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Figure S1. Excitation and emission spectra of complex 2 in H2O, and in D2O (0.5 mM, 25 C). 

 

Figure S2. UV-Vis spectral changes during competitive study for determining pGd value for 

ligand H2hbda (where, L = H2hbda) against DTPA. 
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Figure S3. Energy dispersive X-ray (EDS) analysis of complex 1@SiO2NPs showing 

existence of Gd, Si, N and Cl elements in the isolated nanoparticles. 

 

 

 

Figure S4. FTIR spectrum of complex 1, complex 1@SiO2NP and SiO2 NPs. 
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Figure S5. FTIR spectrum of complex 1@SiO2NP and complex 1@SiO2NP_D2O. Normalized 

with respect to 1100 cm-1 band. 

 

 

  

Figure S6. Nitrogen adsorption-desorption isotherm and pore size distribution (inset) of (A) 

pristine SiO2NP, and (B) complex 1@SiO2NPs. 
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Figure S7. (1/T1) versus [Gd(III)] for complex 1@SiO2NPs, recorded at 25 C, 37 C and in 

the presence of 4.5% (w/v) BSA. Measurements were done at pH  7.4, and 1.41 T.  

 

 

 

Figure S8. Morphological characterization of pristine SiO2 nanoparticles (in the absence of 

complex 1). (A) Representative TEM image and (B) corresponding particle size distribution 

plot.  
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Figure S9. Zeta potentials of hollow porous pristine silica nanoparticles (in the absence of 

complex 1) measured in the pH range 2 to 10. 

 

 

 

Figure S10. DLS hydrodynamic diameters of complex 1@SiO2NPs in the absence and the 

presence of BSA (4.5% w/v) at pH 7.4. 
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Figure S11: (A) Zeta potentials of complex 1@SiO2NP recorded in absence and presence of 

4.5% (w/v) BSA at different pH. (B) Hydrodynamic diameter of complex 1@SiO2NP in 

absence and presence of 4.5 % (w/v) BSA at different pH. 

 

 

 

Figure S12: TGA analysis spectra for complex 1@SiO2NP (black line), in the presence of 

4.5% (w/v) BSA at pH 3 (green line), pH 5 (blue line), and pH 7.4 (red line). 
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Figure S13: r1 values for complex 1@SiO2 measured in presence of increasing concentration 

of BSA, at 37 C, pH 7.4, and 1.41 T. 

 

 

 

Figure S14. Luminescence lifetime decay curves of complex 2 in (A) H2O, and (B) D2O at pH 

 10.0. 
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Figure S15. Luminescence lifetime decay curves of complex 2 in (A) H2O, and (B) D2O at pH 

 4.0. 

 

 

 

Figure S16. UV-Vis spectra of complex 1 at pH  7.4, and 4.0. 
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Figure S17. X-band EPR spectra of complex 1 at pH  2.1, and 7.4; measured at room 

temperature, power = 0.995 mW, modulation frequency = 100 kHz, and amplitude = 10 G. 

 

 

Figure S18. Optimized structure of tris(aquated) complex 1. Optimized at B97D3 level 

containing a pure functional, B97. Red = oxygen, blue = nitrogen, grey = carbon, green = 

gadolinium, and white = hydrogen. According to the calculations the molecule could be fitted 

within a cavity having an estimated volume of 631.08 A3 (i.e. 8.87A×8.04A×8.86A). 
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Figure S19. Time profile of transmetallation of [Gd(hbda)(H2O)3]
+ (complex 1) with 1 

equivalent of Zn(II) ion. It is monitored by measuring T1 time as liberated Gd(III) ion 

precipitates as GdPO4, which does not make contribution to T1. The T1 relaxation times were 

measured by adding 2.5 mM ZnCl2 to 2.5 mM complex 1 in 50 mM phosphate buffer at 37 C. 

 

 

Figure S20. Hydrodynamic diameter of complex 1@SiO2NPs in the absence and the presence 

of equivalent amount of ZnCl2, measured in phosphate buffer, at pH  7.0. 
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Figure S21. Relative image intensity plot for MR-images of complex 1@SiO2NPs using 

ImageJ software. 

 

 

 

Figure S22. Particle size distribution of complex 1@SiO2NPs that was internalized inside 

HeLa cell after 48 hours. 
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Figure S23: Fluorescence microscopy images of HeLa cells (A)-(C): untreated; (D)-(F): 

treated with complex 2@SiO2 i.e., Tb(III)-congener. Cellular uptake was visualized by treating 

HeLa cells with 100 M of complex 2@SiO2 for 24 h. Cells were subsequently fixed with 4% 

formaldehyde solution for 15 mins, thoroughly washed with PBS and then observed under 

Fluorescence inverted microscope Nikon ECLIPSE Ti-U. 

