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Abstract Folic acid and D-gluconic acid-capped gadolin-

ium oxide nanorods and nanocuboids were synthesized via

co-precipitation method. Comparative study of relaxivity

factor on the role of capping and morphology for enhanc-

ing contrast ability for T1 and T2 magnetic resonance

imaging (MRI) was investigated. The obtained r2/r1 ratio

for folic acid and D-gluconic acid-capped gadolinium

oxide nanorods and nanocuboids was 1.5 and 1.3, respec-

tively. The nanocrystals were characterized and presented

with properties such as good dispersity and stability

required for standard contrast agent used in MRI. The

characterization and the analysis of capping agent for

nanocrystals suggest the preferable use of carbohydrate

moieties with higher number of hydroxyl functional group

reacted with urea and hydrogen peroxide for desired mor-

phology and anisotropic growth. Thermogravimetric–dif-

ferential thermal analysis (TG–DTA) illustrated the

amount of capping, transition temperature from Gd(OH)3

to GdOOH and crystallization temperature from GdOOH to

Gd2O3. These nanocrystals would be significant for other

biomedical applications such as drug delivery when

equipped with well-functionalized drug molecules.

Keywords Contrast agent; Nanomaterials; Magnetic

resonance imaging; Imaging

1 Introduction

The progression of time has brought enormous advance-

ment, understanding and development of nanosciences and

nanotechnology [1]. There are several different synthesis

methods already established which have found few nec-

essary timely modification for synthesizing desired

nanoparticles (NPs) [2–4]. These have contributed to the

advancement in biomedical sciences toward effective

diagnosis, therapy and elimination of diseases time to time

[5]. In spite of such advanced developed techniques and

different nanostructures, there are still certain drawbacks

which need to be addressed in engineering of desired

nanomaterials. Engineering of one-dimensional (1D)

nanostructures (NSs) such as nanotubes, nanobelts, nanor-

ods, nanocuboids and nanowires is highly promising

biomedical tools due to their cell-specific interaction

mechanism [6]. The rare earth elements have always been

attractive and encouraging contenders for obtaining sig-

nificant properties. The trivalent state of rare earth ions

holds chemical, biophysical, electronic, optical and

biomedical-sensitive characteristics due to their 4f elec-

trons [7, 8]. The Gd3? being paramagnetic in nature is

widely used as the contrast agent in magnetic resonance

imaging (MRI). This necessitates to synthesize more

stable samples [9–11]. Generally, the synthesis route used

for 1D nanosheets is hydrothermal with addition of few of

the surfactants at high temperatures [12–14]. The lan-

thanide nanorods formed by hydrothermal technique follow

oriental attachment mechanism but lack even surface and

edges which would be detrimental for biomedical appli-

cations [15]. Along with anisotropic shape of nanorods,

their properties and chemical reactivity are also aniso-

tropic, due to higher positive curvature region with higher
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energy [16–18]. Therefore, harmful phenomenon like dis-

solution or etching starts from the end surface of the rods

which could have been overcome through proper surface

functionalization. In contrast, the water-based wet-solution

systems are comparatively cost-effective, benign, simple to

handle and extremely effective for fabrication of aniso-

tropic lanthanide nanomaterials [19, 20]. The present work

emphasizes on the effects of surface capping agent by

keeping other parameters constant for bioimaging appli-

cation of MRI. Folic acid (FA) and D-gluconic acid (GA)

were preferably used for obtaining anisotropic morphology

for the FA and GA-capped Gd2O3 samples.

2 Experimental

2.1 Materials

Gadolinium nitrate hexahydrate (Gd(NO3)3�6H2O) and

D-gluconic acid solution (49 wt%–53 wt% in H2O) were

purchased from Sigma-Aldrich. Folic acid was bought

from HiMedia Chemicals, India. Sodium hydroxide

(NaOH) and hydrogen peroxide (30% in weight to volume

ratio) were procured from S.D. Fine Chem. Ltd, Mumbai,

India, Urea was procured from Rankem (Delhi, India). All

the chemicals were used without further purification.

