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Abstract

Chemical exchange saturation transfer (CEST) is a novel MRI contrast mechanism that is well 

suited for imaging, however, existing small molecule CEST agents suffer from low sensitivity. We 

have developed salicylic acid conjugated dendrimers as a versatile, high performance 

nanoplatform. In particular, we have prepared nanocarriers based on generation 5-

poly(amidoamine) (PAMAM) dendrimers with salicylic acid covalently attached to their surface. 

The resulting conjugates produce strong CEST contrast 9.4 ppm from water with the proton 

exchange tunable from ~1000 s−1 to ~4500 s−1 making these dendrimers well suited for sensitive 

detection. Furthermore, we demonstrate that these conjugates can be used for monitoring 

convection enhanced delivery into U87 glioblastoma bearing mice, with the contrast produced by 

these nanoparticles persisting for over 1.5 h and distributed over ~50% of the tumors. Our results 

demonstrate that SA modified dendrimers present a promising new nanoplatform for medical 

applications.
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CEST imaging is rapidly emerging as a novel MRI contrast mechanism that is useful for 

molecular imaging.
1–3

 CEST possesses several benefits compared to other MRI contrast 

mechanisms. Frequency-specific switchable contrast could be achieved by CEST (turned 

“on” through application of saturation pulse). Thus, detection of multiple agents 

independently in a single image is possible similar to that achieved with optical imaging 

agents.
1,4 Because of its reliance on exchangeable protons, CEST can be applied for 

detecting organic compounds and probe biochemical pathways based on biomolecule’s 

inherent CEST properties.
5
 Several examples of this include glucose,

6–9
 glycogen,

10 

glutamate,
11

 L-arginine,
12

 creatine,
13,14

 barbituric acid,
15

 a number of thymidine analogs,
16 

iopamidol,
17

 iopromide,
18

 glycosaminoglycans,
19

 and proteins such as the lysine rich 

protein, human protamine, and others.
20–23

 Many existing CEST imaging agents exhibit low 

sensitivity caused by a small difference in chemical shift for their exchangeable protons with 

water and high concentration metabolites. As a solution, we have reported salicylic acid 

(SA), anthranillic acid and number of their derivatives as organic, diamagnetic CEST agents 

with highly shifted exchangeable protons (between 5 and 12 ppm from water), which present 

sensitivity advantages for 3 T clinical scanners.
24–26

 We were interested in translating these 

probes for monitoring nanocarrier delivery.

Brain tumors, particularly glioblastoma multiforme, have poor survival rates even with use 

of the most aggressive therapies.
27

 Therapeutic options for brain tumors are limited by 

insufficient delivery of systemically administered agents to tumor.
28

 Convection-enhanced 

delivery (CED) is gaining attention as a local therapeutic delivery option for nanocarriers, 

particularly for brain tumors due to the possibility of a prolonged, high payload delivery.
29 

Though macro distribution (accumulation, retention, and clearance) properties of 

nanoparticles within brain tumors can be quantified using PET and optical imaging 

techniques noninvasively, their micro distribution (rate and extent of distribution within the 

tumor) is difficult to monitor using these imaging techniques due to poor spatial resolution 

and depth penetration, respectively. We surmised that the high spatial resolution and 

functional aspects of CEST MR could be used to noninvasively image the distribution of 

nanoparticles within brain tumors.
30

 As dendrimers have emerged as a versatile platform for 

drug and gene delivery
31,32

 and proven useful for delivering therapeutics to brain tumors via 

CED,
33–35

 herein we have used CEST MR to investigate dendrimer distribution after CED 

to brain tumors. In order to accomplish this, we have prepared SA conjugated dendrimers 
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with different functional end groups. We have evaluated their capabilities in vivo in mice 

bearing U87 glioblastoma xenografts.

