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Experimental
CD Spectroscopy
A Jasco J-710 CD spectrophotometer (Easton, MD) with 0.02 cm path length quartz cuvettes, in 
the wavelength range of 260–200 nm was used. Bandwidth and the sensitivity were set to 1 nm 
and 50 millidegrees, respectively. Three scans were accumulated for each sample and the 
average spectrum was recorded. The samples were used directly after stirring and were diluted to 
micromolar concentrations. All spectra were normalized per micro molar bound enzyme per 1 
cm path length and has been compared to the spectra of the corresponding unbound enzyme, 
measured under the same conditions.
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Results and Discussion: 
Standard curve to determine the concentration of exfoliated -ZrP (mg/mL) from the 
absobance value at 350 nm

Figure S1: A. Concentration of exfoliated -ZrP and turbidity (calculated as the product of absobance 
of the suspension at 350 nm and the dilution factor used) as a function of pH. B. Standard curve 
plotted by correlating turbidity and  concentration of exfoliated -ZrP (mg/mL) at different pH to 
calculate the concentration of exfoliated -ZrP as a function of turbidity (or absorbance at 350 nm). 
The calculated extinction coefficient at 350 nm was 0.86646 L mol-1 cm-1.



X-ray Powder Diffraction of exfoliated -ZrP (mg/mL) at different exfoliation time (min)

Figure S2: XRD diffractograms of exfoliated -ZrP at different exfoliation time. 



XRPD of exfoliated -ZrP at different pH

Figure S3: XRD patterns of exfoliated -ZrP at different pH.

Figure S4: Exfoliation of -ZrP at pH 2 without BSA. A. Schematic showing the procedure for 
exfoliating α-ZrP at pH 2 (10,000 rpm, 20 minutes shear time). B. the resultant dispersion displaying 
unsuccessful exfoliation (all sample precipitated at the bottom).



Microscopy of exfoliated -ZrP:

SEM

Figure S5: Electron microscopic images of bulk and exfoliated -ZrP. SEM of A. unexfoliated 
-ZrP B. exfoliated -ZrP (unevenly coated by gold leading to different contrast). 

Figure S6: TEM Analysis for the exfoliated sample.



Figure S7: EDS sum spectrum of BSA exfoliated -ZrP showing the peaks of elements detected as 
collected from SEM.

Correlation plot between initial concentration of BSA and BSA bound after the exfoliation 
process.

Figure S8: Correlation plot between the amount of BSA (mg/mL) added for exfoliation and BSA 
bound (mg/mL) to -ZrP as calculated from A. absorbance measured 280 nm and B. Bradford 
assay absorbance at 595 nm.



Figure S9: Standard curve to calculate the concentration of BSA from BSA-FITC fluorescence. 
The black curve represents the sodium phosphate buffer (20 mM, pH 7) used in studies

Exfoliation of ZrP with BSA-FITC via stirring method

Figure S10 Time dependence of BSA-FITC depletion during exfoliation (A. Fluorescence and 
B. absorbance of the supernatant of BSA-FITC-ZrP samples at different times of stirring- Blue 
curve- 6 h, green curve- 12 h, red curve- 24 h)



Enzymology- Binding and Kinetics with stirring method

Figure S11: Binding of enzymes in enzyme-BSA-ZrP samples (10 mM sodium phosphate 
buffer at pH 7) Absorbance spectra for supernatant of A. Hb-BSA-ZrP samples (depletion 
in peaks of Hb with respect to process followed) B. Mb-BSA-ZrP samples (depletion in 
peaks of Hb with respect to process followed) C. HRP-BSA-ZrP samples (depletion in 
peaks of HRP with respect to process followed).



Figure S12: Small angle XRD showing proteins in the galleries of ZrP: HRP-BSA-ZrP 
(blue curve) and BSA-ZrP (pink curve) the corresponding d-spacing is shown in 
parentheses.

Figure S13: A. agarose gel showing cationized BSA (BSA midfied with TETA, charge +35). 
B.X-Ray Diffraction patterns of unexfoliated -zirconium phosphate showing characteristic peak 
at d spacing = 7.6 Å and BSA and cBSA exfoliated -Zirconium phosphate sheared at 80 
minutes with no peak at d spacing = 7.6 Å (2 = 11.84º). All XRD patterns were recorded with 
boron nitride as an internal standard and the characteristic BN peak at 2 = 26.84º was used for 



normalizing peak intensities. The exfoliation was performed under these conditions [α-ZrP]0 = 
20 mg mL-1, [BSA]0 / [BSA-TETA]0  = 3 mg mL-1 , pH 7.

