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Abstract: High relaxivity macromolecular contrast agents based on the conjugation of gadolinium chelates
to the interior and exterior surfaces of MS2 viral capsids are assessed. The proton nuclear magnetic
relaxation dispersion (NMRD) profiles of the conjugates show up to a 5-fold increase in relaxivity, leading
to a peak relaxivity (per Gd3* ion) of 41.6 mM~* s~* at 30 MHz for the internally modified capsids. Modification
of the exterior was achieved through conjugation to flexible lysines, while internal modification was
accomplished by conjugation to relatively rigid tyrosines. Higher relaxivities were obtained for the internally
modified capsids, showing that (i) there is facile diffusion of water to the interior of capsids and (ii) the
rigidity of the linker attaching the complex to the macromolecule is important for obtaining high relaxivity
enhancements. The viral capsid conjugated gadolinium hydroxypyridonate complexes appear to possess
two inner-sphere water molecules (g = 2), and the NMRD fittings highlight the differences in the local
motion for the internal (zri = 440 ps) and external (zr = 310 ps) conjugates. These results indicate that
there are significant advantages of using the internal surface of the capsids for contrast agent attachment,
leaving the exterior surface available for the installation of tissue targeting groups.

Magnetic resonance imaging (MRI) is a routinely used background signal, targetable contrast agents will undoubtedly
noninvasive diagnostic technique, providing detailed images require significantly improved contrast enhancement efficien-
without the use of ionizing radiation. Although the resolution cies3*
of MRI is excellent, its dynamic range is relatively narrow MRI contrast agents are commonly evaluated on the basis of
because of the limited variation in relaxation rates exhibited by relaxivity (r1p), which describes their ability to increase the
water protonsn vivo. When these differences are insufficient longitudinal relaxation rate of nearby water molecule protons
to distinguish between adjacent tissues, contrast enhancemenper millimolar concentration of agent applié®trategies for
is often achieved through the administration of synthetic agents enhancing the relaxivity of contrast agents include increasing
that increase the water proton relaxation rates in accessiblethe number of bound water moleculey, (0ptimizing the water-
locations. Gadolinium complexes are the most often used for residence timey), and increasing the rotational correlation
this purpose, with more than 10 million MRI studies being time (rr) by attachment to macromolecules or nanoparticles.
performed through their use each yéat.The current com- The first two parameters have been optimized successfully in
mercially available Gd(lll)-based contrast agents use poly- Gd hydroxypyridonate (HOPO) based contrast agents, and when
(amino-carboxylate) chelates, and typically gram quantities of attached to macromolecules relaxivities, as high as 2000mM
Gd must be injected to reach concentrations sufficient for usables™ per Gd (peaking between 20 and 100 MHz, with= 2,
contrast enhancement. However, this strategy is more difficult reg—4 = 3.1 and electronic relaxation tim@se = 15 ns,Toe =
to apply to the specific imaging of biomarkers present in low 0.3 ns) can theoretically be obtained for these complékes.
(«M—nM) concentrations. To distinguish these sites from the HOPO based and other complexes, relaxivity enhancement has
been demonstrated through the attachment of contrast agents