To perform this proof of concept study, we have utilized poly(amidoamine) (PAMAM) 

dendrimers,
36

 which have been extensively studied in combination with radionuclides,
37,38 

fluorescent dyes,
39

 Gd(III) chelates,
40,41

 and therapeutics.
42

 In particular, we have 

conjugated a large number of SA in order to render these detectable via CEST MRI and have 

modified the surface further to fine-tune their contrast. We selected 5-aminomethyl SA as a 

CEST contrast agent to conjugate to dendrimers because of its near optimal exchange rate 

for detection on our 3 T scanners, commercial availability and low price. SA was conjugated 

to PAMAM generation 5 amine terminated dendrimer with 126 terminal NH2 groups (G5-

Am) that can be readily modified and possesses favorable fast renal clearance due to its ~5 

nm size.
40

 We first investigated the changes in dendrimer solubility following SA 

conjugation. We prepared dendrimers with different number of SA: G5 -SA42-Am, G5 -

SA50-Am, and G5 -SA60-Am through changing the molar ratio of dendrimer and salicylic 

acid for conjugation and allowing for sufficient SA concentration for MR detection. Of 

these, only G5-SA42-dendrimer showed suitable solubility in PBS to achieve a 360 μM 

concentration that is required for MR detection. Using that G5- SA42-Am as a parent 

dendrimer, we conjugated two DOTA molecules (D) for radiolabeling and future PET/MR 

studies and capped the remaining terminal primary amines with acetyl or 1,2-propanediol 

functionalities to modulate surface properties (Scheme 1). These modifications resulted in 

amine-, acetyl-, and diol-functionalized end group nanocarriers. After each synthesis step 

the resulting conjugates were comprehensively characterized and numbers of terminal 

functionalities were calculated based on results obtained from 1H NMR, MALDI-TOF and 

UV–vis spectroscopy (for details see Supporting Information). We surmised that different 

terminal groups of dendrimers will have different surface properties and will impact the 

exchange rates (k’s) and perhaps the distribution of dendrimer within tissue. An additional 

advantage is a reduced overall positive charge that contributes to toxicity observed with 

dendrimers.
30

The three G5 based nanoparticles shown in Scheme 1 (360 μM solutions, ~15 mM in SA 

residues) were then tested for CEST MRI contrast properties. Exchangeable protons present 

on these nanoplatforms include surface phenols, surface amines, and surface glycidols as 

well as interior tertiary/secondary amines. We acquired saturation transfer spectra as a 

function of saturation power to measure the kex’s for these compounds. As expected, all 

three dendrimer conjugates produced frequency-dependent CEST contrast with a main peak 

at 9.4 ppm and additional peaks at 3.6 and 2.2 ppm from the chemical shift of water. These 

peaks also increased in amplitude when stronger saturation pulses were used (Figure 

1A,B,C). On the basis of the breadth of the contrast peaks, it is evident that the phenolic 

protons (9.4 ppm) exchange slowest in the G5-SA-D-Ac conjugate and fastest in the G5-SA-

D-Am conjugate. To quantify this, we fit the saturation power intensity data as described 

previously
25,43

 and display the resulting fits in Figure 1D and tabulate the exchange rates 

(kex) for the phenolic protons determined in Table 1. On the basis of examining the 

saturation field dependence, which revealed relatively rapid exchange, we fit the data by 

solving the Bloch equations numerically to avoid underestimation. The phenolic protons in 

G5-SA-D-Ac possess a 4.5 times slower kex compared to G5-SAD-Am, with kex rates of 
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950 s−1 and 4500 s−1, respectively. This data demonstrates the inductive effects of the 

neighboring amines and hydroxyls on phenolic –OH exchange, which is similar to effects 

observed in peptides originally described by Molday and co-workers.
44

 From our data, it is 

evident that sensitivity of the SA dendrimer is enhanced for CEST imaging after conjugation 

of SA to the dendrimer due to maintaining a favorable kex, compared to the previously 

