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ABSTRACT

With their nanoscalar, superparamagnetic Gd ~ 3*-ion clusters (1 x 5 nm) confined within ultrashort (20 80 nm) single-walled carbon nanotube
capsules, gadonanotubes are high-performance  T;-weighted contrast agents for magnetic resonance imaging (MRI). At 1.5 T, 37 °C, and pH
6.5, the ry relaxivity (ca. 180 mM ~1 s~t per Gd3* ion) of gadonanotubes is 40 times greater than any current Gd  3* ion-based clinical agent.
Herein, we report that gadonanotubes are also ultrasensitive pH-smart probes with their ri/pH response from pH 7.0 —7.4 being an order of
magnitude greater than for any other MR contrast agent. This result suggests that gadonanotubes might be excellent candidates for the
development of clinical agents for the early detection of cancer where the extracellular pH of tumors can drop to pH = 7 or below. In the
present study, gadonanotubes have also been shown to maintain their integrity when challenged ex vivo by phosphate-buffered saline solution,

serum, heat, and pH cycling.

Introduction. As diagnostic radiology strives for earlier The rapidly emerging field of molecular imaging seeks to
detection of disease, the demand for greater contrast agentievelop CAs as molecular probes that respond to cellular
performance inevitably grows as well. For example, magnetic processes or cellular markers, contrary to the current clinical
resonance imaging (MRI), a technique ideal for imaging soft CAs that are essentially noninteracting bystanders during the
tissue, now often includes the administration of chemical imaging process. Some recent prototype MRI CAs have been
contrast agents (CAs) to enhance signal intensity. Currentdesigned to respond to pH? p0O,,>® specific enzymes?
clinical CAs are small-molecule Gd chelates that dis- or to metal ion concentratich'® while others have been
seminate uniformly throughout the vasculature. They do not molecularly targeted to an area of interdst3 Sensitivity
target specific areas or disease regions, nor do they respondoward pH is particularly attractive for a CA probe because
to cellular stimuli, but rather they matriculate throughout the g universal feature of cancerous tissues is that the pH of the
body, confined to the circulatory system, prior to eventual giseased tissue is significantly lower than that of healthy
eliminatio_n. Only_ featu_res with Iarge volumes of bIoo_d flow  tissue. While the normal physiological pH is 7.4, the extra-
can be differentiated in the MR image, thus, making the ce|lylar pH of cancerous tissue is less than 7.0 and in certain
detection of metastatic cancer in its earliest stages, whencases as low as 618The acidity of tumors is present from
tumors are only a few millimeters in size, nearly impossible. e onset of tumor growth as it is a consequence of elevated
rates of glycolysis, and hence, greater production of lactic
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Figure 1. A pictorial representation of the gadonanotubes. Small,
superparamagnetic clusters of &dbns reside within the sidewall 40 4 * .
defects of the nanotube (chloride counteranions omitted for clarity). 20 |
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however a wide variety of external agents, often natural 2 3 4 5 6 7 8 9 10

product derivatives, labeled with eith&¥ or °F can be PH
attaphed to a CA whose NMR Sh'f.t is sensitive to > Figure 2. r relaxivity (per Gd* ion) as a function of pH for the
While these probes can be effectivéi-based probes are  gagonanotubes at 1.41 T and 7.
preferred because they are intrinsically the most sensitive
of MR-based probes. increase in relaxivity over pH ranges of 4.4 mMs~* at pH