! University of California. to proteins®~10 polypeptides? dendrimers213 nanosphere¥
* Universitadel Piemonte Orientale “A. Avogadro”.
§ Lawrence Berkeley National Laboratory. (5) Jaffer, F. A.; Weissleder, RAMA-J. Am. Med. Asso2005 293(7), 855~
U Universitadi Torino. 862.
1) ngh Relaxivity Gadolinium MRI Agents. 23. Part 22: Jocher, C. J.; Moore,  (6) Aime, S.; Botta, M.; Terreno, Esd(lll)-based Contrast Agents for MRI
. G.; Xu, J.; Avedano, S.; Botta, M.; Aime, S.; Raymond, K. Ihbrg Elsevier: San Dlego CA, 2005; Vol. 57, pp 17337.
Chem 2007 46 (22), 9182-9191. (7) Raymond, K. N.; Pierre, V. CBioconjugate Chen005 16 (1), 3-8.
(2) Bottrill, M.; Nicholas, L. K.; Long, N. JChem. Soc. Re 2006 35 (6), (8) Aime, S.; Botta, M.; Fasano, M.; Terreno, Ehem. Soc. Re 1998 27
557-571 (1), 19-29.
3) Caravan PChem. Soc. Re 2006 35 (6), 512-523. (9) Barrett, T.; Kobayashi, H.; Brechbiel, M.; Choyke, PHur. J. Rad2006
(4) Lowe, M. P.Aust. J. Chem2002 55 (9), 551-556. 60 (3), 353-366.
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Figure 1. Conjugation of the TREN-bis-HOPO-TAM ligand to the exteri@r {argeting K106, K113, and th-terminus) and interior3; targeting Y85)
surfaces of empty MS2 capsids. The conjugation was controlled to give 90 ligands per capsid in both cases.
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and micellar nanoparticlés 1" Nanometer scale contrast agents in complex waysl 24 Therefore, detailed studies of the
also offer the potential to differentiate non-nervous-system relaxometric properties are needed to determine the influence
tissue. They should be large enough to be retained in blood of these factors.
Capi”aries by normal endothelial barriers, and yet they should To do thlS, we report herein a detailed analys|s of the NMRD
dlf'fuse across the dlStOI’ted endothe“um aSSOClated W|th pathO'profileS and physical parameters Of two Viral_capsid based
logical lesiong!! Studies have shown that particles larger than ¢ontrast agents. Recently we have described the covalent
10 nm should be able to permeate preferentially through tumor attachment of HOPO based chelates to either the exterior or
tissuestt the interior surface of bacteriophage MS2 capsids devoid of
Recently, several groups have explored the idea of using thenucleic acid$® The MS2 capsid shell consists of 180 copies of
protein coats of viruses as potential nanoparticles for the the coat protein (MW= 13.7 kDa) assembled into an icosa-
development of nanometer scale MRI contrast agents. Thehedral arrangement (diameter 27 nm). A%Gdhelating ligand
availability of two surfaces (inside and outside) can allow the suitably functionalized for selective bioconjugatiot) was
independent attachment of imaging and targeting agents to theprepared by attaching an alkoxyamine linker to a heteropodal
same scaffold, providing an advantage over most common TREN-bis-HOPO-TAM ligand® This compound was then
approaches to macromolecular contrast agents. The first dem-ttached to capsids previously modified by attaching aldehyde
onstration of this concept involved the chelation offGibns groups to exterior amino groups (K106, K113, and fie

to C&" binding sites in the protein coat of the cowpea chlorotic terminus, 540 total sites per capsid) or interior tyrosines (Y85,
mottle virus (CCMV, 28.5 nm diameter). The resulting particles

exhibited exceedingly high relaxivities,p = 202 mM* s7* (10) Muller, R. N.; Raduchel, B.; Laurent, S.; Platzek, J.; Pierart, C.; Mareski,
per Gd ion at 61 MHZz}8 but clinical applications will require a1 %él\éﬁjnpqﬂnilslt-i Lg_llgéslcnhor% %25:“1R9§j9i10§12136§91439*(21)953554_365
improvements in metal binding affinity to avoid the toxicity of (12) Pierre, V. C.. Botta, M.: Railm.ond, K. N.. Am. Chem. S0@005 127

)
%
free gadolinium. Another study involved the conjugation of )(2), 504-505.
)
)

Rk . . ; . R 13) Rudovsky, J.; Botta, M.; Hermann, P.; Hardcastle, K. I.; Lukes, I.; Aime,
Magnevist (Gd-diethylenetriaminopentaacetic acid, Gd-DTPA) ( S. Biocon)j/ugate ChenR006 17 (4), 975-987.

i i ; i i (14) Turner, J. L.; Pan, D. P. J.; Plummer, R.; Chen, Z. Y.; Whittaker, A. K.;
|soth|(_)cyanate_ t_o lysine residues of MS2 virus cgpé?dﬁhe Wooley, K. L. Ad. Funct. Mater 2005 15 (8), 12481254,

resulting relaxivity was 14 mM! s~ per Gd ion, with a total (15) Accardo, A.; Tesauro, D.; Morelli, G.; Gianolio, E.; Aime, S.; Vaccaro,
molecular relaxivity of 7200 mM! s~1 at 64 MHz. “Click li/lz.;(g/l)ag%lglpg;,ﬁe; Paduano, L.; Schillen, & Biol. Inorg. Chem2007
chemistry” has also been used for the covalent attachment of(16) Briley-Saebo, K. C.; Amirbekian, V.; Mani, V.; Aguinaldo, J. G. S.; Vucic,

