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Abstract

Gadolinium (Gd)-based compounds and materials are the most commonly used magnetic 

resonance imaging (MRI) contrast agents in the clinic; however, safety concerns associated with 
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their toxicities in the free ionic form have promoted the development of new generations of metal-

free contrast agents. Here we report a supramolecular strategy to convert an FDA-approved 

anticancer drug, Pemetrexed (Pem), to a molecular hydrogelator with inherent chemical exchange 

saturation transfer (CEST) MRI signals. The rationally designed drug–peptide conjugate can 

spontaneously associate into filamentous assemblies under physiological conditions and 

consequently form theranostic supramolecular hydrogels for injectable delivery. We demonstrated 

that the local delivery and distribution of Pem–peptide nanofiber hydrogels can be directly 

assessed using CEST MRI in a mouse glioma model. Our work lays out the foundation for the 

development of drug-constructed theranostic supramolecular materials with an inherent CEST 

MRI signal that enables noninvasive monitoring of their in vivo distribution and drug release.

Graphical abstract
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Supramolecular nanostructures and hydrogels derived from small-molecule peptides and 

peptide conjugates are an emerging class of biomaterials that have received much attention 

initially in regenerative medicine and tissue engineering1–7 and recently in drug delivery8–21 

and disease diagnosis.22–24 In the context of drug delivery for cancer chemotherapy, the 

ability to monitor and track therapeutic agents is highly desirable to achieve a better disease 

prognosis and to comprehend treatment successes and failures.25 To render real-time 

reporting of drug distribution upon in vivo administration, imaging-guided drug delivery or 

theranostic systems have been widely explored to incorporate chemo therapeutic drugs with 

different imaging modalities such as positron emission tomography (PET),26 single-photon 

emission computed tomography (SPECT),27,28 magnetic resonance imaging (MRI),29,30 and 

ultrasonic31 and fluorescence imaging.32–35 Among them, MRI is one of the most 

commonly used diagnostic methods due to its superior spatial resolution and soft tissue 

contrast.36 There have been several important attempts to incorporate an MRI modality into 

these peptide-based systems by introducing a metal chelator in the molecular design.
23,24,37–40 Although signal enhancement can be observed in these systems for the purpose of 

imaging, the potential toxicity of the chelated ions such as gadolinium (Gd) in the free form 
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at higher concentrations (e.g., triggering nephrogenic systemic fibrosis41 or deposition in the 

brain of patients42) undermines the intriguing properties of peptides and peptide conjugates 

as biocompatible materials.

Chemical exchange saturation transfer (CEST) is an emerging MRI contrast mechanism that 

utilizes a special MRI pulse sequence to selectively detect exchangeable protons at their 

unique chemical shift (frequency offset), thus translating them into frequency-specific 

molecular imaging agents.43,44 The exchangeable protons are detected by the attenuation of 

the MRI (water) signal caused by the continuous transfer of the saturated (NMR signal being 

nulled) protons from the probes to their surrounding water molecules. Using the CEST 

approach, bio-organic molecules45–48 containing exchangeable protons such as –OH, –NH, 

and –NH2 groups can be saturated by a frequency-specific radiofrequency pulse. For 

example, a series of X-ray contrast agents, Iopamidol,49 iopromide,50,51 and iobitridol,52 

with an –NH proton were shown to exhibit a CEST MRI signal that enabled in vivo 
microenvironment pH mapping. More importantly, CEST can be potentially used to detect 

therapeutic drugs,45,53,54 drug/gene delivery systems,55,56 and their subsequent tumor 

responses in a “label-free” manner.57–59 One unbeatable advantage of using CEST MRI for 

pursuing image-guided drug delivery is that, with the intrinsically endowed CEST contrast, 

extensive chemical labeling of bioactive molecules can be avoided, namely, “natural 

labeling”.

