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Abstract 

The thermodynamics of protein-DNA and protein-solid interactions have been investigated here. 

Protein-DNA interactions play fundamental roles in biological systems and disease. Therefore, 

studies that help explain the mechanisms of these interactions will contribute to the development 

of much needed drug therapies. Protein-solid interactions have been optimized for applications in 

drug delivery and biomedical devices. Additionally, protein-DNA and protein-solid interactions 

have been optimized as matrices for artificial light harvesting antennas with the goal of utilizing 

sunlight for energy conversion. In this thesis, glucose oxidase/DNA (GOx/DNA) was used as a 

model system to study the role of protein surface charge in the thermodynamics of protein-DNA 

interactions. Synthesis of differentially charged GOx analogs facilitated control of its net charge 

and revealed a protein/DNA switching mechanism where binding is switched on at a GOx charge 

of +30. Another goal of this thesis was to study the contribution of protein surface charge to the 

thermodynamics of protein/solid interactions using a GOx/zirconium phosphate (GOx/α-ZrP) 

model system. Negatively charged GOx analogs associated weakly with α-ZrP but positively 

charged analogs associated with high affinity and there was a significant linear relationship 

between GOx net charge and GOx/α-ZrP binding affinity. In a third study, another protein, 

bovine serum albumin (BSA) was incorporated into a BSA/DNA matrix. A biodegradable 

BSA/DNA/dyes antenna that harvested light in the broad range from 350 nm to 590 nm was  
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synthesized by self-assembly. Cascade energy transfer that shuttled photons to a terminal 

acceptor emitting red light for the potential catalysis of solar cells was characterized. 
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Chapter 1: Designer Histone Complexes: Controlling Protein-DNA Interactions With 

Protein Charge as ‘All-Or-None’ Digital Switch  

 

1.1. Abstract 

An artificial histone is synthesized which functions as a DNA-protein digital switch, where DNA 

binding is all or none, controlled by a sharp threshold of protein charge. A non-DNA binding 

protein, glucose oxidase (GOx), was chemically modified by attaching increasing numbers of 

triethylenetetramine (TETA) side chains to its glutamate/aspartate groups to obtain a small 

library of covalently modified GOx(n) derivatives. The n is the net charge on the protein at pH 7, 

which was increased from -62 (pristine GOx) to +75 by attaching increasing numbers of TETA 

residues to the protein.  All GOx(n) derivatives retained their secondary structure to a good 

extent, as monitored by UV circular dichroism spectroscopy, and they also retained oxidase 

activities to a significant extent. The interaction of the GOx(n) with calf thymus DNA was 

examined by isothermal titration calorimetry. Pristine GOx of -62 charge at pH 7 in 10 mM 

TrisHCl, 50 mM  NaCl buffer had no affinity for the negatively charged DNA helix and GOx(n) 

with n < +30 had no affinity for DNA either.  However, binding has been turned on abruptly 

when n > +30 with binding constants (Kb) ranging from (1.5 ± 0.7) x 10
7  

M
-1 

to
  

(7.3 ± 2.8) x 10
7
 

M
-1

 for n values of +30 and +75 respectively, and this kind of ‘all-or-none’ binding based on 

protein charge is intriguing.  Further thermodynamic analysis of the titration data revealed that 

binding is entirely entropy driven with ∆S ranging from 0.09 ± 0.007 kcal/mol.K to 0.19 ± 0.008 

kcal/mol.K with enthalpic penalties of 17.0 ± 2.3 kcal/mol to 46.1 ± 2.1 kcal/mol, respectively. 

The binding had intrinsic propensities (ΔG) of -9.8 ± 0.14 kcal/mol to -10.7 ± 0.25 kcal/mol 

independent of n. DNA binding distorted protein/DNA secondary structure, as evidenced by 

circular dichroism spectroscopy, but oxidase activity of GOx(n)/DNA complexes has been 
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unaffected.  This  is  the  very  first  example  of  an  artificial  histone  (GOx(n))  where  the  protein 

charge  functioned  as  a  DNA  binding  switch.  Protein  charge  is  in  turn  under  complete  

chemical control  while  preserving  the  biological  activity  of  the  protein.  The  new  insights  

gained  here  could  be useful in  the design  of novel ‘on-off’ protein  switches. 