Gd(DOTA) to lysine residues, in conjunction with the natural 56 (%irﬁggg'l&gém"bek'a”' S.; Fayad, Z.Magn. Reson. Me006

affinity of Gd®" ions for the polynucleotide encapsulated within  (17) Nicolle, G. M.; Toth, E.; Eisenwiener, K. P.; Macke, H. R.; Merbach, A.
- - . - . E. J. Biol. Inorg. Chem2002 7 (7—8), 757-769.
the capsids. These conjugates exhibited similar relaxivities (11 (1g) Allen, M.: Bulte, . W. M.; Liepold, L.; Basu, G.; Zywicke, H. A.; Frank,

15 mM~1 s71 per complex at 64 MHZz}° J. A,; Young, M.; Douglas, TMagn. Reson. Me®005 54 (4), 807-812.

)
)
. . ... (19) Anderson, E. A,; Isaacman, S.; Peabody, D. S.; Wang, E. Y.; Canary, J.

These examples demonstrate that viral capsids offer signifi- 20 W, KiLshenbaum, KhNano Letto.%OOG 6 (6), 116(}%]164. ‘ .

. T . Prasuhn, D. E.; Yeh, R. M.; enaus, A.; Manchester, M.; Finn, M. G.
cant pptentlal for bU|Id|.n.g'nanometer scgle.contrast agents with Chem. Commur2007 (12), 1269-1271,
very high overall relaxivities. They also indicate that a balance (21) Nicolle, G. M.; Toth, E.; Schmitt-Willich, H.; Raduchel, B.; Merbach, A.
b K bet the hiah relaxivity of Klv bound E. Chem. Eur. J2002 8 (5), 1040-1048.

must be struck between the high relaxivity of weakly bound 22y zech, s. G.: Eldredge, H. B.: Lowe, M. P.; CaravarinBrg. Chem2007,

" o
nd the n for strong chelators that r Xici 46 (9), 3576-3584.

G and the need . or strong chelators t a'F educe toxic ty at é23) Aime, S.; Frullano, L.; Crich, S. GAngew. Chem., Int. EQ002 41 (6),

the expense of available water exchange sites. Several factor 1017-1019.

related to the linking strategy (such as the rigidity of the linkers, (24) mlsal'gtg’di%z%)%%oiFg-l?)z'l‘gfgf-? Aime, S.; Sherry, ACBntrast Media
the interaction of Gd-complexing ligands with protein residues, (25) Hooker, J. M.; Datta, A.; Botta, M.; Raymond, K. N.: Francis, MN&no

inili i ; i i Lett. 2007, 7 (8), 2207-2210.
an_d the_ ﬂeXIbII!t_y of the protein region containing the amino (26) Cohen, S. M.; Xu, J. D.; Radkov, E.; Raymond, K. N.; Botta, M.; Barge,
acid being modified) may also affect the overall relaxivity values A.; Aime, S.Inorg. Chem200Q 39 (25), 5747-5756.
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Figure 2. Externally @) and internally §) labeled macromolecular contrast agents obtained upon metalation of the capsid conjugates with gadolinium(lll).
The crystal structure of the MS2 virus capsid is shé#highlighting the amino groups on the exterior: redk106, yellow= K113, and orange= the
N-terminus. Y85 is highlighted in green on the interior surface.

180 total sites per capsié) Figure 1. Due to the lower solubility 60T 37 Conjugate 4
of the external conjugates, the number of ligands per capsid 501 & 23 oAt o TAM.COM
was chosen to be 90 (50% functionalization). The resultant < | ]
conjugates were then metalated with3Gtb obtain the contrast < 40
agents shown in Figure 2.Free Gd" was removed through E 307 1
exhaustive dialysis against citrate buffer, as has been previously 2 201 |
described® < =

The Gd-HOPO chelates were chosen because they have at 107 A A A A a4 ]
least 2-3 times higher relaxivities (between 8 and 14 mM 0 :
s at 20 MHz) than those of commercial agents, while 1 10 100
maintaining similar stabilities (TREN-bis-HOPO-TAM-Me, pGd Proton Larmor Frequency / MHz

20.1; Gd-DTPA, pGd 19.4° 31 The higher relaxivities of the ~ Figure 3. 1/T1 proton nuclear magnetic relaxation dispersion (NMRD)
~ : ; ; profiles (pH= 6.9) and fits for conjugaté at 25°C (®) and 37°C (<), in

