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S1. In vitro characterization of the CEST MRI properties of dCTP 

As shown in Fig S1, we characterized the pH and B1 dependence of the CEST signal of 

dCTP.  While the CEST signals are stronger at low pH values, e.g. MTRasym= 11.7±0.04% at pH 

6.0 (for 5 mM dCTP in PBS solution, 37 oC, B1= 3.6µT), the CEST signals in the neutral pH 

range are still high enough, e.g.  MTRasym= 8.86±0.14% at pH 7.4, allowing the CEST MRI 

detection of intracellularly accumulated dC/dCTP. Yet, the accurate quantification of dC that 

distributes in the extracellular space is challenging as the extracellular pH in the tumor is acidic. 

Fortunately, such a technical challenge can be overcome by observing the CEST signal at an 

extended time window (e.g. > 30 min in our study) when dC is cleared from the tumor body 

sufficiently. 

  

Figure S1. B1 and pH dependence of the CEST MRI signal of dCTP. (A). MTRasym of dCTP 

for B1-values of 1., 2.4, 3.6, 4.7 and 5.9 µT at pH=7.4 (n=3). (B) B1 dependence of MTRasym of 

dCTP at pH=7.4 at 2 ppm (n=3). (C) MTRasym of dCTP at pH 6.0, 6.5, 7.0, 7.4 and 8.0 using B1 
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=3.6 µT (n=3). (D). pH dependence of MTRasym at 2 ppm using B1 =3.6 µT (n=3). All data are 

presented as mean±SEM of 3 independent measurements (n=3). 

Then we measured the CEST signal of dCTP solutions of 0.01 to 5 mM to determine the 

possible detection limit at pH 7.4 and 37oC at our acquisition condistions. The result is shown in 

Fig S2.  

  

Figure S2. CEST MRI detectability of dCTP in solution. (A) MTRasym values and their linear 

regression as a function of dCTP concentration (3.3 µM to 5 mM) at B1=1.2, 2.4, 3.6, 4.7 and 5.9 

µT (n=3). (B) B1 dependence of CNR of 5 mM dCTP solution. CNR is defined by (MTRasym (2 

ppm, dCTP)- MTRasym (2 ppm, PBS)) /noise, where noise is standard deviation of MTRasym (2 

ppm, PBS) at the corresponding B1. (C) CNR at different concentration of dCTP at B1= 3.6 µT. 

The CEST MRI detectability is defined as the minimal concentration of dCTP to obtain CNR 

>2√2 (1). Our result showed that the CEST MRI detectability of dCTP was 378 µM.  

 

S2. NMR measurement of dC/ dCTP in L1210-WT cells  
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To quantify dC/dCTP concentration in the cells, we performed high resolution NMR on 

cell extracts of 1.5´106 L1210-WT cells with or without the incubation of 5 mM dC (24h). in 

brief, after washing with PBS twice, 1´107 cells were pelleted and used for preparing cell 

extracts using the methanol–chloroform–water extraction method (2, 3).  Cell extracts were then 

diluted to 400 µL in D2O with 5 mM DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) was used 

as an internal standard. NMR spectra were acquired using a Bruker 750 MHz, AVANCE III 

spectrometer (Bruker) equipped with a double-resonance 5 mm Inverse broadband (BBI) probe 

at 300 K, using the zgpr pulse sequence (single 90° pulse experiment with water suppression), 

with 128 transients collected into 65,536 (64 K) data points  over a spectral width of 9765.625 

Hz (13 ppm), acquisition time of 8.0 s, and relaxation delay of 6.5 s. Spectra were processed 

using Topsin 3.0 (Bruker) with an exponential line broadening of 20 Hz prior to Fourier 

transformation and automatic phase and baseline correction. DSS (4,4-dimethyl-4-silapentane-1-

sulfonic acid, 5 mM, Sigma-Aldrich), which has a peak at 0.00 ppm, was used as a concentration 

and chemical shift reference. 

The measured NMR spectra are shown Fig S3. To determine the concentration of 

dC/dCTP, we used the peak area at ~7.85 ppm, one of the dC/dCTP characteristic peaks 

according to previous reports. Calculation of dC/dCTP concentration was conducted by the ratio 

of the peak area between 7.8- 7.9 with respect to that of DSS (5 mM) at 0 ppm. The 

concentration of dC/dCTP of L1210-WT cells without (blue line) and with dC incubation (red 

line) was 0.208 and 1.361 nmol/106 cells, respectively. The corresponding intracellular 

concentrations are 0.39 and 2.6 mM, respectively, as calculated by assuming the average tumor 

cell has a diameter of 10 µm (Fig.S3A). In contrast, the concentration of dC/dCTP of L1210-10K 

cells without (blue line) and with dC incubation (red line) was 0.161 and 0.388 nmol/106 cells, 



respectively. The corresponding intracellular concentration are 0.308 and 0.742 mM, 

respectively (Fig.S3B). 

 

 

Figure S3. High-resolution NMR (750 MHz) of cell extracts of (A) L1210-WT and (B) 

L1210-10K with or without incubation with 5 mM dC for 24h. Note that the intensity of the 

two NMR spectra were adjusted by the peak height of DSS.  

 

S3. The dynamic dC-enhanced CEST MRI maps 
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Figure S4. Representative dynamic CEST images. Representative MTRasym maps at 2.0 ppm 

at different time points pre and post treatment (top) and ΔMTRasym difference maps calculated 

from MTRasym(t)-MTRasym(pre). The ΔMTRasym maps were overlaid on the T2w image and 

only intensities in the two tumors and muscle ROI are shown. 

 

S4.  Quantification of the tumor uptake of dC using T1-corrected CEST metric AREX.  

To eliminate the potential influence by T1 change after injection, we also calculated the AREX 

values in both tumors. As shown in Fig. S5, the mean AREX of L1210-WT tumor increased 

from 0.148 to 0.191, with a significant net increase of 0.044 or 29.6% relative signal change 

(p=0.0140), whereas that of L1210-10K tumor changed from 0.297 to 0.309, corresponding to a 

net increase of 0.012 or 4% relative signal change (p=0.6023). 
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Figure S5. CEST MRI assessment of tumor uptake of dC using T1-corrected CEST metric 

AREX. (A) and (B) Scatter plots of the pre- and post-injection AREX values of four L1210-WT 

and four L1210-10K tumors, respectively. *: p<0.05.  n.s.: not significant (two-tailed paired 

Student’s t-test, n=4). (C) Correlation between the mean CEST (ΔAREX) and specific growth 

rate for L1210-WT and L1210-10K tumors respectively. Errors are the standard deviations of the 

measured ΔAREX (n=4) and specific growth rate (n=5). Red box: L1210-WT; blue box: L1210-

10K.  

 

S5.  CD31 Stains  

 

Figure S6. Comparison of the relative fluorescence intensities of CD31 staining of L1210-WT 

and 10K tumors (two-tailed paired Student’s, n=3). 
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