 

Figure S24. 1H-NMR spectrum of ligand H2hbda•HCl in D2O solvent. 
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Figure S25. 13C-NMR spectrum of ligand H2hbda•HCl in D2O solvent. 

 

 

 

 

Figure S26. FTIR spectrum of ligand H2hbda•HCl. 
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Figure S27. ESI-MS (+ve) mass spectrum of aqueous solution of ligand H2hbda•HCl. 

Simulated spectrum has been given as inset. 

 

 

 

Figure S28. FTIR spectrum of complex 1. 
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Figure S29. ESI-MS (+ve) mass spectrum of complex 1. Simulated spectrum has been been 

given as inset. 

 

 

Figure S30: Job’s plot for H2hbda and Gd(III) by measuring absorbance from UV-Vis spectra, 

recorded by varying proportion of H2hbda and Gd(III). [ligand] + [GdCl3•xH2O] = 0.5 mM, 

constant for all the solution. The dotted line corresponds to 1:1 stoichiometric ratio for complex 

1 formation. 



S18 

 

 

Figure S31. UV-Vis spectrum of xylenol orange solution in different concentrations of Gd(III) 

ion in acetate buffer at pH  5.8. 

 

 

Figure S32. Calibration curve obtained from above observed changes in absorbances of 

xylenol orange in various concentrations of Gd(III) ions in acetate buffer at pH  5.8. For 100 

L of [complex 1] = 12.45 mM in 2 mL of xylenol orange solution observed A 573 nm/ A 433 

nm = 0.23.  
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Figure S33. FTIR spectrum of complex 2. 

 

Figure S34. ESI-MS (+ve) mass spectrum of complex 2. Simulated spectrum has been been 

given as inset.  

Competition titration with DTPA: 

The general procedure used to determine the affinity of any ligand for Gd(III) ion is by 

competition titration. Throughout the titration, pH, concentrations of ligand H2hbda and Gd(III) 

ion were kept constant. Varying volumes of standardized H5DTPA stock solution were added 

to solutions containing constant concentration of ligand (H2hbda) and Gd(III) ion in constant 

electrolyte concentration. The pH of all solutions was maintained at 7.4 by preparing all 



S20 

 

solutions in 10 mM HEPES buffer. All the solutions were kept for 48 hr to attain the 

thermodynamic equilibrium. The concentration of free and complexed ligand in each set of 

solution was determined from absorbance spectra considering a particular range of wavelength 

where spectral changes occurred. In that particular wave length range, variation of absorbance 

values for each solution set was calculated with respect to the absorbance of ligand H2hbda (in 

that wavelength range). Then, the concentrations of Gdhbda complex, GdDTPA complex, free 

H2hbda and free H5DTPA for each set were calculated from the obtained values of variation of 

absorbances (calculated with respect to ligand absorbance). Then the logarithm values of 

respective ratios for GdDTPA to Gdhbda complex concentrations against logarithm values of 

ratios free H5DTPA to free H2hbda concentrations we plotted for each set of samples. Then we 

obtained a linear plot. From the linear plot, pGd value for the ligand H2hbda was calculated as 

its x-intercept value based on the equation given below. 

log([GdDTPA]/[Gdhbda] =  pM + log([H5DTPA]/[H2hbda] 

Number of Complexes per Nanoparticle: 

The average number of complexes confined within each nanoparticle was determined using the 

formula:1
 

N1 =  
𝑐𝑉𝑁𝐴

𝜂/𝑚𝑁𝑃
   =    

𝑐𝑉𝑁𝐴(
1

6
𝜋𝜌𝑁𝑃𝑑

3)

𝜂
 

Where   c = concentration in mother suspension, 

V = volume of mother suspension, 

NA = Avogadro’s number, 

η = yield from synthesis, 

mNP = mass of nanoparticle, 

ρNP = density of nanoparticle (considered same as that of pure silica, 1.95 g cm-3), 

d = diameter of nanoparticle. 

500 μL of mother suspension was lyophilized for 24 h and 14 mg of dry silica were obtained. 

For Gd(III) concentration to be 0.088 mM and each nanoparticle sized 23.4 nm, ncplx = 20. 
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Computational Details: 

The DFT calculations are performed using Gaussian16 package.2 The initial geometries of the 

complexes were optimized at B97D3 level containing a pure functional, B97,3 with the 

Grimme's D3BJ4 dispersion (B97D3). Here, we have used correlation-consistent double-zeta 

(cc-pVDZ) basis sets developed by Dunning and coworkers5 for the all the atoms except Gd. 