In this context, we report on the pioneering use of an FDA-approved anticancer drug, 

pemetrexed (Pem), as both a CEST MRI contrast agent and molecular building units to 

create theranostic supramolecular filament hydrogels. The use of therapeutic agents to create 

self-assembling drug amphiphiles represents an effective strategy to create one-component 

nanomedicines.16,60–66 We chose the anticancer drug Pem because of its inherent CEST 

MRI signal at 5.2 ppm frequency offset from the resonance of water. By conjugation of 

pemetrexed with a rationally designed peptide, we show that the resultant conjugate can 

spontaneously form supramolecular filament hydrogels in aqueous solutions for injectable 

delivery into brain tumor sites, serving as both a therapeutic and diagnostic agent. Notably, 

the entire hydrogel system contains only water and the designed drug conjugate, thus 

affording a one-component label-free theranostic platform.

RESULTS AND DISCUSSION

Molecular Design

Pemetrexed is a chemotherapeutic drug (marketed under the trade name Alimta67) composed 

of aromatic amines and secondary amines in its chemical structure (Pem in blue, Figure 1a). 

These exchangeable protons possess a chemical shift of 9.9 ppm by NMR convention, or 5.2 

ppm apart from water, and can be selectively saturated and transferred to bulk water through 

chemical exchange, resulting in a marked decrease of the water signal intensity (Figure 1b). 

Subsequently, the CEST contrast, the decrease in water signal intensity with and without 

saturation RF pulses, is quantified by the magnetization transfer ratio (MTRasym), providing 

a way to quantify Pem using noninvasive MRI. In this case, Pem can be considered as a dual 

functional agent, both an anticancer drug and MRI contrast agent. Since Pem (Figure 1a) has 

a relatively low water solubility, conjugation of Pem with a short peptide of overall 
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hydrophilicity would result in an amphiphilic prodrug for potential formation of discrete 

nanostructures under physiological conditions (Figure 1c). To construct the Pem–peptide 

conjugate, we designed a short peptide sequence containing two glutamic acids and two 

phenylalanines to create a Pem drug amphiphile. Glutamic acid was chosen because it 

carries a negative charge on its side chain, which can minimize the cationic-induced 

cytotoxic effect commonly reported in positively charged nanoparticles.68 The hydrophilic 

characteristic of glutamic acids (EE) is crucial to achieve the amphiphilic balance with the 

low-water-soluble Pem drug. Phenylalanine (FF) was incorporated to promote the self-

assembly of PemFE (Figure 1a) through π–π interactions. The phenylalanine benzyl side 

chain has been shown to direct the self-assembly of amphiphilic peptide into nanotubes or 

nanofibers.69–74 We found that the use of the two phenylalanine residues, instead of two 

valines or two glycines, greatly enhances the potential of our designed molecules to form 

supramolecular filamentous hydrogels. Details of the molecular synthesis and 

characterization can be found in the Supporting Information S1 (Figures S1–S3). The 

concept of self-assembling peptide–drug conjugates enables precise control of the high drug 

loading from the molecular design level.64,65 In this particular construct, the Pem drug 

loading can be regarded as 100 wt % if considering the entire molecule as a prodrug, or 42 

wt %, as defined by the ratio of the molecular mass of Pem to the total molecular weight of 

the PemFE conjugate (S1.5). In comparison, the conventional drug encapsulation method 

and the drug–polymer conjugation approach result in a typical drug loading of less than ~5 

wt % and ~10 wt %, respectively.75 The molecular masses of synthesized PemFE (MW = 

979) and C12FE (MW = 774) molecules were confirmed using electrospray ionization mass 

spectroscopy (Figure S1), and their purity was confirmed using analytical HPLC (Figure 

S2). It should be noted that in our synthesis products, due to the presence of dual carboxylic 

acid functional sites, the target molecule PemFE coexists with its structural isomer, as 

denoted by an asterisk (*) in Figure 1a and Figure S3. We presume that their CEST 

properties are similar, given the long distance between the preserved aromatic amine and the 

conjugation sites. By replacing the Pem drug with a linear C12-hydrocarbon, the C12FE 

molecule was designed and synthesized as a control molecule, and its full chemical structure 

is shown in Figure S3c.

