2 relaxation rates illustrated linearity while maintaining the same 

enhanced sensitivity when reaching the F-TRAP CMC (Figure 6B, Table S11). A thorough 

quantitative analysis revealed a 17000-fold increase in sensitivity when comparing the r2/r1 

relaxivity values within the 22–37 °C temperature range (F-TRAP exhibited the following 

R1 and R2 relaxivity ranges [−0.09: −0.03] s−1/°C and [2009.16:17396.80] s−1/°C, 

respectively). Compared to the consistent temperature-dependent slope, the observed 

concentration effect is minor within the range of 0.6–0.9 mg/mL F-TRAP concentration 

(0.98–1.47 mM 19F, respectively) (Figure 6B). This temperature-dependent R2 increase 

could be exploited to monitor the accumulation of F-TRAP at a site of interest (e.g., tumor) 

and its response to external heating.

Phantom 19F MRI Detection.

Since R2 demonstrated a much greater linear dependence on temperature than R1, F-TRAP 

was deemed a likely candidate as a T2-MRI temperature sensor that would require strategies 

for spatial localization reliant on rapid acquisition of echo-trains and short repetition times in 

order to generate an appropriate SNR.94 Given that shortened T2 times restrict high signal 

intensity attainment and that imaging is further hampered by low 19F content, we acquired 

zero-echo time pulse sequence MRI on F-TRAP. ZTE MRI overcomes signal loss as a result 

of very short T2 relaxation times95,96 and is often used for the detection of tendons, cortical 

bone, and ligaments.97,98 A homemade whole body birdcage coil was inductively coupled to 

a slotted resonator for broadband tuning via a variable capacitor capable of housing two 

glass tubes (Figure 6C). Two samples, water as a control for 1H signal and F-TRAP (13.40 

mg/mL or 0.82 mM protein, equivalent to 21.90 mM 19F) for the experimental 19F MRI 

signal, were scanned. The phantom samples for the water and F-TRAP (Figure 6D) both 

generated a positive signal for 1H nuclei (Figure 6E). The 19F signal from F-TRAP was 

examined using a ZTE MRI sequence while ensuring that the total imaging time was 

realistically achievable in vivo (in the present case: 1 h) (Figure 6F). In 1 h, ZTE imaging 

with a spatial resolution of (468 μm)2 achieved an SNR of 43 (Figure 6F,G). The 
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corresponding limit of detection,89 at which the SNR = 3, of the ZTE sequence at 7 T under 

current experimental conditions was measured to be 0.91 mg/mL F-TRAP (1.49 mM 19F). 
19F MRS, with a spectral resolution of 97.66 Hz/pt (0.35 ppm/pt), was also performed on the 

13.40 mg/mL F-TRAP phantom sample in order to assess the difference in spectrum 

compared to that achieved via 19F NMR (Figure S10). Notably, only one peak was obtained 

by 19F MRS, in contrast to the three peaks observed on NMR. This F-TRAP peak resonated 

at 3.11 ppm (Figure S10), showing little shift from the 3.05 ppm main resonance peak 

observed on NMR (Figure 5B). However, the fwhm of the 19F MRS peak was 540.37 Hz 

(1.91 ppm), likely broadened by the lower static magnetic field homogeneity inherent to 

MRI scanners99 and resulting in a lower spectral resolution requirement. The width of this 

single peak encompassed the entire 0.6 ppm spread of the three F-TRAP peaks detected via 
19F NMR.

In vivo Detection in an MCF-7 Xenograft Mouse Model.

Following ultrasound imaging to confirm a tumor size of at least 100 mm3 in MCF-7 

xenograft CrTac:NCr-Foxn1nu mice (Figure S11), in vivo detection of intratumorally 

injected near-infrared (NIR) fluorochrome-conjugated F-TRAP (NIR-F-TRAP) was 

assessed using fluorescence imaging and 19F MRS (Figure 7). The route of intratumoral 

injection was chosen as a preliminary assessment of the in vivo detection of F-TRAP by 19F 

MRS because it has previously proven successful for other elastin-like polypeptide-

containing constructs, providing retention of the chemotherapeutic at the tumor site with 

minimal exposure to healthy tissues and is most often used in cases where surgery is not 

advised or when the tumor size must be reduced prior to surgery.100–105 Pre-injection 

fluorescence imaging overlaid onto an anatomical reflectance image revealed baseline 

fluorescence values that did not exceed 10 picowatts per mm2 (pW/mm2) (Figure 7A). 

Following the injection of 13.40 mg/mL NIR-F-TRAP (equivalent to 0.82 mM F-TRAP and 

21.90 mM 19F), tumor fluorescence exhibited an intensity of up to 2.5 × 10003 pW/mm2 

(Figure 7B), confirming successful intratumoral injection of NIR-F-TRAP. A 24 h post-

injection dual fluorescence-reflectance image of the same subject showed the fluorescence 

signal had cleared from the tumor, with only a low level (∼300 pW/mm2) of fluorescence 

visible at the periphery of the tumor (Figure S12). Injected mice were followed for up to 1 

week post-injection and showed no signs of acute toxicity.

Immediately following the initial post-injection fluorescence imaging, in vivo MR studies 

were conducted using a house-made setup composed of a 19F-tunable low-pass ladder 

surface coil inductively coupled to the same homemade whole body coil used for phantom 

imaging (Figure 7C), which was placed directly over the tumor. A low-resolution (234.375 

μm)3 1H T1-weighted 3D fast low-angle shot (FLASH) MRI was used to identify the 

location of the tumor within the MRI field of view (FOV) and confirm the appropriate time 

window for 19F MRS acquisition (Figure 7D). The superficial tumor was identified in all 

three dimensions within the FOV (Figure 7D). In vivo 19F MRS, with a spectral resolution 

of 97.66 Hz/pt (0.35 ppm/ pt), was obtained from the entire tissue covered by the surface 

coil. Similar to the 19F MRS spectrum of the F-TRAP phantom (Figure S10), in vivo MRS 

of NIR-tagged and intratumorally injected NIR-F-TRAP revealed a single 19F peak (Figure 

7E). The single peak resonated at 13.50 ppm with an SNR of 11.19 acquired over 200 scans 
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in 6 min 40 s. The fwhm of the peak was 332.00 Hz (1.17 ppm), again encompassing the 0.6 

ppm spread of the three F-TRAP peaks detected via 19F NMR.