1.2. Introduction 

Artificial histones are synthesized in vitro by chemical modification of an ordinary 

enzyme, glucose oxidase (GOx) to yield GOx(n) derivatives with increasing net charge, and 

DNA binding was switched on only when the net charge of GOx(n) exceeded +30.  This is 

similar to the binding of the histone octamer to the DNA helix in vivo which is controlled by 

octamer charge, and charge in turn is controlled by protein acetylation-deacetylation.
 1,2,3,4

  

Thermodynamic details that help explain the mechanism of DNA-protein interactions, in this 

context, including DNA looping/unwinding have been studied extensively
5,6

 but a charge 

threshold for protein binding to DNA has not been hypothesized.
7
  

The critical role of electrostatics and H-bonding at the DNA/protein interface has been 

well characterized.
8,9,10,11

 In fact, DNA-binding sites on proteins are large patches of positive 

electrostatic potential
12

 and electrostatic interactions drive interfacial dynamics.
13

 Furthermore, 

the electrostatic component accounts for the majority of interfacial Gibbs free energy and is 

entropically driven.
14

 Studying the role of histone octamer charge in DNA-octamer interaction 

revealed that one unit decrease in charge is associated with significant dissociation of DNA from 

the histone core, suggesting a meaningful role of electrostatic interactions in the binding event.
15

  

Previously, we reported the binding of moderately negatively charged hemoglobin, myoglobin 

and horseradish peroxidase (pH 7.2) to DNA
16

 where the protein surface groups and cations 
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played  a  major  role  in  DNA  binding,  even  when electrostatic  interactions  are  not  favorable. 

Here,  we  show  that  these  innate  interactions  can  be  chemically  manipulated  to  construct  a 

functional  DNA binding  switch.

  We  decided  to  test  if  protein  charge  variation  by  chemical  manipulation  can  be  used  to 

control  protein  binding  to  DNA  in  a  predictable  manner. Our  hypothesis  is  that  binding  free

energy  should  be  a  continuous  function  of  charge,  and  increase  quadratically with  positive

17 18
charge  on  the  protein. A  non-DNA  binding  enzyme,  GOx  (charge  of -62  at  pH  7) , 

with  no 

intrinsic  affinity  for  DNA  was  chosen  for  these  studies,  and  carboxyl  groups  of  GOx  were

chemically  modified  with  increasing  numbers  of  triethylenetetramine  (TETA)  side  chains  via

19
EDC  chemistry to  obtain  a  small  library  of  GOx-TETA  derivatives  with  increasing  positive 

charge  (n)  (Sche me  1).  Binding  of  the  resulting  GOx(n)  derivatives  to DNA was analyzed as a 

function  of  n  by  isothermal  titration  calorimetry.  The  central  hypothesis  tested  here  is  that 

strongly  negatively  charged  proteins  do  not  bind  to  DNA  due  to  unfavorable  electrostatic 

interactions  but  binding  will  turn  on  at  a  minimum  positive  charge  on  the  protein,  where  the 

favorable  electrostatic  interactions  replace  unfavorable  charge-charge  repulsions.  We  tested  this 

hypothesis  by  systematically  increasing  the  net  negative  charge  on  GOx  from -62  to  +75,  and 

this strategy provided  a general, facile,  predictable  approach to  
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Scheme 1.1. Cationization of anionic GOx (blue sphere) with polyamines is predicted to 

promote it’s binding to the anionic DNA helix when net charge on the protein is increased due to 

favorable charge-charge interactions. Carboxyl groups of GOx are activated by carbodiimide and 

reacted with increased loadings of TETA to continuously increase the net charge (n) on GOx(n). 

DNA binds to GOx(n) (red sphere) when n > +30 but DNA did not bind to unmodified GOx or 

GOx(n) when n < +30.  
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control DNA-protein interactions on a rational basis.  This served as an alternative to traditional 

recombinant molecular biology approaches to modify protein charge and still control DNA 

binding. However, we found that DNA binding of the strongly anionic GOx required a minimum 

positive charge and below this threshold, there was essentially no binding. 

1.3. Materials and Methods 

Glucose oxidase (GOx, 60 000 MW) was purchased from Calzyme Laboratories, Inc. (Tulelake, 

CA). Calf thymus DNA (CTDNA), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

hydrochloride (EDC), triethylenetetramine (TETA) were purchased from Sigma-Aldrich (St. 