Molecular Self-Assembly and Characterization

The self-assembly of PemFE and C12FE was initiated by directly dissolving their respective 

lyophilized powder into Dulbecco’s phosphate-buffered saline (1× DPBS). After aging over 

24 h at room temperature, their self-assembled nanostructures were characterized using 

cryo-transmission electron microscopy (cryo-TEM) (S2). Cryo-TEM micrographs in Figure 

2a,b show that both PemFE and C12FE self-assembled into filamentous nanostructures at a 

concentration of 4 and 10 mM, respectively. The corresponding diameters of PemFE and 

C12FE nanofibers are 9.1 ± 1.4 and 8.5 ± 0.9 nm measured from conventional TEM images 

(Figure S4), which are approximately twice the expected molecular length (~3.9 and ~3.2 

nm, respectively). This suggests that these molecules are likely packed in a core–shell 

fashion within the observed filamentous assemblies.5,76,77 According to the previous reports 

on peptide amphiphile assembly,16,76,78 the observed one-dimensionality is likely a result of 

the hydrogel bonding among the FFEE peptide segments, working in concert with the 

aromatic interactions between phenylalanine side chains and between the aromatic portions 

Lock et al. Page 4

ACS Nano. Author manuscript; available in PMC 2018 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the pemetrexed. The lengths of these filaments are typically in the range of several 

micrometers even at a concentration of 100 μM and increase when the conjugate 

concentration is increased; however, the exact evaluation of the filament length and length 

distribution cannot be achieved. At 30 mM, the assembly of both molecules led to the 

formation of self-supporting hydrogels in a 1× PBS solution, as shown in Figure 2c.

Given the therapeutic potential of the PemFE, we performed cytotoxicity assays to evaluate 

the potency of the Pem prodrug against the mouse glioma cell line, GL261, with free Pem 

and C12FE as control. Our results (Figure S5) suggested that the IC50 for PemFE is one 

order of magnitude higher than that of the free Pem (2.29 vs 0.13 μM). This compromised 

efficacy is expected and can be attributed to the retarded release of the free Pem from the 

prodrug as a result of the necessary degradation by enzymes of the peptidic auxiliary 

segment. Our results also suggested that the control peptide conjugate C12FE did not show 

any significant cell toxicity at concentrations up to 100 μM, implying the potential 

biocompatibility of the chosen peptide sequence.

Since the PemFE molecules are noncovalently linked within the supramolecular filaments, 

we expect an effective release of the conjugate from its hydrogels upon dilution/

consumption through molecular dissociation. The release experiments were conducted on a 

PemFE hydrogel of 30 mM in a phosphate buffer at 37 °C, and samples were collected at a 

series of desired time points and stored at −30 °C. Upon completion of the sample 

collection, all the samples were measured using reverse-phase HPLC. The plot of cumulative 

release versus time (Figure S6) suggested a two-phase release mechanism: a relatively faster 

initial release followed by an almost linear release over the course of several days, with 

~65% drug released within 8 days. Although the exact release profile may vary in a more 

complex in vivo setting, this study demonstrates clearly the potential of using Pem-bearing 

supramolecular filament hydrogels as a long-term therapeutic reservoir.