CONCLUSIONS

We present the biosynthesis and characterization of protein-engineered block copolymers 

that assemble into micelles for 19F MRS and MRI. We employ ZTE MRI, an approach with 

stringent requirements, but one that enables near spin density images that align with the 

nanometer-sized micellar assembly properties of F-TRAP. 19F ZTE MRI was utilized as a 

proof-of-concept imaging sequence to demonstrate the ability to visualize F-TRAP within 

just 1 h acquisition time at 13.40 mg/mL F-TRAP (0.82 mM F-TRAP, 21.90 mM 19F). 19F 

MRS was able to detect intratumorally injected F-TRAP signal in a mouse model in under 7 

min, allowing for rapid detection and monitoring of the agent in vivo. While the F-TRAP 

monomer bears a measured 26.77 19F atoms (1136 19F atoms per micelle), it demonstrates 

significant signal intensity via ZTE MRI despite the R2 alterations. Improvements in coil 

design and pulse calibration,106 or the use of more effective pulse sequence schemes,95,107 

will improve our ability to detect F-TRAP in vivo using 19F ZTE MRI, allowing for further 

exploitation of F-TRAP’s temperature-dependent R2 sensitivity. By measuring the R2 

values, after at least 0.6 mg/mL F-TRAP has accumulated, or the 19F MRS intensity after in 
vivo administration and imaging, we could determine the F-TRAP localization and 

concentration at specific organ sites. Furthermore, localized heating could increase this R2 

effect, creating an on/off MRI switch. This T2-nanothermometer application is currently 

being explored, and initial experiments (Figures 6A,B, S13) suggest promise in monitoring 

F-TRAP’s theranostic drug thermorelease function. The theranostic aspect of F-TRAP is 

apparent when examining its ability to bind Dox, due to both the hydrophobic coiled-coil 

pore and micellar core, and its effective drug release to MCF-7 breast adenocarcinoma cells 

particularly under hyperthermic conditions. Promising in vivo 19F MRS studies and in vitro 
Dox delivery encourage future in vivo dual therapeutic-diagnostic studies under normal 

physiological and hyperthermic conditions to assess the theranostic potential of F-TRAP, 

including targeting through its RGD sequences or other tumor-targeting domains, by 

monitoring its in vivo drug release with simultaneous 19F MRI/MRS detection.

In conclusion, this work describes a biosynthesized fluorinated protein for MR detection that 

does not require post-translational modification. In terms of protein-based MRI contrast 

agent development, these results provide a template for rationally designing self-assembling 

biomaterials. The ability to design MR molecular probes at the genetic level allows for 

construct modification tailored to specific needs, such as targeting sequences unique to a 

tissue or cell type of interest, sequence mutations that alter the drug-loading capacity of the 

construct and stimuli-responsive cargo delivery, or an alteration in the number of potential 

sites for fluorinated residue incorporation.4–12 Protein engineering, therefore, has great 

potential in the development of fluorinated theranostic agents.
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EXPERIMENTAL SECTION

Materials.

PfuUltra HotStart DNA polymerase and 10× PfuUltra HotStart reaction buffer were 

purchased from Agilent Technologies. DpnI enzyme was purchased from New England 

BioLabs. The miniprep plasmid purification kit was purchased from Zymogen. 

Deoxynucleotide triphosphates mix, sodium phosphate dibasic, sodium chloride, urea, 

imidazole, isopropyl β-D-1-thiogalactopyrano-side (IPTG), glucose monohydrate, tryptone, 

tryptic soy agar, yeast extract, ampicillin, kanamycin, magnesium chloride, calcium 

chloride, thiamine hydrochloride, HisPur Ni-NTA agarose, tricine, Pierce bicinchoninic acid 

(BCA) assay kit, Pierce snakeskin dialysis tubing 3.5 kDa molecular weight cut off 

(MWCO), Pierce high-capacity endotoxin removal spin columns, 5-dodecanoyl amino 

fluorescein, Vybrant MTT cell viability assay, methanol, and sodium dodecyl sulfate were 

acquired from Thermo Fisher Scientific. Racemic 5,5,5-trifluoroleucine was purchased from 

Oakwood Chemical. Nile red, acetonitrile, trifluoroacetic acid, all 20 amino acids, α-

cyano-4-hydrocinnamic acid, sequencing grade modified trypsin, Proteomass peptide and 

protein MALDI-MS calibration kit, and β-estradiol were purchased from Sigma-Aldrich. 

Formvar square mesh copper TEM grids were purchased from Electron Microscopy 

Sciences. Macrosep and Microsep advance centrifugal 3 kDa MWCO devices and acrodisc 

0.2 μm syringe filters were purchased from Pall. C18 packed zip-tips and Durapore 0.2 μm 

membrane filters were purchased from EMD Millipore. Acrylamide/bis solution (30%) 29:1, 

Precision Plus protein dual-color standards, and Gene Pulser electroporation cuvettes were 

purchased from Bio-Rad. Free base doxorubicin was purchased from MedKoo Sciences. 

VivoTag-S 750 was purchased from PerkinElmer. Corning Matrigel matrix was purchased 

from Corning. MCF-7 cells were purchased from ATCC, and CrTac:NCr-Foxn1nu nude mice 

were acquired from Taconic Biosciences.