Louis, MO). Solutions were prepared using 10 mM TrisHCl and 50 mM  NaCl (pH 7).  

1.3.1 Chemical modification of glucose oxidase: Surface carboxyl groups on glucose oxidase 

were modified by activation with EDC and reaction with TETA by adopting reported methods.
20

 

GOx (10mg/mL) in deionized water (DI) was stirred with TETA (pH adjusted to 4 or 5) for an h 

followed by the addition of EDC (10 - 100 mM). The mixture was stirred for 4 h at room 

temperature and the unreacted EDC, TETA, and byproducts were removed by dialysis against 

TrisHCl. The degree of chemical modification was carefully controlled by adjusting TETA and 

EDC concentrations such that GOx(n) charge was varied gradually from net negative to net 

positive. 

1.3.2. Agarose gel electrophoresis: Agarose gel electrophoresis was performed using a 

horizontal gel electrophoresis apparatus (Gibco model 200, Life Technologies Inc, MD) and 

agarose (0.5 % w/w) in Tris acetate (40 mM) buffer.  Modified enzymes were loaded with 50% 

loading buffer (50% v/v glycerol and 0.01% w/w bromophenol blue). The running buffer used 

for all samples was Tris acetate (40 mM). Samples were spotted into wells placed at the middle 

of the gel so that GOx(n) could migrate to the negative or positive electrode based on its net 
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charge that was determined by the extent of modification, type of modification, and the pH of the 

running buffer. A voltage of 100 V was applied for 30 minutes. Gels were stained overnight with 

10% v/v acetic acid, 0.02% w/w Coomassie blue, followed by destaining in 10 % v/v acetic acid 

overnight.  

1.3.3. Mass Spectrometry: MALDI-TOF mass spectral analysis was done by Bruker Daltonics 

Inc., Billerica, MA. Briefly, the matrix 2,6-dihydroxyacetophenone (DHAP) solution was 

prepared by dissolving 7.6 mg of DHAP in a mixed solvent of 375 μL ethanol and 125 μL of 

aqueous diammonium hydrogen citrate (DAHC) solution (18 mg/ml). One part of the sample 

solution (~100 pmol/μL protein) was mixed with one part of 2 % trifluoroacetic acid (TFA) and 

one part of DHAP solution. Approximately 1 to 2 μL were spotted on a stainless steel MALDI 

target when the crystallization started and the formerly clear mixture turned opaque. The intact 

protein mass spectra were acquired on an UltrafleXtreme MALDI-TOF/TOF mass spectrometer 

in linear mode after the spotted target was air-dried. 

1.3.4. Isothermal Titration Calorimetry (ITC): Energetics associated with GOx(n) binding to 

CTDNA were measured using a nanocalorimeter (VP-ITC from Microcal Inc., Piscataway, NJ). 

GOx or GOx(n) solution was prepared by dissolving 10 mg/mL in distilled water and CTDNA 

solution was prepared by dissolving 1 mg/mL in 10 mM TrisHCl, 50 mM  NaCl buffer (pH 7). 

The TrisHCl was used for the dialysis of GOx(n).  Subsequent dialysis of GOx(n) and CTDNA 

separately in the same TrisHCl buffer equilibrated the two solutions at pH 7. The calorimeter 

was thermally equilibrated for 1 hour before dialyzed CTDNA was loaded into the calorimetric 

cell (1.4167 mL) and GOx(n) solution loaded in the automated syringe. During the experiment 8 

µL aliquots of GOx(n) solution were added in successive injections to CTDNA (50 µM) using 

300 s intervals. Heat absorbed or released with each injection was recorded.  
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The resulting thermograms were analyzed by Origin software (v. 5.0, Microcal Inc., Piscataway, 

NJ). The heats of dilution of GOx(n) and CTDNA were measured separately and subtracted from 

the titration data. The heat released or absorbed (Q) during the titration is related to the molar 

heat of GOx(n) binding (H), the volume of the sample cell (Vo), the initial concentration of the 

ligand (Xt), CTDNA concentration (Mt), the binding constant (Kb), and the number of binding 

sites (n) by equation 1. The data were fitted to a single set of  

 

(Equation 1) 

indistinguishable, non-cooperative binding sites model and Kb, n, H and S were obtained. Fits 

were performed multiple times with different initial values of Kb, n and H to ensure that the 

global minimum was obtained. S and G were calculated from standard equations of 

thermodynamics. 