2.2 Synthesis of gadolinium oxide nanorods (NRs)

and nanocuboids (NCs)

The bare, folic acid (FA) and D-gluconic acid (GA)-capped

gadolinium oxide (Gd2O3) nanorods (NRs) and nanocu-

boids (NCs) were synthesized using simple co-precipitation

method at * 90 �C. The synthesis involved two steps. In

the first step, aqueous solutions of NaOH were added to

aqueous solution of Gd(NO3)3 dropwise at the rate of

60 ll�min-1 under stirring speed of 900 r�min-1 at room

temperature (RT). The first step used NaOH as precipitat-

ing agent for formation of Gd(OH)3 which started to grow

anisotropically when kept for aging. The alkaline pH has

promoted the initial growth, while the second step involved

the use of urea and H2O2 to form an adduct for controlled

release of oxygen from H2O2. This is required for oxidation

of Gd(OH)3 to Gd2O3. The capping agent used in the same

step assisted in controlling the morphology and anisotropy.

The detailed study and mechanism are discussed in the next

section.

2.3 Synergistic effects and mechanism of urea, H2O2

and capping agent

Though folic acid (FA) and glucuronic acid have been

extensively used as capping agent for NSs, the obtained

nanostructure was found to be agglomerated [21]. While

the use of D-gluconic acid (GA) is scarce in spite of being

cost-effective and benign when compared to folic acid and

glucuronic acid, there are promising results with GA when

used as capping agent [22–25]. Figure 1 shows the mech-

anism of the chemical structure of FA (Fig. 1a) and GA

(Fig. 1b). The preferred functional part of capping agent

through which the ligand coordination over the surface of

nanoparticles happens is the carboxylate (–COO-) func-

tional group [26]. In case of folic acid, glutamate is the

preferred functional part for the attachment to the surface

of Gd2O3 via carboxylate (–COO-) functional group, but

the structure of GA possesses six hydroxyl functional

groups and therefore has more preferred sites of interaction

with urea and hydrogen peroxide which assist for ease of

binding [27].

In addition to the above-mentioned mechanical and

technical procedures required in growth and capping, the

Brownian motion of the ions resulting from the continuous

stirring of reaction mixture for on-going synthesis proce-

dure tends the particles to colloid and assists for their

coalescence to grow in elongated direction via common

crystallographic orientation. The present growth of

nanoparticles in such an organized manner could be

anticipated by the choice of reaction time, suitable capping

agent, temperature, etc., among the known reaction

parameters. In particular, the combination of sugar and

urea providing synergistic effect on the growth and mor-

phology of the synthesized materials has been reported by

Gawali et al. [28] for synthesis of dynamically arrested

micelles. Similar synergy between D-gluconic acid and

urea along with hydrogen peroxide could be useful for the

anisotropic and morphological benefits which could

develop smooth surfaces and sharp edges of the nanos-

tructures [28]. The reason for such a synergy could be due

to the nature of urea being simultaneous hydrophobic and

hydrophilic which can easily establish bonds with hydro-

gen peroxide and also stabilize the nanostructure as cap-

ping agent [29]. The similar results were also observed by

the use of ethanol by Gupta et al. [30], where ethanol has

played a significant role for morphological and anisotropic

changes assisted by the hydroxyl functional group present

in the ethanol moiety. However, ethanol cannot be used as

capping agent and the single hydroxyl functional groups

cannot assist to the extent which the carbohydrates can

perform as discussed earlier.

In addition to this multiple hydroxyl, functional groups

in carbohydrate can provide enhanced biocompatibility and

engineering of desired morphology and anisotropy of the

nanostructures. Similarly, the uses of urea and glycerol

have also been reported for the spherical nanostructures,

but the use of hydrogen peroxide is equally important in the

reaction medium [31, 32]. To the best of our knowledge, no
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such mechanism has been addressed thoroughly, but the

role of hydroxyl functional groups of any carbohydrate or

alike molecules cannot be neglected [30]. The as-synthe-

sized samples are abbreviated as B-Gd, F-Gd and G-Gd for

bare, folic acid and D-gluconic acid-capped gadolinium

oxide nanorods and nanocuboids and addressed as

nanoparticles (NPs) or nanocrystals in general terms

wherever required.