TRAP and F-TRAP Construction and Production.

TRAP is derived from the CE2 parent construct that was previously generated and 

thoroughly characterized.5,6 Two RGD mutations located at sites flanking the C domain 

were introduced by site-directed mutagenesis in the pQE30/CE2 plasmid. Mutant constructs 

were generated by a polymerase chain reaction (PCR) using high-fidelity PfuUltra HotStart 

Taq polymerase (2.5 units/μL), 10× PfuUltra reaction buffer, deoxynucleotide triphosphates 

mix (10 mM), and the following primers (125 ng/μL) from MWG Operon: RGDlink1fwd 

5′-GAGCTCGCTGCTCGTGGCGACGCCACTGCTACG-3′, RGDlink1rev 5′-
CGTAGCAGTGGCGTCGCCACG-AGCAGCGAGCTC-3′, RGDlink2fwd 5′-
CTGCAGGCTGCC-CGTGGCGACGCTACTGCAACC-3′, and RGDlink2rev 5′-
GGTTGCAGTAGCGTCGCCACGGGCAGCCTGCAG-3′. After PCR, the methylated 

parent strand was digested for 3 h at 37 °C with DpnI enzyme. The resultant mutant 

constructs were transformed into chemically competent XL1-Blue E. coli cells and 

permitted to grow on tryptic soy agar plates for approximately 16 h at 37 °C under 

ampicillin (200 μg/mL) antibiotic selection control. DNA was extracted, and the resulting 

purified plasmid pQE30/TRAP was confirmed via sequencing (Eurofins Operon).
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pQE30/TRAP plasmid was transformed into electrocompetent leucine auxotrophic 

LAM1000 E. coli cells,4,8–10,12 a gift from David Tirrell (California Institute of Technology) 

and permitted to grow on tryptic soy agar plates for approximately 12 h at 37 °C under both 

kanamycin (35 μg/mL) and ampicillin (200 μg/mL) antibiotic selection control. Single 

colonies were selected for growth in starter cultures (5 mL) of minimal media M9 (0.5 M 

Na2HPO4, 0.22 M KH2PO4, 0.08 M NaCl, 0.18 M NH4Cl) in the presence of kanamycin (35 

μg/mL), ampicillin (200 μg/mL), vitamin B1 (35 μg/mL), MgSO4 (100 mM), CaCl2 (0.1 

mM), and 20 amino acids (40 μg/mL) for approximately 16 h at 37 °C and 350 rpm. The 

starter cultures were then transferred to a large-scale expression flask (200 mL for TRAP, 

500 mL for F-TRAP) at volumetric percentages of 2% containing the aforementioned M9 

media and associated chemicals used for starter culture preparation. The large-scale cultures 

were grown at 37 °C and 300 rpm until the optical density at 600 nm reached 0.8–1.0. At 

this step, TRAP expression was induced with the addition of IPTG (200 μg/mL). Following 

3 h of protein expression, at 37 °C and 300 rpm, the cells were pelleted by centrifugation at 

4000 rpm for 15 min at 4 °C. The cell pellets were stored at −80 °C until purification. For F-

TRAP expression, when the optical density at 600 nm reached 0.8–1.0, the cells were 

pelleted by centrifugation at 4000 rpm for 15 min at 4 °C and washed three times with ice 

cold 0.9% NaCl. After the final centrifugation, the pellet was resuspended in the 

aforementioned M9 media with 19 amino acids, minus leucine, and all other associated 

chemicals. The resuspended cell mixture was permitted to grow for 15 min at 37 °C and 300 

rpm to exhaust any additional leucine. Following this growth period, TFL (555 μg/mL) and 

IPTG (200 μg/mL) were added to induce expression and residue-specific incorporation of 

TFL.9,10,108 After 3 h of protein expression at 37 °C and 300 rpm, the cells were pelleted by 

centrifugation at 4000 rpm for 15 min at 4 °C. The cell pellets were stored at −80 °C until 

purification.

Cell pellets were permitted to thaw at 4 °C for 30 min and then resuspended in lysis buffer 

(6 M urea, 50 mM Na2HPO4, 0.5 M NaCl, pH 8.0). Lysis was achieved by two freeze-thaw 

cycles between −80 °C and room temperature followed by ultrasonic probe sonication (Q500 

sonicator, amplitude 50%, pulse 5 s on and 30 s off, in an ice water bath for a total 

sonication time of 1 min and 30 s) until cell lysate was visually transparent. The cell lysate 

was centrifuged at 13500 rpm for 1 h at 4 °C. The supernatant was then combined with 

HisPur Ni-NTA agarose slurry, pre-equilibrated with lysis buffer according to the 

manufacturer’s instructions, and left to incubate with end-over-end mixing (Labquake 

Rotisserie, Barnstead Thermolyne) overnight at 4 °C. The protein of interest was eluted by 

increasing elution buffer (6 M urea, 50 mM Na2HPO4, 1 M imidazole, pH 8.0) with 

effective imidazole concentrations ranging from 25 to 1000 mM. All fractions were 

subjected to 12% SDS-PAGE to confirm purity. Pure protein, typically in the elutions 

spanning 100–1000 mM imidazole, was then dialyzed in snakeskin tubing, 3.5 kDa MWCO, 

across four buckets (3.5 L each) of 50 mM Na2HPO4 and 0.5 M NaCl, pH 8.0 at 4 °C. 

Following dialysis, the protein was concentrated with a Macrosep Advance centrifugal 

device (3 kDa MWCO) at 3500 rpm at 4 °C. After 0.2 μm syringe filtration, the 

concentration of each protein was determined by BCA assay. Proteins were stored at 4 °C.
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Confirmation of TRAP and F-TRAP Composition.