reported SA monomer.
25

 Further testing validated that this contrast is maintained in blood 

plasma (Supporting Information, Figure S9). Overall, the G5-SA-D-Ac dendrimer displayed 

the highest sensitivity for ω1 < 5.9 μT and also the sharpest frequency dependence, making it 

the most promising CEST agent for use in 3 T clinical scanners. We also measured the size 

and zeta potential of the final nanoparticles that could impact in vivo distribution and 

compared these measurements with unmodified starting dendrimer. The zeta potential values 

gradually decreased from +43.5 mV for G5Am (fully amine terminated = starting 

dendrimer) to +22.03, +11.15, and −6.91 mV for G5-SA-D-Am, G5-SA-D-Diol, and G5-

SA-D-Ac, respectively. In agreement with measured number of 1,2-propanediol and 

acetamide groups in the G5-SA-D-Diol and G5-SA-D-Ac dendrimers, respectively, zeta 

potential analysis indicated that they are not fully capped even though a 10× molar excess of 

glycidol and acetic anhydride over the free surface amines was used for the capping 

reactions. It is likely that steric hindrance imposed by SA, DOTA, and Diol or Ac surface-

functional groups impedes the complete substitution of all terminal amines. This observation 

is consistent with previously reported results, indicating that complete substitution of 

terminal groups in high generation dendrimer is not feasible due to steric crowding.
45 

Dynamic light scattering measurements reveal that the size distributions for all G5 

nanocarriers remained narrow and centered around ~5 nm. On the basis of the strongest 

CEST contrast (using B1 = 0–6 μT), the sharpness of the frequency profile in the Z-spectra, 

and the smallest zeta potential observed, we chose the G5-SA-D-Ac dendrimers for in vivo 

imaging.

To examine the distribution properties of G5-SA-D-Ac, we delivered CEST nanocarriers 

based on convection enhanced delivery (CED),
46

 which is efficient for delivery of both 

macromolecules and nanocarriers
47–50

 and involves pressurized infusion directly into a 

tumor. SCID mice were inoculated with U87 glioblastoma cells in right caudate putamen 

under stereotaxic control. The infusions of CEST nanocarriers were performed through the 

same site as the tumor inoculation site. A control group of two mice was infused with PBS 

using the same procedure. These infusions were followed by CEST and T2w MRI. 

Representative images of average MTRasym from 8.7 to 9.9 ppm acquired preinjection and at 

30 and 60 min after injection of dendrimer are displayed in Figure 2. In Figure 3A, we plot 

the relative MTRasym spectra at 60 min after injection of both dendrimer and PBS as control 

for an ROI enclosing the tumor region. These CEST MR images and relative MTRasym 

spectra depict up to 11% contrast after infusion.

The distribution of nanocarrier within tumors is an important factor to determine following 

CED. As seen in Figure 2, the distribution in average MTRasym values over the whole brain 

tumor was less than −0.035 prior to CED. In contrast, there was a significant fraction of 

tumor pixels with elevated contrast after the injection of G5-D-SA-Ac dendrimer. Also, as 

shown in Supporting Information (Figure S8), this contrast persisted for 1.5 h. Additionally, 

we borrowed the concept of target coverage concept used in radiation therapy to calculate 
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the dendrimer coverage of the brain tumors.
51,52

 Assuming all contrast greater than −0.035 

is due to the CEST agent, our data show that 50% of the tumor pixels contain G5-SA-D-Ac 

dendrimer conjugate for n = 3 mice which contrasts with the ~2% calculated for the control 

PBS infusion (n = 2 mice) (Figure 3B). These measurements indicate that this dendrimer 

was well detected (contrast >5%) and widely dispersed within brain tumors using an 

infusion rate of 0.5 μL/min, which is recommended for rodents and similar to the flow rates 

used in patients previously.
47

As shown by our data, we have prepared and tested a novel PAMAM dendrimer based 

diamagnetic nanoplatform that produces CEST MRI contrast. Previously, dendritic 

gadolinium, europium, yterbium, and dysprosium chelates have been prepared as high 

sensitivity MRI agents and have displayed favorable pharmacokinetics for use as blood pool 

agents, lymphatic imaging agents, liver imaging agents, and renal function agents.
53–61