We recently reported that an ultrashort carbon nanotube-8.5 to 7 mM st at pH 6.5 (slope= 1.3 mM! s /pH).!
based MRI CA, known as gadonanotubes, significantly A Gd**—DQO3A tetrapod system detailed by Jebasingh and
outperform all known clinical MRI CA$4%> At a standard Alexander exhibited a near doubling of relaxivity from 3.2
clinical field strength of ca. 1.5 T, the gadonanotubes mM~!stat pH 8.5to 6 mM! s at pH 6.5 (slope= 1.4
demonstrate a 40-fold increase in efficacy (relaxivity) mM~! s Y/pH)# Another example, a PAMAM dendrimer-
compared to CAs in current clinical use. These gadonano-based system, has demonstrated an approximate 20% increase
tubes are 2680 nm segments of single-walled, full-length in relaxivity over similarri/pH ranges (slope= 4.4 mM*
carbon nanotubes that have been cut chemically via fluorina-s™Y/pH).2” Finally, a few Gd@Gybased CAs (gado-
tion and pyrolysis into ultrashort tubes (US-tubes), followed fullerenes) also exhibitry/pH variation that is strongly
by aqueous internal loading with &dions. Because of the  aggregation state dependent (slegE) mM~1 s /pH).28-30
sidewall defects created in the US-tubes as a consequenc&hus, the gadonanotubes are interesting materials for MRI
of the chemical cutting procedure, the Gdons load and CA development, not only because they possess the greatest
exist as small clusters (ca.»d 5 nm; 3-10 Gd* ions per efficacy (relaxivity) by far at clinical fields of any known
cluster) with chloride counter anioA$Magnetic character-  CA, but also because of their dramatic response to pH around
ization of the gadonanotubes has revealed the clusters to behysiological pH.
superparamagnetic, which is likely the cause of the extremely  While the aforementioned relaxivity measurements are the
high T;-weighted relaxivity. Because of this unprecedented accepted standard by which CAs are compared, relaxivity
relaxivity (ranging from ca. 180 mvt st at 1.5 T to>600 measurements do not guarantee that agents will perform
mM~1stat 0.2 mT, and pH 6.5) and because the variable- accordingly in an MRI scanner. To confirm its pH-dependent
field NMRD profile cannot be interpreted using current properties in an MRI scanner, a sample of gadonanotubes
Solomon-Bloembergen-Morgan (SBM) theory® gadonan- was divided into two parts, in which one part was adjusted
otubes are likely a bona fide example of special propertiesto a pH of 7.0 and a second to a pH of 7.4. The pH was
(magnetic/relaxivity) arising from the nanoscalar confinement measured both before and after the MRI scan and found to
of Gd®**-ion clusters within their carbon capsule sheaths. A be unchanged. A;-weighted inversiorrecovery scan was
depiction of the gadonanotube structure is shown in Figure collected on the two samples using a 1.5 T Philips MR
1. Herein, we report that the gadonanotubes also perform asscanner, which confirmed a large relaxivity difference
ultrasensitive “smart” probes in the burgeoning field of between the two samples (Figure 3). The image in Figure 3
nanotechnology-based medicine by exhibiting a dramatic shows the significant difference in the relaxivity of the two
response to pH and thermal change under physiologically samples, which differed by a mere 0.4 pH units. The
relevant conditions, where it has been demonstrated that therelaxivities from the images were calculated to be 200 hM

integrity of the gadonanotube is also maintained. s (pH 7.0) and 98 mM* s! (pH 7.4) at 25°C.
Results/Discussion Relaxivities (per G#" ion) of the Dynamic light scattering (DLS) data provided evidence

surfactant-suspended gadonanotubes were acquired as that aggregation of the gadonanotubes does not play a major

function of pH from 3 to 10 at 1.41 T and 3T (Figure 2). role in their high-performance relaxivity characteristics.

Ther, versus pH curve was found to be fully reversible upon Previous studies on some related carbon nanostructure-based
pH cycling. As seen from the figure, the relaxivity of the MRI CAs, the Gd@G, CAs (gadofullerenes), also found
gadonanotubes undergoes more than a 3-fold increase irrelaxivities that were both pH and aggregation state
relaxivity from pH= 8.3 (40 MM s 1) to pH= 6.7 (133 dependent®3° For example, gadofullerene aggregates range
mM~1 s1) at 37°C with the slope of the change between in size from 50 nm at pH= 9 to 1200 nm at pH= 4, with

pH 7.4 and 7.0 being 98 mM s YpH. No other pH- relaxivities of 75 mM* st at pH~ 4 and 39 mM?* st at
responsive MRI CA has demonstrated such a dramatically pH ~ 10. Thus, it was first assumed that gadonanotubes
large change in relaxivity over such a narrow pH range. For would also exhibit a similar aggregation state behavior and
example, a pH-responsive agent described by Woods et althat this would be related to their pH-dependent relaxivities.
utilized a pH-respondant pendant arm that ligate$*Gah However, the DLS data (Figure 4) clearly demonstrates that
at high pH and releases it at low pH and undergoes a 60%the aggregation state behavior of the gadonanotubes is vastly
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i ion analysis. None of these trials resulted in a measurable
0 500 1000 1500 2000 loss of Gd" ion as determined by inductively coupled
Tl (msec) - plasma-atomic emission spectroscopy (ICP-AES). Further-
more, there was no adverse affect on gadonanotube relaxivity
Figure 3. An inversion-recovery scan at a 150 ms time slice of after dialysis. The dialysis experiments confirmed that the
B LB et 1) b 74,122 19" Gc#*fon clustrs are stable wilh regard (0 physilogica
pH = 7.4. The circles around the inset slices are not analyzed condltlonsi and that G’d _|on IS not I(_aaked from the gado—
regions of interest, but are present only to indicate coordination Nanotube itself. The limit of detection for ICP-AE instru-
with the proper relaxivity fit. mentation is ca. 2 ppb, which is less than 1% of the total
Gd**-ion concentration present in a gadonanotube sample.
Thus, the gadonanotubes retained greater than 99% of their
Gd**-ion concentration upon exposure to the pH and tem-
perature challenges, as well as to the physiological condition