2.4 Characterization of B-Gd, F-Gd and G-Gd

X-ray diffraction (XRD) pattern of samples was performed

on PANalytical X’Pert Pro instrument of Cu Ka wave-

length (k = 0.154 nm) scanned over a 2h range of 20�–80�
with a step size of 1.25� and scan rate of 0.01 (�)�s-1.

Morphology of synthesized samples studied using field-

emission scanning electron microscopy (FESEM,

QUANTA 200 FEG, FEI, Netherlands) was used. Surface

capping of samples was studied using Fourier transform

infrared spectroscopy (FTIR, PerkinElmer Spectrum 65

series of FTIR spectrophotometer, USA) and thermo-

gravimetric differential thermal analysis (TG–DTA, ther-

moanalyzer TG/DTA 73000, EXSTAR) using platinum

crucible under inert N2 atmosphere at 10 K�min-1 and

temperature range from room temperature to 1000 �C.

Acid digestion method was used to estimate Gd3? con-

centration from B-Gd, F-Gd and G-Gd samples. In a typ-

ical procedure, nitric acid (HNO3 70 vol%) was added

dropwise to the samples by keeping them over open flame

till a transparent and clear solution was obtained. All the

Fig. 1 Representation of glutamate structure (green-colored circle) of folic acid with its structural interaction between glutamate (folic acid),

urea and H2O2, a, b structural interaction between D-gluconic acid, urea and H2O2 (this interaction is between hydrogen bonding ( )

formation within urea, hydrogen peroxide, D-gluconic acid and glutamate (folic acid); along with hydrogen bonding, there are Van der Waals

(vdW) forces and few p–p interaction between all compounds to produce synergistic effects)

123 Rare Met. (2021) 40(4):848–857

850 N. R. Chawd et al.



samples were later dissolved in * 2.5 vol% HNO3 for

further estimation of desired Gd3? using a PerkinElmer

inductively coupled plasma optical emission spectrometer

(ICP–OES) system.

2.5 In vitro magnetic resonance imaging

T1 relaxivity of water protons in the presence of B-Gd, F-

Gd and G-Gd was measured using Siemens Magnetom

Essenza 1.5 T MRI human scanner (Erlangen, Germany).

The water-dispersed powdered samples in standard 1.5-ml

Eppendorf tubes were used as phantoms for taking the MRI

images. In vitro phantom image was collected for the B-

Gd, F-Gd and G-Gd at different concentrations. The rep-

etition time (TR) values were fitted (1/T1 vs Gd concen-

tration) to obtain a linear plot. The relaxivity value of r1

from the slope was obtained. The parameters used for r1

mapping by a spin echo pulse sequence to obtain image are

as follows: slice thickness of 2 mm, matrix size of

676 mm 9 676 mm, number of slices 5, echo time (TE) of

9 ms and repetition time (TR) values of 200, 400, 800,

1600 and 3200 ms. Saturation recovery (S) equation was

used to obtain R1 [33]:

S ¼ S0 1 � e�ðTR�R1Þ
� �

þ c ð1Þ

where S0 is the magnetization at equilibrium, R is the rate

of relaxation, and c is compensation term of the noise in

measurement of data.

Relaxivity of the samples is determined by the rate of

relaxation (R) as a function of concentration (C) according

to the following equation [34]:

r1;2
¼ R1;2

C
ð2Þ

3 Results and discussion

3.1 Powdered XRD analysis

Figure 2 illustrates powdered XRD patterns of B-Gd, F-Gd

and G-Gd samples annealed at 400 �C in air. The crystal

structure and phase purity are identified by XRD patterns.

All the samples consist of the mixtures of amorphous and

crystalline phase. The fitted diffraction patterns of samples

could be indexed to JCPDF No. 43-1014, JCPDS No.