HOPO-based complexes are primarily due to an IrlCI’easedcomparison with the NMRD profile for Gd-TREN-bis-HOPO-TAM-GI®

number of bound water moleculeg € 2 or 3) and fast water 5 25°C (a).30

exchangey typically between 5 and 30 #&34). These values

represent exchange rates that are orders of magnitude faster than Anticipating the biological relevance of these studies, full
those of commercial complexes and are near optimal for relaxometric data have been obtained at both 310 and 298 K.

attaining maximum relaxivities for molecules having very slow 'N€ change of relaxivity with magnetic field is a NMRD profile
tumbling rates (e.g., oligomers and contrast agents attached tghat can be fitted to the appropriate model describing the
dendrimers). The initial relaxivity measurements on the-Gd ~ Magnetic coupling of the solvent with the system. Important

HOPO-capsid conjugates gave relaxivities peRGibn as high parameters, such gsty, andrg, that affect relaxivity can then
as 41.6 mM1 s~1 (at 30 MHz and 25C), values that represent be obtained from the fits. The NMRD profiles for the externally

some of the highest relaxivities yet reported for covalently and internally modified HOP©capsid conjugates compared to
modified virus-based contrast agents. that of small molecule chelate Gd-TREN-bis-HOPO-TAM-

CO;H are shown in Figures 3 and®4The maximum relaxivities

(27) Hooker, J. M.; Kovacs, E. W.; Francis, M. B. Am. Chem. SoQ004 obtained Were. .30-7 mM s1 (30 MHz, 25 °C) for the
- %/2?(12)83}11_8[%71%_ Eridbora. K. Unde. Tature 1690 345 (6270 externally modified capsids and 41.6 mMs™! (30 MHz, 25
( )3§_igfr K Lilias, L.; Fridborg, K.; Unge, Nature1990 345 (6270), °C) for the internally modified capsids. This represents a 4- to

(29) Doble, D. M. J.; Melchior, M.; O'Sullivan, B.; Siering, C.; Xu, J. D.; Pierre,  5-fold increase in relaxivity upon attachment of the Gd-TREN-
V. C.; Raymond, K. NInorg. Chem.2003 42 (16), 4930-4937.

(30) (pie)rr& V. C.: Botta, M.; Aime, S.; Raymond, K. Morg. Chem200§ 45 bis-HOPO-TAM chelate to virus capsids in comparison to Gd-
20), 8355-8364. -bis- B, - i

(31) Pierre, V. C.; Melchior, M.; Doble, D. M. J.; Raymond, K. Norg. Chem. TREN-bis-HOPO-TAM-CGH. The relaxatloln rate of uniabeled
2004 43 (26), 8520-8525. MS2 was measured to be ca. @5 s and showed a

(32) Thompson, M. K.; Botta, M.; Nicolle, G.; Helm, L.; Aime, S.; Merbach, iy H i
A E.- Raymond. K. NJ. Am Chem. S08003 135(47). 1427414275, negligible dependence on the magnetic field strength. The

(33) Werner, E. J.; Avedano, S.; Botta, M.; Hay, B. P.; Moore, E. G.: Aime, S.; relaxivity values decrease (27.8 mi/s™1 for external and 38.9

Raymond, K. NJ. Am. Chem. So2007, 129 (7), 18706-1871. 11 i ifi H i H
(34) Xu, J.; Franklin, S. J.; Whisenhunt, D. W.; Raymond, KJNAmM. Chem. mM~* s~ for internal mOdIflcatlo_n’ at 30 MHZ) Upf)r_‘ Incréasing
S0c.1995 117 (27), 7245-7246. the temperature to 37TC, suggesting that the relaxivity enhance-