LANL2DZ (Los Alamos National Laboratory 2 Double-Zeta), ECP type basis set was used to 

model the metal atom.6 The effect of water as solvent in the calculations was taken care through 

SCRF (self-consistent reaction field)7 approach using CPCM8 (polarizable conductor 

calculation model) formalism, as implemented in Gaussian16. Subsequent frequency analysis 

of the optimized geometries was performed to ensure the global minima in the potential energy 

surfaces for the system. 

Table S1. Textural properties of blank SiO2NP and complex 1@SiO2NP. 

 BET surface area (m2/g) Pore volume (cc/g) 

Blank SiO2NP 281.70 1.65 

Complex 1@SiO2NP 269.61 1.19 

 

Table S2. Relaxivity data of complex 1@SiO2NPs (per Gd), at 1.41 T, 25 C, and pH ~ 7.4. 

Concentration of Gd(III) in the suspension determined by ICP-MS and bulk magnetic 

susceptibility (BMS) mechanism. 

Sets r1 (ICP-MS) r1 (BMS) 

I. 94.27 94.01 

II. 95.72  

III. 97.07  

Hence, nanoparticles can be synthesized within ± 2% reproducibility limit. 

To understand if the silica matrix had any contribution to relaxivity values, blank silica 

nanoparticles was prepared following same procedure with water as doping solution. 
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Synthesized nanoparticles was suspended in HEPES solution, pH ~ 7.4 and T1 and T2, measured 

at 1.41 T, were 2970 ms and 2986 ms respectively which is same as that of water. 

Table S3: Relaxivity of some Gd-based contrast agents. 

Gd-based Contrast agents q r1 (mM-1s-1), at pH 7.4 Ref. No. in SI 

Complex 1 3 9.82, at 25 C, 1.41 T 

9.05, at 37 C, 1.41 T 

This work 

[Gd(cbda)(OH2)3] 3 10.95, at 25 C, 1.41 T 9 

Gd(dpaa)(H2O)3] 3 9.4, at 25 °C, 1.06 T 10 

[Gd(dhqN-SO3)(H2O)3]3- 3 9.25, at 37 °C, 1.2 T 11 

Gd(edta)(H2O)3]– 3 7.15,  at 25 °C, 0.47 T 12 

Complex 1@SiO2NP 3 86.41, at 37 C, 1.41 T 

95.3, at 25 C, 1.41 T 

This work 

[Gd(TCAS)]- SN-III ⎯ 46.49, at 37 °C, 1.41 T 

50.91, at 25 °C, in presence of BSA 

13 

MSN-Gd 2 28.8, at 3 T 14 

PSS-Na[Gd·2] 2.65 12.41, at 25 C, 0.47 T 15 

Si25NPs 3 77,  at 37 C, 1.2 T 11 

GdDOTANPs 1 72.3, at 37 C, 1.41 T 16 

FSb-EuGd ⎯ 38.8 at 25 C, 9.4 T 17 

Gd2O3@MSN ⎯ 45.08 at 0.5 T 18 

Gd@SiO2–PEG500 ⎯ 18.5, at 40 C, 1.41 T 19 

Gd3+ -incorporated MSN ⎯ 51.85 at 0.5 T 20 
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Table S4. DLS hydrodynamic diameters and zeta potentials of complex 1@SiO2NPs in 

absence and presence of BSA, at pH  7.4. 

Particles Hydrodynamic 

diameter (nm) 

PdI Zeta Potential 

(mV) 

Complex 1@SiO2 295.6 0.365 -19.0 

Complex 1@SiO2 + 4.5 % BSA (w/v) 372.0 0.471 -24.6 

 

 

Table S5. DLS hydrodynamic diameters, FE-TEM particle size and longitudinal relaxivity 

values of bare silica nanoparticles, complex 1@SiO2NPs in the absence and the presence of 

BSA, and in different pH solutions. 