12-0797 of cubic Gd2O3 and PDF-083-2037 of Gd(OH)3

and Refs [35–37]. The cubic Gd2O3 peaks (#) corre-

sponding to (211), (222), (400), (411), (332), (134) and

(440) planes are identified. Less intense peaks of Gd(OH)3

(*) corresponding to (101), (110) and (200) planes are also

observed. The peak broadening is presumed to be due to

the size effect and random orientation of the nanostructures

during measurements [37]. The surface capping has

enforced changes observed in the peak position in XRD

patterns, hence confirming changes in crystallographic

phase formation and completeness of the reaction.

3.2 Growth mechanism and micrographs via FESEM

The nucleation and growth leading to the anisotropic

morphology is predicted to be through oriental attachment

mechanism. Hazarika et al. [15] have discussed about the

growth of Gd2O3 using hydrothermal method without using

capping agent. On completeness, the samples are well-de-

fined nanorods. However, in the present synthesis process,

capping agents play very important role for the morphol-

ogy. FA-capped samples are nanorods, whereas GA-cap-

ped samples are nanocuboids. FESEM micrographs at

different stages of synthesis were used to understand and

support the morphological evaluation into anisotropic

nanostructure. Figure 3 shows morphological changes

occurring at different stages of the synthesis process.

The bonding between urea and hydrogen peroxide with

respective capping agents GA and FA at their respective

reaction conditions is found to assist the formation of

desired anisotropy and morphology. The hydroxyl func-

tional groups present in FA and GA structures interact with

urea and H2O2 to produce synergistic effect for controlling

reaction rate, chemical stability, aqueous dispersity,

Fig. 2 XRD patterns of a B-Gd, b F-Gd and c G-Gd annealed at

400 �C
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morphology and anisotropic growth (Fig. 1) [28]. The

nanostructures obtained via the present synthesis route at

the final stage are * 200 nm in length and * 20 nm in

diameter for F-Gd and * 800 nm in length and * 425

nm in diameter for G-Gd samples, respectively. The ani-

sotropic growth mechanism is governed by oriented

attachment followed for both F-Gd and G-Gd samples [15].

The formation mechanism of NRs and NCs follows gen-

eration of particle seeds and followed by their coalescence

along a preferred direction, resulting in elongated mor-

phology through surface effects once their common

boundaries got eliminated. The responsible forces and

factors driving the anisotropic growth could be preferably

dipole–dipole interaction (assisted via capping agent pre-

sent in reaction mixture), perfect lattice match and fusing

of adjoining interface between the particles [15]. Figure 4

shows FESEM image of the final synthesized samples of

B-Gd, F-Gd and G-Gd. Figure 4a shows morphology of the

bare samples. The particles are mostly coagulated with

partial distribution of nanostructures. Figure 4b shows

FESEM image for FA-capped sample. The presence of FA

as capping agent assists uniform dispersity to produce the

nanorods, maintaining their anisotropy and complete

growth. Figure 4c shows FESEM image for GA-capped

sample. Figure 4c shows uniform growth of nanocuboids

with smooth surface and sharp edges. Moreover, F-Gd NRs

show surface roughness in comparison with G-Gd NCs.

The role of capping agents and the functional groups on

morphology of the synthesis of nanocrystals are observed.

As the glutamate part of FA consists of only two hydroxyl

functional groups, they do not have more preferred site of

interaction with the media of synthesis, i.e., urea and

hydrogen peroxide, whereas GA has six hydroxyl func-

tional groups to control the reaction and surface simulta-

neously along with other properties for the growth and

nucleation of the nanocrystals (Fig. 1). Therefore, F-Gd

sample gets restricted to nanorods, whereas G-Gd sample

possesses well-defined cuboid structure with sharp and

smooth edges. Although the synthesized nanostructures are

big enough for in vivo studies, the understanding of the

Fig. 3 Synthesis mechanism for anisotropic growth

Fig. 4 FESEM images of a B-Gd, b F-Gd and c G-Gd
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growth morphology and the shape of the nanostructures

will be utilized for controlling the desired size.