In Vitro CEST MRI Measurement

MRI measurements revealed that both Pem and PemFE filament hydrogels show a strong 

CEST signal at ~5.2 ppm at pH 7.4 and 37 °C (Figure 2). We first prepared PemFE, C12FE, 

and Pem at 10 mM concentration (in 1× PBS, pH 7.4, and 37 °C) and measured their 

respective CEST properties on a 9.4 T vertical bore Bruker MRI scanner using a previously 

reported procedure.79 The CEST effect was displayed as Z-spectra (Figure 2d) and further 

quantified using MTRasym (Figure 2e), as defined by MTRasym = (S−Δω − S+Δω)/S0, where S
−Δω and S+Δω are the MRI signal intensities after saturation at −Δω and +Δω frequency 

offsets from the water proton frequency (set at 0 ppm); S0 is the intensity in the absence of a 

saturation pulse. Both Z-spectra and MTRasym plots clearly showed a strong CEST signal at 

~5.2 ppm. At this frequency offset, as shown in the color-coded CEST parametric map 

(Figure 2f), a marked CEST contrast can be appreciated between PemFE and the control 

molecule (C12FE). We therefore speculate this CEST signal arises from the aromatic 

primary amine’s exchangeable proton on the Pem (~10 ppm using 1H NMR spectrometry80). 

It is noteworthy that, as a result of the fast exchange rate, the CEST peak at 5.2 ppm is 

broadened and the exact offset to obtain the “peak” CEST effect was observed to be slightly 

shifted (ranging from 5.0 to 5.4 ppm) for samples measured at different solution pH or using 
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different saturation power (Figures S7). Our measurements also suggested that the CEST 

MRI signal (MTRasym at 5.2 ppm) of both Pem and PemFE filaments increased linearly as 

their respective concentrations were increased from 100 μM to 10 mM (Figure S8).

We found that PemFE hydrogels typically showed lower CEST signals compared to free 

Pem (Figure 2e,f) at the same concentration. Part of this could be attributed to the fact that 

some of the aromatic amines of PemFE are embedded within the assemblies, limiting the 

accessibility of Pem-exchanging protons to the surrounding water. The suppression or 

acceleration of proton exchange rates, as a result of distinct water exposure of exchanging 

protons, has been studied to probe the differences in protein conformational structures.81,82 

Despite the suppressed effect observed here, the CEST signal of PemFE at 5.2 ppm offset is 

markedly higher compared to the control C12FE (Figure 2d–f), enabling direct MR imaging 

of Pem filament hydrogels, without the need for additional imaging contrast agents.

The apparent CEST effect is strongly dependent on the saturation parameters used to acquire 

CEST MRI images. Figure 3a shows that both Pem and PemFE (10 mM, pH 7.4) exhibited a 

linear increase with respect to higher saturation field strength (B1). Considering a higher B1 

can also cause a severe direct water saturation effect and unwanted magnetization transfer 

effect for the in vivo cases, we chose B1 = 3.6 μT for subsequent in vivo studies. Figure 3b 

shows the example of the QUEST (quantifying exchange rates using saturation time) 

analysis of saturation time (Tsat)-dependent CEST effect of PemFE at pH 6 (dotted line), pH 

7 (solid line), and pH 8 (dashed line). The same analysis was performed for Pem and 

C12FE, and the results are shown in Figure S9. As expected, MTRasym at 5.2 ppm increases 

with increasing Tsat for Pem-containing molecules. However, for Tsat longer than 3 s, the 

CEST effect did not increase significantly. Therefore, a Tsat of 3 s was considered the 

optimal value and was used in the subsequent studies.

Interestingly, PemFE and C12FE exhibited different pH-dependence CEST contrast in the 

pH range from pH 6.0 to pH 8.5, as shown in Figure 3c. When pH is increased, both free 

Pem and PemFE have a biphasic response, i.e., first increased and then decreased. The 

maximal CEST contrasts were observed at pH 7.4 and pH 7.0 for Pem and PemFE, 

respectively, while C12FE clearly showed a continuous decrease of CEST contrast when pH 

increases, although the maximal CEST contrast was only 0.01 ± 0.001. The correlation of 

Pem and PemFE CEST contrast to pH condition indicates that the exchange rate (kex) of the 

Pem amine proton changes dramatically at different pH values. To estimate the exchange 

rate (kex), we measured the MTRasym values at 5.2 ppm with saturation time (Tsat) ranging 

from 0.5 to 6 s and analyzed the data using the previously reported QUEST method.83 The 

pH dependence of the proton exchange rate (kex) of each compound is shown in Figure 3d. 