TRAP and F-TRAP samples at effective concentrations of 0.2 mg/mL were subjected to 

targeted enzymatic digestion with sequencing-grade modified trypsin (0.2 mg/mL, 2% v/v), 

pre-warmed to 30 °C for 15 min prior to addition, in 60 mM ammonium bicarbonate buffer 

for 6 h at 37 °C with 300 rpm mixing. Trypsin digestion was quenched with trifluoroacetic 

acid (TFA) (10% v/v in diH2O) until the pH reached approximately 4.0. Digested TRAP and 

F-TRAP were then subjected to zip-tip preparation using C18 packed tips. Tips were wetted 

in 50% v/v acetonitrile in deionized water (diH2O) and equilibrated in 0.1% v/v TFA in 

diH2O prior to protein binding and subsequent elution from the C18 column with 0.1% v/v 

TFA in 75% acetonitrile into the saturated α-cyano-4-hydrocinnamic acid matrix at 1:1 

protein:matrix volumetric ratio. TRAP and F-TRAP samples were spotted in 1 μL volumes 

on a MALDI-TOF MS steel target plate and permitted to dry under vacuum for 1 h. A 

theoretical trypsin digestion of TRAP was performed with the online tool Expasy 

PeptideMass (http://web.expasy.org/peptidemass/ ) with adjustments made after theoretical 

digestion to account for size increase upon TFL substitution at all leucine sites for F-TRAP. 

The UltrafleXtreme MALDI-TOF (Bruker) was calibrated with the following standards: 

bradykinin fragment 1–7, angiotensin II, P14R (synthetic peptide), adrenocorticotropic 

hormone fragment 18–39, insulin chain B oxidized (bovine origin), and insulin (bovine 

origin), all at working solutions of 10 pmol/μL. Equal volumes of standards were collected 

in a single tube and combined in a 1:1 volumetric ratio with the α-cyano-4-hydrocinnamic 

acid matrix. The mass spectra were analyzed for TFL incorporation according to peak 

intensities. Amino acid analysis was also performed by John Schulze and the team at 

Molecular Structure Facility (via Science Exchange) at University of California, Davis, on 

the same proteins and analyzed on an L-8800 Hitachi analyzer, utilizing a sodium citrate 

buffer system.

Secondary Structure and Thermostability Analysis.

Circular dichroism spectroscopy was used to assess the secondary structure and 

thermostability of TRAP and F-TRAP. This was accomplished using a Jasco J-815 CD 

spectrometer with a PTC-423S single-position Peltier temperature control system. TRAP 

and F-TRAP proteins were diluted to 10 μM concentrations in 50 mM Na2HPO4 and 0.5 M 

NaCl, pH 8.0, and dispensed into quartz cuvettes. The wavelength spectrum was measured 

over the range of 200–250 nm with a bandwidth (step size) of 1 nm and path length of 1 cm.
5–7,9 The scanning mode was continuous at 20 nm/min. All wavelength CD runs were 

conducted in triplicate at 20 °C. Data represent an average of three independent protein 

preparations. Temperature scans were performed at 222 nm from 20 to 75 °C, at a heating 

rate of 1 °C/min. The melting temperature (Tm) was determined by taking the first derivative 

of the normalized mean residue ellipticity as a function of temperature.5–7 The Tm was 

confirmed with additional temperature scans using protein concentrations of 5 and 15 μM so 

as to separate the constant Tm from the dynamic inverse transition temperature (Tt). Using 

spectral analysis software provided by the instrument manufacturer (Jasco), all spectra 

underwent a 50 mM Na2HPO4/0.5 M NaCl, pH 8.0, buffer spectrum subtraction followed by 

a smoothing operation according to the Savitzky-Golay method at a convolution width of 

21.109 In terms of calculations for CD analysis, mean residue ellipticity (θMRE) was 

calculated from ellipticity (θ) using the following equation:63
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θMRE = θ /(10 × Protein Conc × Path Length × Residue Number)

Deconvolution of spectra at each temperature, accounting for buffer subtraction, smoothing, 

and mean residue ellipticity calculations, was carried out using K2D3 software (http://

cbdm-01.zdv.uni-mainz.de/~andrade/k2d3//index.html ) to determine the α-helix and β-

strand composition.77

Turbidometry and Inverse Transition Temperature Analysis.

TRAP and F-TRAP at varying concentrations were loaded into a type 21 quartz cuvette with 

a 10 mm path length (BuckScience). Proteins were characterized for their inverse transition 

temperature (Tt) behavior at 320 nm using a UV-vis Cary-50 (Varian Inc.) equipped with a 

TC125 temperature regulator (Quantum North-west). Samples were heated at a rate of 

1 °C/min from 20 to 80 °C. The Tt was determined by taking the first derivative of the 

normalized absorbance at 320 nm as a function of temperature. At least three separate 

protein preparations were subjected to UV-vis spectroscopy across all concentrations.

Self-Assembly and Analysis.

Fluorescence anisotropy experiments were carried out on a Molecular Devices Flexstation 3 

plate reader equipped with the necessary hardware for fluorescence polarization 

measurements. 5-Dodecanoyl amino fluorescein (10 nM) dissolved in methanol was added 

to clear glass threaded vials and dried to a thin film under vacuum. Protein was then added 

to each tube at increasing concentrations, and the tubes were sealed tightly and gently 

agitated (80 rpm orbital mixing) at 25 °C for 24 h before measuring the fluorescence 

polarization (excitation 485 nm, emission 528 nm, cutoff 515 nm, G factor 1.0). The critical 

micelle concentration was determined to be the concentration at which fluorescence 

polarization increased dramatically.78 These experiments were conducted at least three times 

with two different protein preparations with the average CMC taken for all trials.