 The 

new SA based PAMAM dendrimers present additional advantages based on the MRI 

contrast being produced by SA, a metabolite of aspirin which has been used as an anti-

inflammatory drug in patients,
62–64

 and the neutralization of the dendrimer surface, which 

might influence biodistribution.
65

 In addition, conjugation of SA together with 

chemotherapeutics and neutralizing agents targeting brain tumor specific proteins (e.g., 

EGFR, CXCR4, or integrins) have the potential for improved retention of dendrimers within 

tumors and augmented therapeutic effects. Though previously we demonstrated that 

dendrimers could be detected without modification using CEST MRI,
43

 the sensitivity was 

modest. In this study, infusion of 5 μL of 500 μM dendrimer solution into mice allowed 

detection. On the basis of our results, a factor of 3 lower in concentration would also be 

expected to be detectable. Lower detection limits could be achieved using improved scanner 

hardware and image acquisition schemes. We expect that the dendrimer based nanocarriers 

evaluated herein have the sensitivity to enable usage on clinical 3 T scanners based on their 

larger shifts compared to other agents. Finally, the presence of DOTA on PAMAM 

dendrimers will allow for dual-or multi- modality PET/SPECT/MR imaging. Our ability to 

noninvasively characterize nanoparticle tumor distribution may allow for design of 

nanotherapeutics with improved intratumoral diffusion properties.

In summary, we have designed and synthesized SA-based nanocarriers, which produce 

excellent characteristics as CEST agents, that is, large chemical shift = 9.4 ppm from water 

and exchange rates from 1000 to 4500 s−1. We demonstrate that these are readily detected in 

vivo in mice bearing U87 glioblastoma brain tumors with stable contrast up to 1.5 h after 

intracranial injection.

METHODS

Details on conjugation chemistry, NMR, MALDI-TOF, DLS, UV–vis analysis, and in vitro 

and in vivo MRI measurements are provided in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MTRasym of CEST-based dendrimer conjugates with different surface properties, (A) 

acetylated, (B) hydroxylated, and (C) amino-terminated. (D) Exchange rate constant kex 

calculation of protons in salicylic acid residues of CEST dendritic nanoparticles using 

QUESP method.
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Figure 2. 
In vivo CEST images were calculated as an average of MTRasym from 8.7 to 9.9 ppm from 

water and were acquired pre-intratumoral infusion and 30 and 60 min postintratumoral 

infusion of 500 μM solutions of G5-SA-D-Ac conjugates into U87 glioblastoma xenografts 

in SCID mice. MRI data, G5-SA-D-Ac dendrimer conjugates can be detected via CEST 

contrast within the tumor. The yellow arrow highlights tumor location.
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Figure 3. 
(A) Relative MTRasym spectra for an ROI enclosing the brain tumor at 60 min 

postintratumoral infusion of G5-SA-D-Ac dendrimer and control PBS (B) % of tumor 

covered assuming pixels with MTRasym ≥ −0.035 contain G5-SA-D-Ac dendrimer.

Lesniak et al. Page 11

Nano Lett. Author manuscript; available in PMC 2017 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
(A) Step Involved in Carboxylation of 5-Aminomethylsalicylic Acid Methyl Ester (SAME) 

and (B) Schematic Pathway for Preparation of Dendrimers with Different Functional 

Groupsa

aG5-Am, generation (5) PAMAM dendrimer; SAME, 5-N-succinamylmethylsalicylic acid 

methyl ester; D, DOTA; Ac, acetyl; Diol, 1,2-propanediol. Numbers of conjugated 

functional groups were determined by combination of 1HNMR, MALDI-TOF, and UV–vis 

spectroscopy (for details see Supporting Information).
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