The estimated Pem proton exchange rate is on the order of 102–103 s−1, which is comparable 

to kex reported in other literature.48,52 Both Pem and PemFE clearly exhibited a biphasic kex 

function with respect to pH (Figure 3d). The initial pH-dependent increase is attributed to 

the gradual increase of exchange rate as the solution pH is increased in a way similar to all 

the base-catalyzed proton exchanges.81 However, the second phase in which kex drops when 

pH further increases is unexpected. We speculate that the further increase of pH led to a kex 

value exceeding the slow-to-moderate exchange rate region (i.e., kex > Δω), which instead 

compromises the CEST signal and results in a decrease of the apparent CEST contrast.

Lock et al. Page 6

ACS Nano. Author manuscript; available in PMC 2018 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In Vivo CEST MRI Time-Point Study and Spatial Comparison

To assess the potential use of the PemFE hydrogel in vivo, a GL261 orthotopic brain tumor 

model was used. In brief, C57BL6 mice (female, 5–6 weeks, n = 4) were stereotactically 

injected with 2 × 104 GL261 cells in the right hemisphere of the brain. Twenty-five days 

after the inoculation of tumor cells, 10 μL of 30 mM PemFE hydrogel was injected into each 

tumor site using the same stereotactic settings. We chose a hydrogel concentration of 30 mM 

to investigate the feasibility of injecting the drug-containing hydrogels at the highest 

possible concentrations to obtain a steady release of a large dosage, while generating 

reasonable CEST signals and avoiding solubility issues. In vivo MRI was performed before 

and 2 and 96 h postinjection on a Biospec 11.7 T MRI scanner equipped with a 23 mm 

mouse brain volume coil. CEST MRI acquisition and data processing were performed as 

previously reported (B1 = 3.6 μT and Tsat = 3 s).79 As shown in Figure 4a, a localized but 

not uniform PemFE hydrogel distribution in the tumor could be observed by comparing the 

CEST MRI signal acquired at 2 h after the injection and that before injection. After 4 days, 

the PemFE hydrogel was still CEST detectable but appeared as a more uniform distribution 

over a larger area, indicating a slow gradient-driven diffusion to nearby tumor cells. 

Filament hydrogels are often regarded as injectable materials, but their network structures 

could be deformed to some extent under shear stress during the injection delivery process. 

Given the supramolecular and entanglement nature, the injected hydrogels are expected to 

recover to their original state after delivery.13 Our study provides visual evidence of the 

distribution and recovery process of filament hydrogels in mouse glioma tumors using CEST 

MRI for up to 4 days postimplantation.

To further evaluate the imaging capability of the PemFE hydrogel, we quantitatively 

analyzed the CEST MRI signal at the injection site compared to its surrounding tumor 

regions. Figure 4b shows an overlay image of the CEST parametric map (threshold by 

MTRasym > −0.01) at 2 h postinjection of the PemFE hydrogel and a T2w anatomical image. 

We chose two regions of interest (ROIs) in the tumor, with ROI1 representing the region 

having a strong CEST MRI signal elevation and ROI2 representing the region that has a low 

CEST MRI contrast. Then we repeated the same analysis on five mice. As shown in Figure 

4c, the mean CEST contrast between the ROI1 (injection site in the tumor) and ROI2 

(surrounding region in the corresponding tumor) was 0.024 in MTRasym, which is 

statistically significant (P = 0.045, two-tailed, paired Student’s t-test). This result indicates 

that CEST MRI is able not only to detect the location of the implanted hydrogel but also to 

assess the amount of drug qualitatively in the regions of interest.