2548 J. AM. CHEM. SOC. = VOL. 130, NO. 8, 2008
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60 - T Table 1. Fitting Parameters for the NMRD Profiles of the
v gg gg:iﬂg:ig Macromolecular Complexes 4 and 5
507 e 25C Gd-TREN-Bis-HOPO-TAM-CO:H | 4 (exterion) 5¢ (interior)
% 40 ] 208K 310K 208K 310K
T 30 ] rp(MM-ts P 30.7 27.8 41.6 38.9
= A2 (109s729) 24+0.3 25+ 04 1.6+ 0.2 1.7+ 0.1
=, 201 - E v (ps) 36+ 2 34+1 2442 21+ 3
Ny Tri (NS) 0.31+0.01 0.25+0.01 0.44+0.02 0.40+0.01
101 e e o o o © o TRy (US¥ 1 1 1 1
v (nSF 10 10 10 10
0 T F 0.084+0.01 0.09+0.01 0.13+£0.01 0.14+0.01
1 10 100 p > 5 5 )
Proton Larmor Frequency / MHz rean (A)° 3.1 3.1 3.1 3.1
Figure 4. 1/T; proton nuclear magnetic relaxation dispersion (NMRD) @ (A)° 4.0 4.0 4.0 4.0
profiles (pH= 6.9) and fits for conjugaté at 25 @) and 37°C (v), in D(1®cmPs e 2.3 31 23 31

comparison with the NMRD profile for Gd-TREN-bis-HOPO-TAM-GI®
at 25°C (@).%° aDetermined in 12.5 mM HEPES buffer at pH 6.8Relaxivity data at

30 MHz °Parameter fixed prior to fitting.

60 T T T
® canjigate 4 meaning in this model. For this reason, these parameters were
50 A conpgale 5 not forced to be identical for the internal and external conjugates.
_ The outer-sphere component of the relaxivity was estimated on
e 01 * 4 4 - the basis of the Freed equation by using standard values for the
% o Loa distance of closest approach and the relative diffusion
51301 ° i coefficient of solute and solver.®
= * . The parameters that gave the best fit for the NMRD profiles
20 ® o ) are listed in Table 1. The number of inner sphere molecujes (
has been reported as 2 for the TREN-bis-HOPO-TAM com-
plexes. Theq value is reliably estimated by analysis of the
10 200 300 310 30 NMRD profiles and by comparison of the relaxivity data for a

large series of related complex®sThe validity of the relaxo-
metric evaluation of the hydration number has been confirmed
through the direct measurement @y luminescence in the
) _ ) case of EUTACN-1,2-HOPQ@(= 3)*3 and Eu-H(2,2)-1,2-HOPO
ments observed upon conjugation to the MS2 capsids are not(q = 1)39 The NMRD profile fits for the conjugates were
limited by a slow rate of water exchange from the inner onhained by fixingg to 2. Although the hypothesis that both
coordination sphere of Gtl but rather by Fhe tumb!mg_rate. conjugated complexes possess= 1 cannot be excluded on
The temperature dependence of relaxivityy,( longitudinal the basis of the relaxometric data, the assumption of two bound
relaxwlty)_ for the ex_tern_ally and internally modl_fled capsids at \yater molecules gave the best fits (Supporting information
20 MHz is shown in Figure 5. The exponential decrease of rigyre S1) for both the internally and externally modified
relaxivity with increasing temperature is consistent with slowly capsids and is consistent with other TREN-bis-HOPO-TAM
tumbling systems with fast-exchanging inner-sphere water geriyatives’ 3 The distance of the coordinated water molecules
molecules. from the metal ionr(gq_1) was fixed to 3.1 A% Based on the
Solomon-Bloemberger-Morgan theory connects the mac-  gserved relaxivity dependence with temperature and in analogy
roscopic relaxivity to the intrinsic parameters of the®Gd  \ith other Gd-TREN-bis-HOPO-TAM derivatives. the mean
complexes:* High-frequency data (270 MHz) were fitted  (eqjgence lifetimeny was fixed to 10 ns (Supporting information
to this relat|or.15h|.p for paramagnetic relaxat|on,.m'od|f|ed N Figures S2 and S3§.Facile diffusion of water to the interior
terms of the Llpa&%ggbo approach for the description of the - of the capsid is implied by the result that the best NMRD fits
rotational dynamic8®~2® This model considers two types of  fo 4 ands (internal conjugates with slightly higher relaxivity
motion that influence the magnetic relaxation: global motion ,5i,es compared to external conjugadwiere for the same
qf the system described by a.globall reorientation (?orrelgtion value for both conjugates. The internal conjugates also have
time 7y and faster local motion with a local reorientation  yreater solubility than the external conjugates and, hence, present
correlation timerg.. An additional paramete?, describes the e advantage of attaching solubilizing and targeting groups to
extent of spatial restriction of the local motion (or the coupling e exterios
of local and_ global_ _motions)$2 = 1 when the Gd complex is Ther value for Gd-TREN-bis-HOPO-TAM-Cg has been
completely immobilized#ry = 7ri), andS’ = O when the local  yonorted as 94 ps at 298 K (Table®)The local reorientation
motion is totally |ndependentlof the glolbal motion of the system. . relation timesg)) can be compared to the value for the
The parameters for electronic relaxatiak?(zy) were used as  gmall molecule complex and is 3 to 4 times slower for the
empirical fitting parameters and do not have a precise physical conjugates (310 ps for the external and 440 ps for the internal