3.3 TGA results

TGA was used to monitor the reaction phase transition and

surface tailoring-mediated capping agent. The as-synthe-

sized sample of B-Gd, F-Gd and G-Gd was analyzed for

average weight loss to evaluate changes in phase transition

and changes in the amount of capping agent for the

experimental condition used for the samples. Figure 5

shows TGA plots of the samples where the transformation

of gadolinium hydroxide to gadolinium oxide via distinct

weight loss is observed. For B-Gd, F-Gd and G-Gd sam-

ples, the initial weight loss is attributed to the surface

dehydration found at * 100, * 74 and * 110 �C,

respectively. More distinct and multiple peaks at * 110,

* 175 and * 221 �C are observed in G-Gd sample as

compared to B-Gd and F-Gd. The peaks confirm the

enhanced surface bonding via carboxylate functional group

and role of extra hydroxyl functional group present in

G-Gd samples as compared to B-Gd and F-Gd. In G-Gd

sample (Fig. 1), the role of available six hydroxyl groups in

GA promotes more surface interaction in contrast to FA in

F-Gd which has fewer hydroxyl groups. Two noteworthy

weight losses are observed after the removal of moisture

and other loosely bound gases for rare earth oxides. As

reported, rare earth oxides exist in the form of LnOOH ions

[38]. The phase transition of Gd(OH)3 to intermediate

phase of GdOOH takes place in the form of Gd(OH)3 ?
GdOOH ? H2O for which corresponding derivative ther-

mogravimetric (DTG) peaks are at * 332, * 337

and * 380 �C for B-Gd, F-Gd and G-Gd samples [39–41].

The observed shift in intense DTG peaks could be

addressed to the role of capping and their surface hydroxyl

groups present in the capping agent who could interfere

with the patterns of thermal changes. As observed in the

chemical structure of both the capping agents in Fig. 1,

there are few hydroxyl functional groups in FA, whereas

GA possesses sufficient hydroxyl functional group. In

addition to this, the bulky nature of FA has less intimacy

with the nanostructure surface and does not assist strong

bonding compared to GA, and in turn, it is easy to cleave

its attached bonds, resulting in lowering of corresponding

transition temperatures of the DTG peaks [41]. The number

of hydroxyl functional groups in GA compared to FA is

more than double, and therefore, these groups distributed in

all sides of its structure, which provides enhanced stability

Fig. 5 TGA analysis of a B-Gd, b F-Gd and c G-Gd

Fig. 6 FTIR spectra of B-Gd, pure folic acid, F-Gd, pure D-gluconic acid and G-Gd
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along with controlled morphology. The second step of

dehydration in the form of 2GdOOH ? Gd2O3 ? H2O is

observed at * 441, * 428 and * 431 �C for B-Gd, F-Gd

and G-Gd samples, respectively [42]. The complete con-

version of Gd(OH)3 to Gd2O3 could be observed

beyond * 560 �C for all the samples [43]. The corre-

sponding DTG peaks are obtained at * 639, * 560

and * 721 �C for B-Gd, F-Gd and G-Gd samples,

respectively. The lower transition temperature for F-Gd

sample is due to weaker binding and melting point (m.p.)

of FA (m.p. 250 �C) in comparison with GA (m.p. 131 �C)

as discussed earlier. The capping amount was calculated by

the weight loss and remaining weight of sample after

moisture removal. A loss of 0.05 mg�mg-1 till 260 �C is

accounted for the melting of surface capping for FA whose

melting point is 250 �C. Similarly, a loss of

0.066 mg�mg-1 till 221 �C can be observed from DTG

apparent peak beyond 131 �C which is the melting point of

GA.

3.4 Fourier transform infrared spectroscopy (FTIR)

analysis

Figure 6 illustrates comparative FTIR spectra for B-Gd,

F-Gd and G-Gd samples. The observed vibrational fre-

quencies are tabulated in Table 1.