Material Hydrodynamic 

diameter (nm) 

PdI Particle 

Size (nm) 

r1 (mM-1s-1) at 37 

C, 

 pH  7.4, 1.41 T 

SiO2 NP 284.1 0.256 22.0 ⎯ 

Complex 1@SiO2 295.6 0.365 23.4 86.41 

Complex 1@SiO2 + 

4.5 % BSA (w/v) 

372.0 0.471 24.4 118.32 

Complex 1@SiO2 

at different pH 

Hydrodynamic 

diameter (nm) 

PdI r1 (mM-1s-1) at 25 C, 

 1.41 T 

4.02 307.6 0.327 95.81 

5.18 303.0 0.312 95.97 

6.08 298.3 0.276 95.61 

7.40 295.6 0.365 95.32 

8.29 301.1 0.302 95.44 
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Table S6: Optimized coordinates of the complex 1 at B97D3 level of theory. (in xyz format)  

C    -4.040000e+00  7.000000e-01 -3.385000e+00 

C    -3.168000e+00  2.500000e-01 -2.450000e+00 

N    -2.222000e+00  1.037000e+00 -2.010000e+00 

C    -2.168000e+00  2.292000e+00 -2.234000e+00 

C    -2.963000e+00  2.861000e+00 -3.171000e+00 

C    -3.927000e+00  2.044000e+00 -3.797000e+00 

C    -3.186000e+00 -1.154000e+00 -1.807000e+00 

O    -2.285000e+00 -1.405000e+00 -9.280000e-01 

O    -4.052000e+00 -2.011000e+00 -2.123000e+00 

C    -1.171000e+00  3.022000e+00 -1.318000e+00 

N    -1.181000e+00  2.191000e+00 -9.700000e-02 

C    -3.430000e-01  2.728000e+00  9.930000e-01 

C     1.094000e+00  2.241000e+00  8.440000e-01 

N     1.192000e+00  1.049000e+00  3.880000e-01 

C     2.272000e+00  3.230000e-01  5.450000e-01 

C     3.445000e+00  8.890000e-01  9.300000e-01 

C     3.455000e+00  2.263000e+00  1.239000e+00 

C     2.233000e+00  2.956000e+00  1.222000e+00 

C     2.064000e+00 -1.174000e+00  2.780000e-01 

O     2.994000e+00 -2.007000e+00  4.390000e-01 

O     9.030000e-01 -1.536000e+00 -1.070000e-01 

C    -2.501000e+00  2.025000e+00  4.160000e-01 

Gd   -5.700000e-01  9.500000e-02 -7.420000e-01 
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O     8.750000e-01  9.960000e-01 -2.243000e+00 

O     2.766000e+00  2.593000e+00 -2.029000e+00 

O    -2.740000e-01 -1.359000e+00 -2.460000e+00 

C    -2.357000e+00  1.035000e+00  1.613000e+00 

O    -1.602000e+00 -5.200000e-02  1.306000e+00 

H    -4.790000e+00  5.700000e-02 -3.796000e+00 

H    -2.867000e+00  3.897000e+00 -3.424000e+00 

H    -4.564000e+00  2.437000e+00 -4.561000e+00 

H    -1.940000e-01  3.068000e+00 -1.752000e+00 

H    -1.498000e+00  4.020000e+00 -1.113000e+00 

H    -6.780000e-01  2.323000e+00  1.925000e+00 

H    -4.280000e-01  3.795000e+00  1.013000e+00 

H     4.339000e+00  3.060000e-01  9.970000e-01 

H     4.367000e+00  2.763000e+00  1.490000e+00 

H     2.176000e+00  3.988000e+00  1.498000e+00 

H    -3.116000e+00  1.597000e+00 -3.480000e-01 

H    -2.936000e+00  2.950000e+00  7.330000e-01 

H     3.810000e-01  1.382000e+00 -2.971000e+00 

H     1.398000e+00  1.678000e+00 -1.815000e+00 

H     3.511000e+00  2.143000e+00 -1.623000e+00 

H     2.581000e+00  3.403000e+00 -1.548000e+00 

H    -7.200000e-02 -2.230000e+00 -2.111000e+00 

H    -1.077000e+00 -1.402000e+00 -2.985000e+00 

H    -1.869000e+00  1.535000e+00  2.424000e+00 
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H    -3.338000e+00  7.290000e-01  1.910000e+00 

O    -1.259000e+00 -1.851000e+00 -4.885000e+00 

H    -1.825000e+00 -2.599000e+00 -4.680000e+00 

H    -4.030000e-01 -2.170000e+00 -5.181000e+00 

O    -2.780000e-01 -3.163000e+00 -1.518000e+00 

H     5.560000e-01 -3.165000e+00 -1.042000e+00 

H    -9.900000e-01 -2.939000e+00 -9.140000e-01 

O     1.771000e+00  1.429000e+00 -4.499000e+00 

H     1.287000e+00  1.914000e+00 -5.170000e+00 

H     2.430000e+00  2.003000e+00 -4.101000e+00 

H    -2.157000e+00 -8.350000e-01  1.323000e+00 
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