CONCLUSION

In summary, we have developed an MRI-based theranostic filament hydrogel system that 

directly uses therapeutic agents as both the molecular building units and MRI contrast 

agents. With the inherent CEST MRI signal afforded by the anticancer drug pemetrexed at 

5.2 ppm, the location, distribution, recovery, and drug release of the injected PemFE 

hydrogel could be monitored using CEST MRI in an orthotopic brain tumor mouse model. 

This MRI theranostic hydrogel platform also enables the possibilities for probing tumor 

recurrence. Furthermore, such an MRI approach no longer relies on the use of exogenous 
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MRI contrast agents such as gadolinium chelators. As recent studies have shown that the 

leakage and deposition of gadolinium ion can cause serious nephrogenic systemic fibrosis, 

our approach provides a safer way to accomplish image-guided drug delivery. While further 

therapeutic evaluations and molecular optimization are anticipated, the current study 

demonstrated a highly innovative strategy to construct metal-free MRI-guided drug delivery 

systems of high-potential supramolecular materials for clinical translation.

MATERIALS AND METHODS

Peptide Synthesis and Purification

The peptide Fmoc-FFEE was synthesized on a Focus XC automated peptide synthesizer 

(AAPPTEC, Louisville, KY, USA) with the scale of 0.25 mmol by using standard Fmoc-

solid-phase synthesis techniques. Fmoc deprotection was followed using 20% 4-

methylpiperidine in DMF solution for 15 min, repeating once. After Fmoc deprotection, 

lauric acid was manually coupled to the N-terminus of NH2–FFEE with a lauric acid/HBTU/

DIEA ratio of 4:4:6 relative to the peptide, shaking overnight at room temperature. The 

coupling of Pem was performed manually at the N-terminus of NH2–FFEE with Pem/

HBTU/DIEA at a ratio of 1.2:1.2:1.8 relative to the peptide, with shaking overnight at room 

temperature. In all cases, reactions were monitored by the ninhydrin test (Anaspec Inc., 

Fremont, CA, USA) for free amines. Both C12FE and PemFE were cleaved from the Wang 

resins using the standard cleavage solution of TFA/TIS/H2O (95:2.5:2.5) for 3 h. Excess 

TFA was removed by blowing air, and the remaining peptide solution was triturated with 

cold diethyl ether to precipitate the crude peptide. The precipitated crude peptide and diethyl 

ether were phase-separated using centrifugation (5900 rpm for 3 min), and the diethyl ether 

solution was discarded. To remove as much TFA as possible, the washing step was carried 

out by adding 25 mL of diethyl ether to the crude peptide, vortexing, and centrifugation. 

This procedure was repeated three times. All centrifuge tubes were tightly sealed with 

Parafilm to minimize evaporation of diethyl ether during high-speed centrifugation. After 

centrifuging, the precipitate was dried under vacuum overnight.

The peptides were purified by preparative RP-HPLC with a Varian polymeric column 

(PLRP-S, 100 Å, 10 μm, 150 × 25 mm) at 25 °C on a Varian ProStar model 325 preparative 

HPLC (Agilent Technologies, Santa Clara, CA, USA) equipped with a fraction collector. 

C12FE peptide was dissolved in 20 mL of 0.1% v/v NH4OH. A water/acetonitrile gradient 

of 5–100% was run for 30 min containing 0.1% v/v NH4OH as eluent at a flow rate of 20 

mL/min. The crude PemFE peptide was initially dissolved in 20 mL of 0.1% v/v NH4OH, 

then diluted with 20 mL of 0.1% v/v TFA. A water/acetonitrile gradient of 5–50% was run 

for 30 min containing 0.1% v/v TFA as eluent at a flow rate of 20 mL/min. The absorbance 

peak was monitored at 220 nm. Peptide identity was confirmed by ESI-MS (LDQ Deca ion-

trap mass spectrometer, Thermo Finnigan, San Jose, CA, USA). Collected fractions 

containing desired products were lyophilized (FreeZone −105 °C 4.5 L freeze-dryer, 

Labconco, Kansas City, MO, USA) and stored at −30 °C.