Table S1: Amount of bound enzyme and the ratio of specific activity ratio of bound enzyme to 
the free enzymes

Sample Parameters (Step, 
stirring time)

Specific activity ratio of 
bound to free enzyme

Bound enzyme 
(mg mL-1)

HRP-BSA-ZrP Two step, 4 h 0.46 ± 0.02 0.2 ± 0.03
HRP-BSA-ZrP Two step, 24 h 0.69 ± 0.04 0.33 ± 0.01
HRP-BSA-ZrP One step, 24 h 0.60 ± 0.01 0.86 ± 0.02
HRP-BSA-TETA-ZrP One step, 24 h 0.30 ± 0.02 0.35 ± 0.02
Mb-BSA-ZrP Two step, 4 h 0.51 ± 0.04 0.32 ± 0.03
Mb-BSA-ZrP Two step, 24 h 0.60 ± 0.05 0.53 ± 0.04
Mb-BSA-ZrP One step, 24 h 0.84 ± 0.03 0.77 ± 0.06
Mb-BSA-TETA-ZrP One step, 24 h 0.70 ± 0.04 0.30 ± 0.04
Hb-BSA-ZrP Two step, 4 h 0.20 ± 0.05 0.41 ± 0.03
Hb-BSA-ZrP Two step, 24 h 0.54 ± 0.02 0.51 ± 0.04
Hb-BSA-ZrP One step, 24 h 0.55 ± .001 0.91 ± 0.02
Hb-BSA-TETA-ZrP One step, 24 h 0.35± 0.003 0.610 ± 0.01

Figure S14: Stabilization of enzymes by BSA as observed from kinetics. Initial rate of 
peroxidase-like activity of free HRP (orange), HRP-BSA (red) stirred for 24 h, HRP-
BSATETA (black) stirred for 24 h, HRP (green) stirred for 24 h, and HRP-ZrP stirred at 
24 h, room temperature (10 mM sodium phosphate buffer at pH 7) by monitoring sample 
absorbance at 470 nm. 



Table S2: Enzyme kinetics of stirred HRP (control sample). Specific activities and specific 
activity ratio of bound to free enzyme for HRP.

Sample Parameters 
(Step, stirring 

time)

Specific activity
(1µmol of substrate/min mg 

protein)

Specific activity ratio 
of bound to free 

enzyme
HRP free - 6.3 ± 0.08 1
HRP stirred - , 24 h 1.9 ± 0.05 0.31
HRP BSA 
stirred

- , 24 h 5.8 ± 0.08 0.93

HRP-BSATETA 
stirred

- , 24 h 4.9 ± 0.06 0.79

HRP-ZrP One step, 24 h 2.3 ± 0.07 0.36

Figure S15: Effect of stirring on the structure of HRP. Far-UV CD spectra of Free HRP 
(blue, 100 µM HRP), HRP stirred for 24 h (dark brown, 10 µM HRP), HRP-BSA stirred 
for 24 h (pink, 36 µM, 0.6 mg/mL BSA, 10 µM, 0.1 mg/mL HRP- 6:1 :: BSA (mg) :HRP 
(mg)) and free BSA (orange, 36 µM, 0.6 mg/mL). Higher concentration of BSA dominates 
the CD of HRP which hence cannot be realized in Far-UV CD spectra.



Table S3: Specific activities of bound enzyme for one step and two step processes.

Sample Parameters (Step, 
stirring time)

Specific activity (1µmol of 
substrate/min mg protein)

HRP-BSA-ZrP Two step, 4 h 2.9 ± 0.1
HRP-BSA-ZrP Two step, 24 h 4.9 ± 0.3
HRP-BSA-ZrP One step, 24 h 3.8 ± 0.07
Free HRP - 6.3± 0.08
HRP-BSA-TETA-ZrP One step, 24 h 1.83 ± 1.2
Mb-BSA-ZrP Two step, 4 h 0.05 ± 0.004
Mb-BSA-ZrP Two step, 24 h 0.060 ± 0.005
Mb-BSA-ZrP One step, 24 h 0.090 ± 0.003
Free Mb - 0.1 ± 0.02
Mb-BSA-TETA-ZrP One step, 24 h 0.80 ± 0.05
Hb-BSA-ZrP Two step, 4 h 0.021 ± 0.005
Hb-BSA-ZrP Two step, 24 h 0.055 ± 0.002
Hb-BSA-ZrP One step, 24 h 0.056 ± .001
Free Hb - 0.10 ± 0.03
Hb-BSA-TETA-ZrP One step, 24 h 0.035 ± 0.003