conjugates). Also, the value for the internal conjugates is 1.4

T/K

Figure 5. Variable-temperature proton relaxivity for conjugate@®) and
5 (a) at 20 MHz.

(35) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, R@em. Re. 1999
99 (9), 2293-2352.

(36) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104 (17), 4546-4559.

(37) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104 (17), 4559-4570.

(38) zZhang, Z. D.; Greenfield, M. T.; Spiller, M.; McMurry, T. J.; Lauffer, R.
B.; Caravan, PAngew. Chem., Int. EQR005 44 (41), 6766-6769.

(39) Jocher, C. J.; Botta, M.; Avedano, S.; Moore, E. G.; Xu, J.; Aime, S
Raymond, K. N.Inorg. Chem.2007, 46 (12), 4796-4798.

(40) Caravan, P.; Astashkin, A. V.; Raitsimring, A. Morg. Chem2003 42
(13), 3972-3974.
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Table 2. Comparison of the Parameters (at 25 °C) Obtained for Conjugates 4 and 5 with Dendrimer Based Macromolecular Contrast
Agents

T Trg Tr 11p(20 MHz) 119(60 MHz)

complex (ns) (ns) (ps) S (mM~ts7?) (mM~1s7Y) ref
Gd-TREN-bis-HOPO-TAM-CGH 10 94 7.3 8.5 30
Gd—DOTA 244 77 4.74 3.7 42
Gadomer 17 1000 3.05 760 0.5 16.5 16.4 21
PAMAM-G4-[Gd(DOTA-pBn)(HO)] 33 152 3.10 550 0.39 31.2 22.5 43
external conjugaté 10 1000 310 0.08 27.3 23.2 this work
internal conjugat® 10 1000 440 0.13 38.4 30.9 this work

Side View

Figure 6. Locations of the modified protein residues shown in the exterior, side, and interior views, as mapped on a coat protein dimer. Y85 extends from
ap-sheet in the interior, while K106 and K113 extend fronielices on the exterior, causing differences in the local environments of the amino acids being
modified.

times slower than the external conjugates. The external conju-indicates the effect of the global reorientation on local reorienta-

gates were obtained by covalent linkages to lysines, while the tion motion, or the coupling of the two motions, also has a low

internal conjugates were obtained by forming covalent linkages value in the range 0.680.14. The values are again slightly

to tyrosines. Targeting a rigid aromatic tyrosine residue side higher for the internal conjugates, indicating greater coupling

chain, rather than a more flexible aliphatic lysine side chain, between the local and global motions.

reduces the number of free rotatingoonds between the Gd The parameters obtained for these-&GtDPO virus conju-

chelate and the capsid surface. The increased rigidity of the gates can be compared to the parameters reported fer Gd

tyrosine-based bioconjugation strategy could be responsible forDOTA (commercially available as DOTARENP dendrimer

the slowerzg. In addition, we must consider that the amount based conjugates, Gadomefiand PAMAM-G4-[Gd(DOTA-

of protein structural fluctuation is different at the sites of pBn)(H.0)] 35*® (Table 2). These dendrimeric conjugates are

attachment (Y85 versus the amino groups). The MS2 capsid obtained through the covalent attachment of multiple Gd-DOTA

shell is dynamic in solution, and motion about or around loop units to polyamine based dendrimers. Their NMRD profiles have

regions may affectr,. The lysines are a part eof-helices and been analyzed according to the LipaBzabo approacH.43

the tyrosines are a part gfsheets, as shown in Figure 6, and Gd—DOTA has a longer water-residence timg & 244 ns}?