Fluorescence experiments were carried out to measure micelle stability as a function of 

temperature using a Biotek Synergy HT plate reader. Nile red (1 μM) dissolved in methanol 

was added to PCR tubes and dried to a thin film under vacuum. Protein was added to each 

tube at a static concentration of 0.5 mg/mL at 4 °C. Tubes were quickly transferred to a Bio-

Rad thermocycler and then slowly heated (0.1 °C/s) with 10 min incubation periods at each 

measured temperature. At the conclusion of each incubation period, the contents of each 

tube were subjected to fluorescence measurements (excitation 550 nm, emission 635 nm). 

These experiments were conducted at least three times with two different protein 

preparations.

Static light scattering experiments were carried out using a Zetasizer Nano Series model 

Nano ZS90 (Malvern Instruments). Proteins ranging in concentration from 0.25 to 2.0 

mg/mL were incubated at 35 °C for 24 h with mild agitation (80 rpm orbital mixing). After 

24 h, the tubes were visually inspected for aggregation, and after confirming that 

coacervation had not occurred, the protein molecular weights were measured using Debye 

plot fitting of KC/Rθ (where K is the Debye constant, C is the concentration, and Rθ is the 
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Rayleigh ratio) plotted against the concentration. The y intercept was determined to be the 

molecular weight.110 These experiments were conducted at least three times with two 

different protein preparations with the average molecular weights taken for all trials.

Dynamic light scattering measurements were performed on a Zetasizer ZS90 in a low-

volume disposable cuvette with the applied settings: material protein (refractive index 

1.450), absorption 0.001, dispersant phosphate buffer with a viscosity of 1.0200 cP, and 

refractive index of 1.335. Approximately 1.0 mL of 0.5, 0.75, or 1.0 mg/mL TRAP or F-

TRAP in 50 mM Na2HPO4/0.5 M NaCl, pH 8.0, was double filtered (0.2 μm) to minimize 

contamination and then added to the cuvette for analysis. Three separate protein preparations 

were subjected to DLS measurements, and the average z-average diameters among the trials 

were plotted. To assess the effect of temperature on protein assembly, three independent 

measurements were taken, conducting 10 runs for each measurement (5 s per run), with a 

delay time of 2 s from 20 to 50 °C. Stability of the protein assembly was also investigated 

via DLS using the above parameters to measure the z-average diameters from 20 °C to either 

35 or 42 °C, at which point measurements were taken every 30 min for 12 h and, 

subsequently, every 1 h through 24 h.

TEM experiments were undertaken to visualize and confirm particle assembly and sizes. The 

TRAP and F-TRAP proteins (0.5 mg/mL) were heated to 20 or 50 °C for 1.5 h followed by a 

2 μL application of the protein onto a 400 square mesh copper TEM grid for 30 s. Excess 

protein was blotted from the grid with filter paper and then subjected to two washes with 

diH2O. Uranyl acetate (1% w/v) in a 1 μL volume was applied to the grid, quickly blotted, 

and followed by an additional 1 μL application of uranyl acetate. After 20 s, the excess 

uranyl acetate was blotted and permitted to air-dry until imaging. The TEM grids were 

imaged using a FEI Titan Halo 300 kV electron microscope at the Applied Science and 

Research Center (ASRC) at City University of New York (CUNY). These experiments were 

repeated using three grids per sample to confirm morphological characteristics.

Doxorubicin Binding and Release.

To investigate the potential of F-TRAP as a drug delivery vehicle, TRAP and F-TRAP were 

incubated with free base Dox for assessment of loading efficiency and release. To determine 

the encapsulation efficiency of TRAP and F-TRAP, Dox was dissolved in DMSO and added 

to TRAP or F-TRAP at a 2:1 molar ratio of drug to protein (100 μM Dox:50 μM protein) in 

an amber tube and incubated at 4 °C for 12 h. Free Dox was removed via SEC using a G-25 

medium Sephadex resin. The resin was hydrated in diH2O overnight at room temperature 

before being added to a column (0.5 cm internal diameter, 15 cm length). The resin was 

equilibrated in degassed mobile phase buffer (50 mM Na2HPO4/0.5 M NaCl, pH 8.0) 

followed by application of the protein-drug complex. The mobile phase buffer was 

constantly added to maintain continuous flow and elution from the column. Elutions (1 mL 

each) were collected for absorbance readings of Dox at 485 nm.111 Elution absorbances 

were compared to those of a standard curve of known Dox concentrations prepared in 50 

mM Na2HPO4/0.5 M NaCl, pH 8.0, to determine Dox concentrations. Elution fractions with 

the highest absorbance values were also subjected to an enhanced BCA assay for assessment 

of protein concentration. The loading efficiency of Dox by TRAP and F-TRAP was 
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calculated from the amount of Dox quantified in SEC elutions using the following equation:
112

Loading Efficiency(%)=100 × (Amount of Dox Entrapped/Amount of Dox loaded)

The weighted loading was calculated as μg Dox per mg protein.113

Passive, room-temperature, release of Dox by TRAP and F-TRAP was assessed following 

passive loading of Dox at the corresponding loading efficiencies, determined by SEC 

studies, overnight. The protein-drug complex, or free base Dox alone as a control, was added 

to a 10 kDa MWCO dialysis membrane and suspended in 50 mM Na2HPO4/0.5 M NaCl, pH 

8.0, at room temperature, with mixing at 80 rpm. Over a period of 24 h, samples were 

subjected to absorbance readings at 485 nm to measure the concentration of Dox remaining 

compared to a standard curve of known Dox concentrations also prepared in 50 mM 

Na2HPO4/0.5 M NaCl, pH 8.0. Released Dox was plotted as an accumulated percentage of 

the original amount of Dox loaded. The dialysis buffer outside of the membrane was 

replaced hourly for the first 8 h to spur drug release.