The stretching frequency spectra of B-Gd, folic acid,

F-Gd, D-gluconic acid (GA) and G-Gd are compared for

the surface capping studies by the used ligands for

enhancing surface morphology, biocompatibility and ani-

sotropic growth. Stretching frequencies at * 3614, 3545,

3415, 3321, 3468, 3421 and 3321 cm-1 are attributed to

O–H stretching vibration (t(OHwater)) due to absorbed

water and mixed hydroxide. Stretching frequencies corre-

sponding to free –COOH bonds are observed

around 1700–1745 cm-1 (C=O). Similar pattern of bond-

ing through –COOH is also found in reported literature

over metal oxide surfaces [11, 28, 44]. The mode of

Table 1 Assignment of vibrational stretching frequency peaks

Samples Peak/cm-1 Assignment

B-Gd 3614 (OH)S

1512 (NH)B/(C=C)S

1382 (COOH)SS

1060 (CO)S

814 (GdO)S

714 Gd–O–H

Folic acid 3545 (OH)S

3415 (OH)S

3321 (OH)S

1700 (COOH)AS/(C=O)S

1605 (COOH)AS/(C=O)S

1485 (COOH)SS

1338 (NH)B/(C=C)S

1193 (CO)S

839, 765, 594 ([CH2)S

F-Gd 3468 (OH)S

1646 (C=O)S

1319 (C–H)B

1394 (C–OH)S/(CH2)T

1052 (CO)S

622 (GdO)S

714 Gd–O–H

D-gluconic acid 3421 (OH)S

1741 (COOH)AS

1646 (COOH)AS/(C=O)S

1440 (COOH)SS

1243 (C–OH)S

885 ([CH2)S

G-Gd 3321 (OH)S

1622 (C=O)S

1318 (C–H)B

1362 (C–OH)S/(CH2)T

1079 (CO)S

802,619,490 (GdO)S

714 Gd–O–H

S stretch, SS symmetric stretch, AS asymmetric stretch, B bend, T

twisting

Fig. 7 Stability of B-Gd, F-Gd and G-Gd samples for 6 d in

biological medium
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attachment is confined to single oxygen atom as without

single oxygen atom capping, the symmetric CO2-

stretching should have been detected in the range of

1400–1450 cm-1 [31, 34]. Stretching frequencies at *
1700, 1741 and 1425 cm-1 in pure FA and GA spectra are

observed, indicating –COOH and symmetric CO2
-

stretching in free forms.

The peaks get red-shifted by * 54 and * 119 cm-1

for both the capped samples, respectively, appearing

around * 1646 and * 1622 cm-1 again, confirming the

capping through single oxygen atom of carboxyl mode of

attachment. Pure FA samples show amide-I peak

at * 1605 cm-1 corresponding to N–H stretching and

vibration, amide-III peak at * 1338 cm-1 for C-O

stretching vibration at * 1193 cm-1 and C–C stretching

vibration at * 800–600 cm-1 [45]. The peak shifting in

this domain can be regarded as conclusive support for

successful capping of FA over Gd2O3 surface. Spectra for

G-Gd sample show C-H bending of the ligand at * 1362

and * 1318 cm-1, stretching vibration of C–O

at * 1079 cm-1. The peaks at * 802, * 619

and * 490 cm-1 correspond to typical Gd-O bonding in

G-Gd sample [43]. The board IR peak

around * 714 cm-1 observed in B-Gd, F-Gd and G-Gd

corresponds to O–H bending of Gd-O–H [46].

3.5 Stability in biological fluids

Figure 7 shows the stability of the samples for 6 days. The

stability of B-Gd, F-Gd and G-Gd samples was carried out

in standard Roswell Park Memorial Institute (RPMI)

medium with 10% fetal bovine serum (FBS). The F-Gd

and G-Gd samples are found to be stable compared to

B-Gd.