1.3.5. Glucose oxidase activity assay: A solution of D-glucose (4 μM) was added to a mixture of 

GOx(n) (1 μM), horseradish peroxidase (HRP, 0.4 μM) in 10 mM TrisHcl 50 mM NaCl buffer 

pH 7 and guaiacol (o-methoxyphenol) (800 μM) dissolved in DI water. Oxidation of the 

substrate, guaiacol to a dimeric product that has an absorption maximum at 470 nm was 

monitored as a function of time at room temperature (25 ˚C). 

1.3.6. Transmission Electron Microscopy (TEM): Structure and morphology of modified 

glucose oxidase and DNA was evaluated by use of TEM. Tecnai T12 TEM was used to acquire 

TEM micrographs. All images were obtained at an accelerating voltage of 120 kV. GOx(+40) 

concentration was 9.98 nM with a DNA concentration of 28.5 nM. The resulting solution was 

drop cast onto a Formvar film on copper grid. Excess solution was then blotted away using filter 
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paper and left to dry for 20 min. The samples were then stained using uranyl acetate for 30 min 

and images were recorded.  

1.3.7. Circular Dichroism Studies: Circular Dichroism (CD) spectroscopy was used to monitor 

any structural changes of GOx(+50) due complex formation of GOx(+50)/DNA.  A scan range 

of 200 nm - 350 nm was used to monitor the change in GOx(+50) secondary structure as well as 

DNA maximum and minimum. Change in ellipticity was recorded by a JASCO 710 

spectropolarimeter. The buffer spectrum was used as a comparison to sample spectra. Step 

resolution was kept at 0.2 nm/data point. Bandwidth and sensitivity were 1 nm and 20 mdeg 

respectively. Three scans were averaged using a scan speed of 20 nm/min. Spectra were obtained 

in a 1 mm quartz cuvette and the data were normalized to millimolar concentration of the DNA 

or protein per unit path length. 

1.4. Results  

 
Electrostatic interactions are known to contribute to protein-DNA interactions but the 

existence of a threshold of positive charge on the protein has not been observed or hypothesized.  

By choosing a strongly negatively charged protein, we systematically examined the influence of 

increasing protein charge on DNA binding. We synthesized a small library of GOx(n) derivatives 

where the COOH groups of GOx were amidated with increasing numbers of TETA groups by 

carbodiimide chemistry (Scheme 1).  Each TETA chain provides several protonation sites, and 

hence a net positive charge, and the amine groups could also contribute to favorable hydrogen 

bonding interactions for binding to DNA. The chemically modified protein samples were 

characterized by a number of physical and biochemical methods and their binding to the DNA 

helix has been examined by isothermal titration calorimetry (ITC).  Our results are described 

below. 
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Figure 1.1. Agarose gel of GOx and GOx(n). GOx (lane 1) and GOx(n) conjugates (lanes 2-6) in 

Tris acetate buffer, pH 7. The samples have been spotted at the center of the gel, and migrated 

either to the positive or to the negative electrode depending on their net charge. 

 

 

 

 

  

Lanes: 
1 GOx 
2 GOx(-35) 
3 GOx(-15) 
4 GOx(-10) 
5 GOx(+30) 
6 GOx(+55) 
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1.4.1. Agarose gel electrophoresis: The charge ladder of GOx(n) derivatives was produced  by 

covalent attachment of the amine groups of TETA to the carboxyl groups of lysine side chains on 

GOx (Scheme 1). Progress of GOx modification was monitored by agarose gel electrophoresis 

(pH 7, Figures 1 and 2) where the covalent modification decreased protein mobility toward the 

positive electrode (Figure 1, Lanes 2-4) and increased mobility toward the negative electrode 

(Figure  1, Lanes 5 and 6), depending on net protein charge. GOx(n) charges were assigned 

relative to GOx (Figure 1, Lane 1) that has a known charge of -62 at pH 7.0.
17 

A GOx/TETA 

mixture (Figure 2A, lane 2) showed comparable migration to unmodified GOx, confirming the 