Dox release was further investigated under hyperthermic conditions in which TRAP or F-

TRAP-bound Dox complexes were added to amber tubes in triplicate and suspended in a 

45 °C water bath.114 At 30 min, 1 h, and 2 h, one tube was removed from the water bath and 

centrifuged for 5 min at 13200 rpm to pellet the coacervate protein. The supernatant was 

subjected to absorbance readings at 485 nm.114 The concentration of released Dox was 

compared to a standard curve of known Dox concentrations, and the amount of Dox released 

was plotted as an accumulated percentage of the original amount of Dox loaded.

Cell Viability Studies.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell viability assays 

were conducted to assess the efficacy of free and F-TRAP-delivered Dox on the MCF-7 

breast adenocarcinoma cell line.115 MCF-7 cells were seeded into a 96-well plate at a 

density of 10000 cells/well in minimum essential media (MEM) supplemented with 10% 

fetal bovine serum, 1% penicillin/streptomycin, and 0.01 mg mL−1 human recombinant 

insulin and incubated overnight at 37 °C with 5% CO2. MEM was subsequently removed, 

and 90 μL of fresh MEM was added per well. Cells were treated with 10 μL of Dox, F-

TRAP, or Dox-loaded F-TRAP (F-TRAP·Dox) in quadruplicates at increasing 

concentrations with a static final DMSO concentration of 0.55% v/v. Treated cells were 

incubated either for 48 h at 37 °C with 5% CO2 or for 1 h in a 42 °C water bath followed by 

37 °C with 5% CO2 for 47 h. After treatment, the media was removed; the cells were rinsed 

once with 1× PBS, and 100 μL of fresh MEM was added per well. To assess the cytotoxicity 

of Dox and the Dox-loaded protein complexes, 10 μL of 5 mg/mL MTT stock in 1× PBS 

was added per well and incubated for 4 h at 37 °C with 5% CO2. Following incubation, all 

but 25 μL of the medium was removed per well and 50 μL of DMSO was added per the 

manufacturer’s protocol. Cells were incubated for 10 min at 37 °C with 5% CO2. The 

absorbance of each well was assessed using a Biotek Synergy HT microplate reader at 540 

nm. The cell viability of treated cells was calculated as a percentage normalized to untreated 
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cell controls. Data represent the average of four replicates per sample per trial, and error bars 

represent the standard deviations.

Nuclear Magnetic Resonance Measurements.

Limit of 19F detection studies were conducted on a Bruker AVIII-400 (9.4 T) instrument 

equipped with a BB(F)O probehead. F-TRAP sensitivity was compared to the commercially 

available 19F nanoemulsion V-Sense (Celsense) using a 19F one-pulse sequence with the 

following parameters: echo time (TE) = 300 ms, flip angle (FA) = 90°, sweep width (SW) = 

89.285 kHz, acquisition time = 0.73 s, with number of scans (NS) =264, resulting in an 

experiment time TIM = 3 min 13 s. The 1D 19F NMR spectra of F-TRAP and V-sense at 19F 

concentrations ranging from 0.25 to 2.5 mM and 0.0025 to 1 mM, respectively, were 

acquired. A standard composed of 10% TFA/10% D2O/80% H2O, acquired with the same 

sequence, was used to calibrate all spectra in Topspin 3.2 software. Topspin 3.2 was further 

used to quantify SNRs, calculated via the Bruker SINO command to identify the LOD, the 

concentration at which the SNR is equal to 3.88–91 The Bruker PEAKW command was 

employed to determine the fwhm for F-TRAP and V-Sense. The intensities of the F-TRAP 

peaks were quantified using Bruker’s integration function. 1D 19F NMR spectra of F-TRAP 

samples at 1 mg/mL protein concentration were also obtained as a function of temperature at 

26.85 °C (300 K), 31.85 °C (305 K), and 37.0 °C (310.15 K), each calibrated to a 10% 

trifluoroethanol/10% D2O/80% H2O standard acquired at the corresponding temperature 

using the identical sequence. Both the F-TRAP sample and calibration standard were 

acquired using the above-described 19F one-pulse sequence. Topspin 3.2 software was used 

to overlay the spectra acquired at variable temperatures.

The relaxation properties of F-TRAP were obtained as a function of temperature on a 500 

MHz (11.7 T) Bruker Avance II instrument equipped with a 5 mm room-temperature 

BB(F)O SMART probe. Both the inversion recovery and CPMG 19F NMR experiments58 

were performed on F-TRAP at 0.5, 0.6, 0.75, and 0.9 mg/mL (corresponding to 0.82 mM 
19F, 0.98 mM 19F, 1.23 mM 19F, and 1.47 mM 19F) at varying temperatures (21.85, 26.85, 

31.85, 37 °C). Inversion recovery experiments were used to determine the T1 relaxation 

times with an SW of 38 311 Hz (corresponding to 76.6219 ppm) and delay time of 2.0 s 

with 1024 scans at each of the following variable delay times: 0.001, 0.05, 0.1, 0.2, 0.3, 0.5, 

0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 s. CPMG experiments were used to determine the 

T2 relaxation times with an SW of 38 311 Hz (corresponding to 76.6219 ppm) and delay 

time of 2.0 and 1024 scans at each of the following variable counter times: 2, 20, 50, 100, 

200, 400, 600, 800, 1000, 1400, 1600, 1800, 2500 μs. The relaxation times (T1 and T2) were 

calculated by using curve fitting analysis in Topspin 3.2 software.

Phantom Magnetic Resonance Experiments.