E 50 - challenge as mimicked by PBS dialysis. Taken together with

§4o 1 the DLS results, the physiological challenge data indicate

30 4 ——531080 that the high-relaxivity property of the gadonanotubes is not
-4~ 801053 due to an aggregation phenomenon nor areé*Gdns

released from the gadonanotubes during pH cycling because

the pH-dependent relaxivities of Figure 2 are reproduced

50 55 60 65 70 75 80 exactly upon repeatgd c?ycl_ing. . . .

' ' ' pH ’ ' ' Perhaps the most intriguing piece of data is the variable-
temperature relaxivity study shown in Figure 5. To inves-

Figure 4. The number distribution of particle size of the ga- tigate the temperature dependence of the water exchange rate

donanotubes as a function of pH as determined by DLS. The (assuming access to &dions by water), a temperature-

samples were cycled from pH 5.3 up to 8.0 and then back down to - )
7.4,7.0, and 5.3. Although there appears to be some small variationrelaX'V_Ity study was performed on three g_adonanotube sam
ples with one sample under acidic conditions (gt2.8), a

in particle size, this variation is likely insignificant because by
comparison gadofullerene particles undergo a 20-fold increase in S€cond sample under basic conditions ¢19.4), and a third
aggregate size with decreasing fH. sample at physiological conditions (pH 7.4) at 1.41 T.
The results of the study are shown in Figure 5. This plot of
different than that for gadofullerenes and is unlikely to relaxivity versus temperature demonstrated that the relaxivity
contribute to the observed relaxivity properties. is independent of temperature under basic conditions,
An alternative explanation of the pH-relaxivity relationship whereas under acidic conditions the relaxivity rose dramati-
is that alteration of the pH results in &dion loss from the cally to ca. 500 mM?! s 1 as the temperature was lowered
gadonanotubes upon exposure to alkaline solutions. Becausérom 50 to 5°C. The general shape of the pH 2.8 curve in
the superparamagnetic clusters are believed to be a key td-igure 5 has been previously documented for &'Gtielate
the high-performance characteristics of these probes, the in-attached to a large protein where the relaxivity nearly tripled
tegrity of these G -ion clusters and their retention of &d from 3.2 to 8.2 mM* s71 over the same temperature rarige.
are of utmost importance. Several experiments were con-There are two possible explanations for the strong increase
ducted to test gadonanotube integrity as a function of pH, of relaxivity at pH 2.8 by lowering temperature: (i) A
and the scope of the experiment was eventually widened toformation of larger aggregates leading to slower rotational
test not only pH, but to also different physiological chal- motion or (ii) slowing down of proton exchange. If we
lenges, including phosphate-buffered saline solution (PBS), assume that the high relaxivity observed with gadonanotubes
bovine serum, and heat. In an additional set of experiments,is due to high mobility of water protons, a property known
a sample of gadonanotubes was membrane dialyzed in PBSrom several studie¥;**we can speculate that relaxivity is
solution for 48 h with samples periodically taken for3&d limited at high temperatures by too fast of proton exchange
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and that the lowering of temperature would therefore lead then filtered through a 0.22 micron syringe filter and the
to an increase in;. Because of the failure of the gadonano- filtrate was collected for ICP-AES analysis on a Perkin-Elmer
tubes NMRD profile to be fit by SBM theory, any attempt Optima 4300 DV instrument. None of these trials resulted
to further explain the pH phenomenon is only conjecture at in a measurable loss of &dion. In a similar set of
this point. experiments, a sample of gadonanotubes was membrane
Clearly gadonanotubes are intriguing building-block ma- dialyzed in PBS solution for 48 h with periodic samples taken
terials for the development of clinical MRI CAs, not only for Gd®*-ion analysis. Again, no Gd ion was detectable
because of their unparalleled high relaxivities, but also by ICP-AE for any of the aliquots. Furthermore, there was