ESI mass spectra were acquired using a Finnigan LCQ Deca ion-trap mass spectrometer 

equipped with an electrospray ionization source (Thermo Finnigan) (Supporting Information 
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S1.2). Analytical RP-HPLC was performed using a Varian polymeric column (PLRP-S, 100 

Å, 10 μm, 150 × 4.6 mm) with a 20 μL injection volume (Supporting Information S1.3).

In Vitro MRI CEST Measurement

In vitro CEST MRI images were acquired on a 9.4 T Bruker Avance system equipped with a 

15 mm sawtooth RF coil. A modified RARE sequence (TR = 6.0 s, effective TE = 43.2 ms, 

RARE factor = 16, slice thickness = 1 mm, FOV = 14 × 14 mm, matrix size = 128 × 64, 

resolution = 0.11 × 0.22 mm2, and NA = 2) including a magnetization transfer module (one 

CW pulse, B1 = 3.6 μT (150 Hz), 3 s) was used to acquire CEST weighted images from −7 

to 7 ppm (step = 0.2 ppm) around the water resonance (0 ppm).84 The absolute water 

resonant frequency shift was measured using the water saturation shift reference (WASSR)85 

method modified with Lorentzian analysis. The same parameters as in CEST imaging were 

used except TR = 1.5 s, tsat = 500 ms, B1 = 0.5 μT (21.3 Hz), and the saturation frequency 

was swept from −1 to 1 ppm (step = 0.1 ppm). Data processing was performed using 

custom-written scripts in MATLAB (Mathworks, Natick, MA, USA). CEST spectra were 

calculated from the mean of an ROI placed over each sample after B0 correction of the 

contrast on a per voxel basis. The CEST signal was quantified using MTRasym at particular 

offsets of interest (i.e., Δω = +2.2 ppm) using the definition MTRasym = (S−Δω − S+Δω)/S0, 

where S[−Δω,+Δω] is the water signal intensity in the presence of a saturation pulse at offsets 

± Δω, and S0 is the water signal intensity in the absence of saturation pulses.

C12FE, PemFE, and Pem samples were prepared at 10 mM in 1× DPBS solution. A pH 

series ranging from 6.0 to 8.5 with an increment of 0.5 were studied, and sodium hydroxide 

or hydrochloric acid solution was used to achieve the expected pH. A 1 M solution of 

sodium hydroxide was prepared by dissolving solid sodium hydroxide in deionized water, 

while 11 M hydrochloric acid was diluted with water to 1 M hydrochloric acid. Samples 

were triplicated at each pH. After pH adjustment, samples were transferred to capillary tubes 

and then arranged on a sample holder. The exchange rate of exchangeable protons of 10 mM 

Pem, PemFE, and C12FE at different pH’s was measured using the modified QUEST 

method. In brief, the CEST contrast at 5.2 ppm for each sample was measured with 

saturation delays of 0.5, 1, 1.5, 2, 3, and 6 s, using a saturation field strength of 4.7 μT (200 

Hz) and the repetition time (TR) set to 10 s, using the RARE imaging sequence described 

previously. The calculated MTRasym values were then fit using numerical solutions to the 

Bloch equations with exchange rate (kex). The water T1w and T2w were experimentally 

determined using a saturation recovery spin–echo method and CPMG multiecho spin–echo 

sequence, respectively. The fixed model parameters were water solute R1s = 0.71 Hz and 

solute R2s = 39 Hz.