the difference in the rigidities of these local protein environments than Gd-HOPO-based contrast agents, (= 10 ns), which

can affect therg values f-sheets being more rigid than inherently limits the relaxivity enhancements that can be attained

a-helices). Thus, ther values reflect relatively accurately the  upon conjugation to macromolecules. Tigand< values for

local rigidity of the conjugates and hence the difference in both of the dendrimer based conjugates are higher than those

relaxivities for the internal and external conjugates (the maxi- obtained for our virus based conjugates (indicating that these

mum relaxivity for the internal conjugates was 1.35 times higher dendrimer based systems are more rigid than the capsid based

than that for the external conjugates). systems), and the relaxivity enhancements (upon attachment to
The global reorientation correlation timegg, should be very dendrimers) are in the range of 3.5 to 6.5 times those of the

similar for the two conjugates as well as close to the rotational Gd—DOTA monomer (at 20 MHz and 2%). These relaxivity

correlation time value of the MS2 virus capsid. This value has enhancements are similar to the values obtained for the virus-

I?een reported to be close tqus* The. results of the NMRD (42) Powell, D. H.; NiDhubhghaill, O. M.; Pubanz, D.; Helm, L.; Lebedev, Y.

fits were not sensitive to therg value in the range 100 rdl S.; Schlaepfer, W.; Merbach, A. B. Am. Chem. Socdl996 118 (39),

ms, so this value was set tOy]S. The parameteSz, which (43) ?]gz%gféln?i, Z.; Moriggi, L.; Schmidt, P.; Weidensteiner, C.; Kneuer, R.;

Merbach, A. E.; Helm, L.; Toth, EJ. Biol. Inorg. Chem2007, 12 (3),
(41) Kang, J. S.; Yoon, J. Hl. Photoscienc€004 11 (1), 35-40. 406—-420.
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160 T (Table 2), the relaxivity increase upon increasing the rigidity
1401 Tuz15 - will be limited as we move to higher field strengths, for targeted
RI=TOMS— imaging applications. Higher relaxivities can be attained in these

- 1207 ] cases by using Gd chelates with smaltgrvalues (2 ns)

< 1007 i} optimal for higher field strengths, in conjunction to rigid linkers.
E 801 1 The use of the Gd-TACN-HOPO-based complexes with such
< 601 i optimal water-exchange rates and a higher number of inner-

< sphere water moleculeg & 3)32 should enhance the obtained
407 '+l/./././-\.\.‘.\ relaxivities, as predicted in this study. The generation of
20 Tr=0.44 s 1 additional capsid conjugates that possess these properties is

currently in progress in our laboratories.

o T
1 10 100 Experimental Section
Proton Lamor Frequency/ MHz P
Figure 7. Theoretical predictions for the maximum relaxivity attainable if Field Cycling Relaxometry. The water proton NMRD profiles were
the linkages are further rigidified to restrict the local motion (modeled using measured at 25 and 3T on a Stelar Fast Field-Cycling Spectrometer
the parameters obtained for the internal conjugates at 298 K). FFC-2000 (Mede, Py, Italy) orr0.2—0.4 mmol complex-conjugated

MS2 solutions in nondeuterated water. TheT; relaxation times were
based conjugates (3.7 times for conjugétand 5.3 times for acquired by the standard inversion recovery method with a typical 90
conjugate5 at 20 MHz relative to the GAHOPO monomer); pulse width of 3.5us, using 16 experiments of 4 scans. The
however this cannot be completely explained by theand & reproducibility of theT; data wast4%. The temperature was controlled

values, which are lower for virus based systems. For example,With a Stelar VTC-91 airflow heater equipped with a calibrated copper
conjugatet hastr = 310 ps and® = 0.08, while Gadomer 17 constantan thermocouple (uncertaintyi.1°C). The NMRD profiles

. in th f tic fields f 0.00024t0 1.6 T
hastm = 760 ps andS = 0.5, even though slightly greater were measured in the range of magnetic fields from 0.00 (o]

L . (corresponding to 0.0270 MHz proton Larmor frequencies).
relaxivity enhancements are observed for conjugate Gd-Content Measurements: Mineralization Monitored by Re-