because of their exceptional pH-dependency. Although the no adverse affect on gadonanotube relaxivity after dialysis.
relaxivity of gadonanotubes exhibits an impressive thermal The variable-temperature study on the gadonanotubes at
response, it is unlikely to be of practical use in medicine or 1.41 T was performed by dividing the sample into two parts
biology because the relaxivity change is relatively small over with one sample under acidic conditions (gH2.8) and the
the narrow range of temperatures found in biology. In other sample under basic conditions (pH9.4). Another
contrast, because of the sharp and dramatic change inseparate sample was set to physiological conditions (pH 7.4).
relaxivity over physiologically relevant pH ranges, the The temperature was controlled using a water bath by
gadonanotubes make compelling agents for the developmenpumping a thermostated ethareVater mixture through the
of pH sensitive MRI probes. With their high relaxivity alone, MiniSpec probe.
the gadonanotubes make for an attractive circulatory CA To confirm its pH-dependent properties with an MRI
candidate, especially in attempts to diagnose areas of cellulaiscanner, a sample of gadonanotubes was divided into two
stress such as cancer or ischemia. Because of the ultraserparts with one sample adjusted to a pH of 7.0 and a second
sitivity of these agents to minute pH change, they also might sample adjusted to a pH of 7.4. Samples were imaged
lend themselves to a variety of other physiological applica- simultaneously in 7.5 mm quartz NMR tubes with each
tions that depend upon tight pH regulation, including certain sample containing on the order of'#®anotubes and with
enzymes that operate within narrow pH rari§és or each nanotube containing approximately 106°ddns. The
processes involving heart mechaniég’ pH was measured both before and after the MRI scans and
Methods. The gadonanotube samples were prepared andwas found to be unchanged. A clinical whole-body 1.5 T
characterized as previously descriBédRelaxivities (per  Philips MR imager was used for MR imaging. A quadrature
G ion) of surfactant-suspended (sodium dodecyl benzenehead coil was used for signal reception. To minimize partial
sulfonate) gadonanotubes were acquired as a function of pHvolume effects, we obtained a high-resolutibrmap of the
from 3to 10 at 1.41 T and 37C (Figure 2) using a Bruker ~ phantoms by using an inversienecovery-prepared spin
mq60 MiniSpec.T; values of the empty US-tubes are ca. echo technique with the following acquisition parameters:
2500 ms (theT; values of the gadonanotubes are @80 TR/TE, 4000/15 ms; acquired voxel size, 050.5 x 3.0
ms), and previous SQUID analysis has demonstrated thatmm? and reconstructed voxel size, 0.250.25 x 3 mn?.
the empty US-tubes do not demonstrate any observableThese inversion recovery images were acquired at a series
magnetizatior¥! indicating that the magnetic properties of of inversion delays (TI) ranging from 50 to 1800 ms. Circular
the gadonanotubes can be attributed to th& @ah clusters. regions-of-interest (ROI) were drawn on the images obtained
pH was altered using ca. 0.060.01 L amounts of 1 M at differentT,, and the mean and standard deviation of the
LiOH and HCI. The mass of the sample was measured aftersignal intensities within the ROI were computed. A nonlinear,
addition of each acid or base and was less than 0.01 mg, sdeast-squares curve-fitting algorithm (Marquartievenberg)
that Gd*-ion concentration change was negligible. Although, was used to estimate tflg of the sample of interest.
the magnitude of the relaxivity change can vary somewhat .
between different batches of gadonanotube preparations, Ack.nowledgment. We would .I'ke to agknowledge the
samples other than the one in Figure 2 have demonstratede!lowing for support: U.S. National Institutes of Health
at least a 25% increase in relaxivity from pH 7.4 to 7.0 with ©'ant R21EB005390 (R.D.B./L.J.W.); Robert A. Welch

the greatest being a 100% increase (a 300% increase fronfoundatjon Grant C-0627 (L.J.W.); the Center for Biological
pH 8.3 to pH 6.9). and Environmental Nanotechnology U.S. NSF EEC-0118007
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