3.6 In vitro MRI images

Gadolinium-based material is widely used as efficient

probe for MRI. However, surface leaching of Gd3?, surface

roughness, dispersibility, etc., affect its functions and are

proved to be detrimental. The leaching studies using ICP-

OES show no significant leaching of Gd3?. Comparative

study of the effect of surface functionalization using FA

and GA is to be studied for MRI application. Figures 8 and

Table 2 r1 and r2 values of samples

Samples r1/[(mmol�L-1)-1�s-1] r2/[(mmol�L-1)-1�s-1] r2/r1

B-Gd 11.57 21.73 1.9

F-Gd 13.30 19.33 1.5

G-Gd 19.60 26.14 1.3

Fig. 8 Plots of 1/T1 as a function of Gd concentration of a B-Gd, b F-Gd and c G-Gd with their respective in vitro phantom images at different

Gd concentrations

Fig. 9 Plots of 1/T2 as a function of Gd concentration of B-Gd a F-Gd b and G-Gd c with their respective in vitro phantom images at different

Gd concentrations
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9 show the linear plot map of inverse longitudinal relax-

ation time (1/T1 (s-1)) and transverse relaxation time (1/T2

(s-1)) versus Gd concentration (mmol�L-1) under the

applied magnetic field of 1.5 T for all samples. B-Gd, F-Gd

and G-Gd samples were tested and compared for proton

relaxivity (r1 and r2). The r1 and r2 values determined for

B-Gd, F-Gd and G-Gd samples are 11.57, 13.30, 19.60 and

21.73, 19.33 and 26.14 (mmol�L-1)-1�s-1, respectively,

and tabulated in Table 2. The report by Fang et al. [47]

reveals that surface capping agent with hydrophilic ligands

is more efficient than hydrophobic ligands. Therefore, on

virtue of easy and natural access to surrounding water

molecules, they used polyvinylpyrrolidone (PVP) as cap-

ping agent by replacing oleic acid. Generally, T1-weighted

agents exhibit high r1 values and low r2/r1 ratios, whereas

T2-weighted agents express considerably lower r1 than r2,

resulting in high r2/r1 ratios for negative MRI contrast

enhancement [48]. In the present study, G-Gd shows

minimum value of r2/r1 ratio of 1.3 as compared to F-Gd

and B-Gd which have the values of 1.5 and 1.9, respec-

tively. G-Gd sample with less bulky functional group

compared to F-Gd supports easy access to the nearby water

molecules for relaxation, and therefore, G-Gd sample

shows 70% enhancement of r1 value, whereas F-Gd shows

15% increase with respect to B-Gd sample.

The calculated r1 values for samples are four times

larger than the commercially used clinical contrast agent

Magnevist� (4 (mmol�L-1)-1�s-1) at the same magnetic

field strength of 1.5 T [48, 49]. The contrast of the image

represented by T1 images always starts from dark to gray

with the increase in concentration of gadolinium com-

pounds. Figures 8 and 9 show the comparative T1 and T2

images of the B-Gd, F-Gd and G-Gd samples, which starts

as the darker image at 0 mg�ml-1 concentration and

increases in its gray-colored intensity.

The contrast of the T1-weighted phantoms of the same

concentration seems to be much enhanced for G-Gd sam-

ples as compared to F-Gd and B-Gd samples. As discussed

earlier, the as-synthesized samples possess different mor-

phologies with difference in surface chemistry. Large

fraction of Gd atoms present on the surface leads to an

increase in average magnetic moment per atom. Therefore,

the T1 relaxation (longitudinal relaxation) time of water

protons in its near vicinity gets lowered while increasing

the contrast.

4 Conclusion

The effect of surface functionalization using FA and GA

along with possible mechanism for anisotropic growth of

lanthanide-based oxide was discussed. FA-capped samples

formed nanorods, whereas GA-capped samples were

nanocuboids. The transition and crystallizing temperature

for the conversion of the lanthanides from the hexagonal

phase to cubic phase was found to be affected by surface

engineering. The samples were tested as MRI contrast

agent, where G-Gd sample showed 70% enhancement of r1

value, whereas F-Gd showed 15% increase with respect to

B-Gd sample. The need of morphology and shape of

nanomaterials for biomedical applications were also

highlighted.
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