Improved relaxivities are obtained in the GBOTA based _ laxometry.** The gadolinium concentration of the complex-conjugated
systems when the water exchange becomes faster, as irMS2 solutions was measured by a relaxometric procedure (20 MHz
PAMAM-G4-[Gd(DOTA-pBn)(H:O)] 33 due to the presence and 25°C). Three accurate determinations (each on three different
of apBn substituent on the GEDOTA that decreases the water samples of similar concentration, prepared by dilution) of the
residence time due to conformational or steric effé&tshe longitudinal water proton relaxation rat&(") were made at pH=
major difference in these systems is the mean water-residencé®-9 on ca. 0.20.5 mM aqueous solutions. A volume of 100 of
lifetime (zw = 152 and 1000 ns for the GADOTA dendrimer each solution was then added to 10of 70% HNG; directly into a

: . . 1.0 mL glass ampule. After gentle centrifugation (to ensure complete
Con!uga'ies, VIVhItler = Ca'f t5ho r:BfOO[I';‘hE GddHOP? Vlruts;] mixing) of the resulting solutions (1500 rpm, 2 min) the ampules were
CO“JUQa _es). n . .e case ot the ased Systems, € oo 5jed and heated at 120 for 5 days. This treatment ensures that all
substitution po_smon on the_GdDOTA complex to create _the GeP* is solubilized. TheR; values R*) were then measured again
attachment point to dendrimers affects the water residencethree times), and the concentration of3Géh the starting solutions
time 2143 For Gd-TREN-bis-HOPO-TAM based systems, sub- was calculated using the following expression:
stituents on the TAM ligands lead to the water residence time
in the range 220 ns$° and, hence, as mentioned previously [Gd] = [(R* — 0.51)/13.99]x 2 (1)
= 10 ns was chosen for the virus conjugates to obtain the best ) o ) o
fits for the NMRD profiles. The reason for the relaxivity where 13.99 is the relaxivity (mM s™1) of the G&" ion under identical
enhancements observed can then be attributed to the Optir,nalexperimental conditions and 0.51 {s is the relaxation rate of the
water exchange rates (in addition to the slow rotational diamagnetic solution (1:1 water and HMN®@0%). This procedure was

; . . validated either on two solutions of known concentration (GADTPA
correlation times) f(?r the GdHOP.O't')ased systems, which and GADOTA) or by comparing the relaxometric procedure with the
would also lead to improved relaxivities for these macromo- |cp gata (on GADTPA).
lecular contrast agents at higher field strengths when compared  variable Temperature MeasurementsThe temperature dependence
to the Gd-DOTA based systerh?2 of the longitudinal water proton relaxation rates was measured on a

The NMRD profiles and the temperature dependence studiesStelar Spin-Master spectrometer operating at a magnetic field strength
of these capsid systems indicate that they can be furtherof 0.47 T (corresponding to the proton Larmor frequency of 20 MHz).
improved to provide systems with sufficiently high relaxivity ~1he standard inversiefrecovery pulse sequence (£86r —90%) was
for biomarker targeting. Theoretical predictions for these systems US€d: The samples (ca. 100) were placed in 5 mm NMR tubes. The
(Figure 7) indicate that, upon increasing the local reorientation temperature was controlled by a Stelar VTC-91 air flow heater equipped

lation th hth f iaid link th laxivi with a coppet-constantan thermocouple. The desired temperature was
correlation roug € use of more rigid finkers, e, relaxivity set up either by the internal heater or by an attached liquid nitrogen
values can be increased to 140 mMs™! per Gd* ion at

evaporator T < 24 °C). The actual temperature was checked inside

C“nlca”y relevant fle|dS. Llnklng thrOUgh tyI’OSIne I’eSIdueS may the probehead (uncerta"']ty M)l °C) by us|ng a d|g|ta| thermometer
be inherently beneficial in this respect, since they have fewer

rotatable bonds than lysines. The observation that water transport Acknowledgment. A.D. and K.N.R acknowledge support
through the capsid shell is not rate-limiting suggests that Tom the NIH (Grant HL69832). J.M.H. and M.B.F. were

additional complexes can be installed to reach still higher total SUPPOrted by the Director, Office of Science, Office of Basic
relaxivity, a concept that is enabled by the increased water Energy Sciences, Materials Sciences and EngineeringDivision,
Somb'hty Of the 'nte_mz_i”y mo_dlfled conjugates. Accordlng to (44) Crich, S. G.; Biancone, L.; Cantaluppi, V.; Esposito, D. D. G.; Russo, S;
the theoretical predictions (Figui§ and our data at 60 MHz Camussi, G.; Aime, SMagn. Reson. Med2004 51 (5), 938-944.
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