Magnetic resonance imaging was conducted using 1H nuclei to identify all samples 

containing water and using 19F nuclei to locate and quantify the sample containing 19F-

TRAP. All MRI experiments were performed on a Biospec 7030 micro-MRI system 

(Bruker) composed of an Avance-3 HD console and a zero-boil-off 7 T (300 MHz) 300 mm 

horizontal bore magnet equipped with an actively shielded gradient coil insert (Bruker 

BGA-12S-HP; i.d. 114 mm, 660 mT/m gradient strength, 130 μs rise time). The MRI 
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experiments were performed with a house-made whole body birdcage coil inductively 

coupled to a slotted resonator, capable of holding two glass tubes (o.d. 6 mm) and broadband 

tuning via a variable capacitor to cover both Larmor frequencies of 1H proton (300.16 MHz) 

and 19F (282.4 MHz) at 7 T (Figure 6C). The coil was first tuned and matched for 1H for 

rapid scout scans due to the greater proton signal sensitivity, which was used as a spatial 

reference for 19F scans.

ZTE imaging was employed for 1H and 19F imaging (repetition time (TR) = 2.5 ms, TE = 20 

μs, FA = 4°, SW = 100 kHz, NS = 128, resulting in 781 Hz/pixel) with the number of 

repetitions (NR) = 1 and TIM = 32 s for 1H imaging and NR = 110 and TIM = 1 h for 19F 

imaging. The ZTE imaging sequence is based on a 3D radial acquisition method for which 

center-out readouts are performed in the presence of a constant gradient in a steady state of 

the magnetization. A nonselective excitation with very short RF pulse was employed in 

order to capture signals with extremely short T2 values (TE = 20 μs), while a very small flip 

angle (FA = 4°) in combination with a very short repetition time (TR = 2.5 ms) was used to 

achieve efficient SNR scanning. Despite the apparent high duty cycle, the very short RF 

excitation pulse, in combination with the low flip angle used, prevented any RF-induced 

heating effect as assessed by the continuous monitoring of the temperature of the sample 

imaged.

For imaging experiments, a set of solutions with concentrations ranging from 5 to 13.40 

mg/mL F-TRAP (equivalent to 8.17 mM 19F and 21.90 mM 19F, respectively), at a total 

volume of ∼500 μL, and a negative control volume of water were placed in separate 5 mm 

NMR tubes. The temperature of the 5 mm glass tubes containing the F-TRAP solutions was 

systematically and continuously monitored during the MRI scans via a thermocouple probe 

implanted at the tip of the NMR glass tube across the rubber cap to ensure proper sealing. 

No temperature changes that may be induced by RF heating were observed during the MRI 

scans.

The 13.40 mg/mL F-TRAP phantom sample was also acquired using a 19F MRS sequence 

on the same 7 T (300 MHz) system (TR = 2000 ms, NS = 200, FA = 90°, TIM = 6 min 40 s). 

The MRS spectra was calibrated in Topspin 3.2 software to a standard composed of 10% 

TFA/90% H2O acquired with the same sequence.

Endotoxin Removal.

Pierce high-capacity endotoxin removal spin columns were used to remove endotoxins from 

the F-TRAP sample to be studied in vivo. After regeneration with 0.2 N NaOH, endotoxin 

removal resin was washed using 2 M NaCl solution, followed by endotoxin-free, ultrapure 

water. The resin was then equilibrated with endotoxin-free 1× PBS, pH 7.4, for a total of 

three times. The protein sample at a concentration of 2.7 mg/mL was added to the resin and 

incubated for 1 h at 4 °C. The sample was eluted in a sterile 15 mL tube via centrifugation at 

500g for 1 min.

Near-Infrared Fluorochrome Conjugation.

Endotoxin-free F-TRAP was subsequently diluted in endotoxin-free 50 mM carbonate/

bicarbonate buffer, pH 8.5, to 1 mg/mL and conjugated to the NIR fluorochrome VivoTag-S 
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750 (PerkinElmer) at room temperature for 1 h using end-over-end mixing (Labquake 

Rotisserie, Barnstead Thermolyne). Nonconjugated fluorochrome was removed using an 

Amicon Ultra-15 centrifugal filter 3 kDa MWCO, while buffer exchanging fluorochrome-

conjugated F-TRAP (NIR-F-TRAP) into endotoxin-free 1× PBS, pH 7.4, and concentrating 

to 13.40 mg/mL.

In vivo Experiments.

The use of F-TRAP for in vivo tumor imaging was assessed in an MCF-7 xenograft mouse 

model using optical imaging and magnetic resonance imaging. Animal work was performed 

in strict accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals and using procedures approved by the Institutional Animal Care and 

Use Committee at the New York University School of Medicine. At 4–6 weeks old, female 

CrTac:NCr-Foxn1nu nude mice acquired from Taconic Biosciences were injected with 3 × 

106 MCF-7 cells embedded in 150 μL Corning Matrigel matrix. One week after MCF-7 cell 

injection, mice were injected over the right scapula with Matrigel embedded with 100 μg of 

β-estradiol twice a week. Tumors were permitted to grow until a 5 mm diameter, or 100 

mm3 volume, was reached as measured via high-frequency ultrasound (Fujifilm Vevo 3100 

VisualSonic Ultrasound) prior to ultrasound-guided intratumoral injection of endotoxin-free 

NIR-F-TRAP. Mice were anesthetized with a cocktail of ketamine (100 mg/mL)/xylazine 

(20 mg/mL) at 0.1 mL/g mouse weight. Prior to injecting NIR-F-TRAP,mice were subjected 

to baseline in vivo multispectral vis-NIR fluorescence imaging overlaid onto an anatomical 

reflectance image on a Bruker In-Vivo Xtreme, with an excitation of 730 nm and emission 

acquisition at 790 nm over 30 s exposure. Mice were subsequently injected with 50 μL of 

13.40 mg/mL NIR-F-TRAP (equivalent to 0.82 mM F-TRAP and 21.90 mM 19F) 

intratumorally under high-frequency ultrasound using a microfine 26 gauge 1/2 in. needle 

and immediately reimaged using dual fluorescence-reflectance imaging. A 24 h post-

injection fluorescence-reflectance image was also acquired to confirm clearance of the 

construct. All fluorescence images were presented on the same intensity scale provided in 

picowatts per mm2.