PemFE and C12FE hydrogels were prepared at a final concentration of 30 mM, dissolved in 

1× DPBS solution, and sonicated for 2 min to aid in dissolving the lyphophilized powder 

form of the respective molecules. Samples were aged overnight, and hydrogel photos were 

taken by inverting both sample vials.
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In Vivo MRI Study

All experiments conducted with mice were performed in accordance with protocols 

approved by the Johns Hopkins University Institutional Animal Care and Use Committee 

(IACUC). In vivo images were acquired on an 11.7 T Bruker Biospec horizontal bore 

scanner (Bruker Biosciences, Billerica, MA, USA) equipped with a 23 mm circular 

polarized MRI transceiver volume coil. The same imaging scheme as described above was 

used with addition of a fat suppression pulse (3.4 ms hermite pulse, offset = −3.5 ppm). The 

acquisition parameters were TR = 5.0 s, effective TE = 6 ms, RARE factor = 10, tsat = 3 s, 

B1 = 3.6 μT (150 Hz), slice thickness = 1 mm, acquisition matrix size = 128 × 64, FOV = 20 

× 20 mm, and NA = 2. Due to the B0 field inhomogeneity, we increased the saturation offset 

by ±2 ppm (0.1 ppm steps) with respect to water for B0 mapping.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Chemical structure of the studied PemFE molecule with the CEST MRI signal 

originating from the aromatic amine exchangeable proton on Pem (blue). A possible PemFE 

structural isomer conjugation site is indicated by an asterisk (*). (b) CEST contrast is 

measured by a decrease in water signal when the selectively saturated 5.2 ppm exchangeable 

proton is within supramolecular filaments and hydrogels. (c) Schematic illustration of the 

self-assembly of PemFE monomers into filamentous nanostructures that can further entangle 

into a 3D network for formation of self-supporting hydrogels under suitable conditions (pH, 

concentration, and ionic strength).
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Figure 2. 
Cryo-TEM micrographs of (a) PemFE, 4 mM, and (b) C12FE control molecule, 10 mM, 

revealing filamentous nanostructures of 9.1 ± 1.4 and 8.5 ± 0.9 nm diameter, respectively. (c) 

Digital photographs of PemFE and C12FE in a 30 mM 1× DPBS solution after overnight 

ageing, demonstrating formation of self-supporting hydrogels. (d–f) CEST properties of 10 

mM Pem, PemFE, and C12FE at pH 7.4 and 37 °C, with (d) CEST spectra and (e) MTRasym 

plots of PemFE (solid), Pem (dashed), and C12FE (dotted) showing CEST peaks at 5.2 ppm. 

(f) Color-coded CEST contrast map of Pem, PemFE, and C12FE with respect to the 5.2 ppm 

offset from water.
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Figure 3. 
CEST properties of PemFE, Pem, and C12FE, each in a 10 mM 1× DPBS solution at 37 °C. 

(a) MTRasym at 5.2 ppm of all designed molecules at pH 7.4, measured at different 

saturation field strength. (b) PemFE MTRasym at 5.2 ppm measured with respect to 

presaturation time (Tsat) at pH 6, 7, and 8. (c) MTRasym at 5.2 ppm as a function of pH using 

B1 = 3.6 μT. A quantifying exchange using the saturation time (QUEST) method was used to 

fit data and obtain kex values. (d) pH dependence of proton exchange rate (kex) as a function 

of pH using B1 = 3.6 μT.
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Figure 4. 
MRI detection of a PemFE nanofiber hydrogel that was stereotactically injected in mouse 

brain tumors (day 25 after tumor implantation). (a) On the top, MRI images showing GL261 

brain tumor at different time points (with respect to the time of injection of the nanofiber 

hydrogel); on the bottom, CEST maps at 5.2 ppm of the mouse brain before, and 2 h and 4 

days after PemFE injection. (b) Illustration of chosen ROIs on overlaid CEST images at 2 h 

after the PemFE hydrogel injection to represent tumor regions of ROI1 (the PemFE injection 

site with increased CEST contrast) and ROI2 (its surrounding region, without CEST 

contrast). (c) Quantification of CEST contrast showing a significantly higher MTRasym value 

for the PemFE injection site than surrounding tumor (P > 0.05, two-tailed, paired Student’s 

t-test, n = 5).
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