Figure S16: Enzyme kinetics of the bound enzymes. Initial rate of peroxidase-like activity 
of A. Hb B. Mb (10 mM sodium phosphate buffer at pH 7) by monitoring sample 
absorbance at 470 nm at room temperature.



Table S4: Dimensional comparison for bench stop stirrer (small volume) versus shear 
reactor (large volume). 

Parameters Bench top 
stirrer

Shear 
Reactor 
(IKA)

units

Diameter of beaker 1.5 2.4 cm
Radius of beaker (r) 0.75 1.2 cm
Height of Solution (h) 0.6 4.5 cm
Stir bar/shaft length 1.3 8.7 cm
stir bar/shaft height 0.2 27.1 cm
stir bar/shaft width 0.2 10.6 cm
Ratio of Beaker Diameter: Stir bar length 1.154 0.276 cm:cm
Ratio of Height of solution to height of stir 
bar

3 0.166 cm:cm

Volume expected (r2h) 1.060 20.347 cm3 or 
mL

Volume of exfoliated sample made 0.7 17 mL
Concentration achieved 10 10 mg/mL
Exfoliation Efficiency 7 170 mg
Shear rate 1000 10000 rpm
Shear time 24 0.33 h
Temperature 25 25 ºC



Order of rate results:

Figure S17: Log-log plots to determine the order of the reaction with respect to initial 

concentration of BSA ([BSA]0) (A), initial concentration of -ZrP ([ZrP]0) (B), H+ concentration 

(C), and time (D). 

Correlation of different physical and chemical properties of proteins with percent peak 
intensity of exfoliated -ZrP.



Table S5: Values for various properties of proteins (Part 1)

Protein Charge at 
pH 7
(electrons)

diameter 
(nm)

total 
SASA/energy
(Å2/Kcal/mol)*

Polar 
SASA/energy
(Å2/Kcal/mol)*

Apolar 
SASA/energy 
(Å2/Kcal/mol)

molecular 
weight 
(kDa)

BSA -27 7.3 28683.69 20713.09 37794.19 66.4
hemoglobin -6 6.9 24548.47 7558.11 16990.35 64.5
-lactoglobulin -18 5.5 14708.87 5894.97 8814.3 18.3
ovalbumin -38 5.4 54224.67 19987.47 34237.19 42.7
glucose 
oxidase

-30 8.6 20479.66 8833.76 11645.9 160

lysozyme 8 1.8 8686.49 2659.13 3636.7 14.7
* the values were calculated using Getarea software, available for free online.1

Table S6: Values for various properties of proteins (Part 2)

Proteins Pdb id Hydrophobic 
Residues 
(nonpolar)

Hydrophilic 
Residues 
(polar)

# of 
Arginine 
on each 
chain

# of 
Lysine 
on each 
chain

# of 
residues
/protein 

Viscosity 
(cPa)

BSA 4f5s2 232 351 23 59 583 403

Hemoglobin 1a3n4 308 266 12 44 574 5.85

-
lactoglobulin

1beb6 144 176 3 15 320 2.147

Ovalbumin 1ova8 755 809 15 20 1564 259

Glucose 
oxidase

1cf310 287 296 22 15 583 2411

Lysozyme 1dpx12 75 89 11 6 164 1513



 



   

Figure S18: Percent peak intensity at 7. 6 Å plotted against A. charge at pH 5 of the protein as 
calculated by maestro, Schrödinger suites B. Diameter (nm)/pI of the protein C. Total 



SASA/energy of the protein D. Polar SASA/energy of the protein E. Apolar SASA/energy of the 
protein as calculated by GetArea software* F. molecular weight of the protein G. Number of 
hydrophobic residues in the protein H. Number of hydrophilic residues in the protein I. Number 
of lysine and arginine residues in the protein J. Total number of residues in the protein in the 
protein K. Dynamic viscosity (cPa) of the protein L. molecular weight/ pI of the protein . 

* (http://curie.utmb.edu/getarea.html)
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