In vivo 1H MR imaging and 19F MRS of NIR-F-TRAP were conducted immediately 

following fluorescence-reflectance imaging using a house-made setup composed of a 19F-

tunable house-made low-pass ladder surface coil inductively coupled to the same homemade 

birdcage coil used for phantom imaging, which was placed directly over the tumor. The 

tumor was visualized using a standard 1H T1-weighted 3D FLASH imaging sequence (TR = 

610.94 ms, TE = 2 ms, FA = 30°, matrix = (256 mm)3, resolution = (234.375 μm)3, SW = 67 

kHz, TIM = 1 min, 18 s), and NIR-F-TRAP injected into the tumor was detected using a 19F 

MRS sequence (TR = 2000 ms, NS = 200, FA = 90°, TIM = 6 min 40 s), which maintained a 

higher sensitivity than was obtainable with 19F MR imaging. The MRS spectra were 

calibrated in Topspin 3.2 software to a standard composed of 10% TFA/90% H2O acquired 

with the same sequence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) TRAP monomer and sequence showing the coiled-coil (C) domain and elastin-like 

polypeptide (E) domain. F-TRAP results in replacement of leucine (L, blue) with 

trifluoroleucine (TFL, red). (B) Schematic representation of F-TRAP assembly, 

thermoresponsive drug release, and detection by 19F MRS and by zero-echo time (ZTE) 19F 

MRI when sufficient fluorine is present.
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Figure 2. 
(A) SDS-PAGE of TRAP and F-TRAP overexpression in the presence and absence of L 

(leucine) or TFL (trifluoroleucine). (B) MALDI-TOF spectrum of tryptic fragment 

GSHHHHHHGSACELTFLAAR showing a 54 Da mass shift compared to wild-type TRAP. 

(C) Circular dichroism spectra of TRAP (solid line) and F-TRAP (dashed line) at 0.2 mg/mL 

and 20 °C. (D) Melt curves for TRAP (solid line) and F-TRAP (dashed line).
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Figure 3. 
Micelle stability of (A) F-TRAP and (B) TRAP plotted as a function of temperature and Nile 

red probe fluorescence. Particle diameters of (C) F-TRAP and (D) TRAP by dynamic light 

scattering at different concentrations and increasing temperature. (E) Inverse transition 

temperatures (Tt) of F-TRAP (dashed line) and TRAP (solid line) at different 

concentrations. Error bars represent the standard deviation of three trials.
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Figure 4. 
(A) Passive release of free base doxorubicin (Dox) at room temperature (RT) compared to F-

TRAP- or TRAP-encapsulated Dox through 10 kDa MWCO dialysis membranes over 24 h. 

(B) Burst release for Dox from F-TRAP and TRAP at 45 °C (>Tt) over 2 h. MTT cell 

viability assay for F-TRAP·Dox, Dox alone, or F-TRAP alone at (C) 37 °C or (D) subjected 

to a 42 °C hyperthermic incubation prior to 37 °C. Symbols in panels C and D indicate the 

results of Tukey’s HSD test for multiple comparisons, applied to assess the significance 

between treatments on cell viability at each temperature over the range of concentrations 

studied, where ns = no significance, *p < 0.05, **p < 0.01, and ***p < 0.001. The test also 

assessed the significance of temperature on Dox and F-TRAP·Dox at 37 °C vs 42 °C, where 

Dox 37 °C vs Dox 42 °C = ns and F-TRAP·Dox 37 °C vs F-TRAP·Dox 42 °C = *.

Hill et al. Page 30

ACS Nano. Author manuscript; available in PMC 2020 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
(A) Signal-to-noise ratios (SNR) from 400 MHz one-dimensional 19F NMR spectra acquired 

over 264 scans in 3 min 13 s for F-TRAP diluted from 2.5 mM 19F to its limit of detection 

(LOD), at which SNR = 3,88 of 0.25 mM 19F. (B) Representative 400 MHz one-dimensional 
19F NMR spectra of F-TRAP at 1.125 mg/mL protein (1.84 mM 19F), with the inset focused 

on the three peaks of the F-TRAP spectrum.
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Figure 6. 
(A) 19F R1 and (B) 19F R2 relaxometry plots. Inset in A shows R1 plot on a smaller scale. 

(C) Homemade whole body linear birdcage coil (left, in white) inductively coupled with a 

slotted resonator (right, in blue) capable of holding two glass tubes (o.d. 6 mm) and 

broadband tuning via a variable capacitor. (D) MRI phantom layout, (E) zero echo time 

(ZTE) imaging of 1H nuclei, (F) ZTE imaging of 19F nuclei, and (G) overlay of 1H and 19F 

ZTE. TIM = total acquisition time.
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Figure 7. 
In vivo fluorescence-reflectance imaging of MCF-7 xenograft mouse model (A) pre-

injection of NIR-F-TRAP and (B) immediately following intratumoral injection of NIR-F-

TRAP. (C) Homemade animal holder attached to a 19F-tunable low-pass ladder surface coil 

for inductive coupling and fitting with the whole body coil described in Figure 6C. (D) 

Sagittal, coronal, and axial views from a 3D in vivo 1H T1-weighted FLASH MRI of a NIR-
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F-TRAP-injected mouse with FOV focused around the MCF-7 tumor. (E) In vivo 19F MRS, 

and corresponding SNR, of a NIR-F-TRAP-injected mouse acquired in 6 min 40 s.
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