EDC driven mechanism required for conjugation. Samples with various charges (-35, -15, -10, 

+30, +50, +55, +60 and +75) were synthesized depending on the reaction conditions required for 

conjugation (Figure 2). 
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A 

 

 

 

 

B 

Figure 1.2. Agarose gel of GOx and GOx(n) conjugates with sample migration on each gel 

determined relative to unmodified GOx. (A) GOx(n) charges range from -62 to +75 (B) GOx(n) 

charges range from -40 to +75. Samples were spotted at the center of the gel and migrated to each 

electrode depending on charge. The net charge of each conjugate is shown in parenthesis. 

Electrophoresis was done at pH 7.0 in 40 mM Tris-acetate buffer. 
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Figure 1.3. Isothermal titration calorimetry data for the titration of CTDNA (50 μM) with GOx 

(A) and GOx(n) (B through L) in 10 mM TrisHCl, 50 mM NaCl buffer at pH 7. Binding was not 

observed when CTDNA was titrated with unmodified GOx or GOx(n) for n values from -62 to 

+20. A minimum net charge of +30 was required for binding to CTDNA. Binding isotherms 

were obtained by the addition of protein solution to CTDNA (blue curves E, G, I, and K). The 

dilution data (red curves) are off set from the titration curves. Change in enthalpy with increasing 

[GOx(n)] is observed for charges +30 to +75 (F, H, J, and L). The blue line is the best fit to the 

data according to the single, identical, non-interacting binding site model. Data are shown as an 

average of triplicate measurements. 
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The number of TETA attachments in GOx(n) was examined by mass spectrometry analysis of 

GOx(+75) that confirmed a total number of 44 TETAs (MW 146.23) conjugated to GOx (Figure 

4). An increased m/z from 142,896.3 Da (pristine GOx, Figure 4A) to 149,344.3 Da (GOx(+75), 

Figure 4B) was observed. Each TETA is expected to contribute a charge of +2 due to 

protonation of two nitrogens of TETA with pKa  values of 9.20 and 9.92,
21

 and the fourth 

nitrogen has pKa less than 7. One of the four nitrogens is used to form the amide bond 

consuming a negatively charged carboxyl group. Thus, GOx(+75) with 44 TETAs should have 

+88 units charge added due to 44 TETA chains, and would lose -44 units of charge due to amide 

formation, hence modifying its charge from -62 to (-62 + 88 - (-44)) = +70. This is in good 

agreement with the net charge of +75 observed using agarose gel measurements.  
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A 

 

B  

Figure 1.4. MALDI-TOF mass spectra of (A) GOx and (B) GOx(+75). Increased m/z values in 

the case of GOx(+75) supported the attachment of TETA chains to GOx. 
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1.4.2. Isothermal Titration Calorimetry: The binding thermodynamics of GOx(n) to DNA has 

been quantified by isothermal titration calorimetry and the binding constants, stoichiometries, 

binding enthalpies and entropies were extracted (Table 1).  Samples with charges -40, -35, +20, 

+30, +50, +55, +60 and +75 (Figure 3) were loaded into the automated calorimeter syringe. A 

solution of calf thymus DNA (CTDNA) was loaded into the calorimetric cell with successive 

injections of GOx(n) aliquots from the syringe and data acquired.  The highest charge of n = +75 

is shown in Figure 5A, as an example of the ITC titration, and the heat was absorbed (blue 

curve) with the addition of GOx(+75) (46 µM) to CTDNA (50 µM), where both samples are pH 

matched in 10 mM TrisHCl, pH 7.0, exactly. A control experiment of GOx(n) titration into the 

buffer was done to obtain the heat of dilution (Figure 5A, red curve), under otherwise identical 

conditions and used for subtractions. 

The peaks were integrated and the enthalpy change corresponding to each addition of GOx(n) 

was plotted as a function of the ratio of concentration of GOx(n) to that of the DNA (Figure 5B , 

red dots). These binding data were fitted to a single set of indistinguishable, non-cooperative 

binding sites model (Figure 4B , blue curve), using equation 1, by methods established in our 

laboratory.
22

 The best-fit to the data (Figure 5B) indicated Kb, ∆G, ∆H, and T∆S values of (7.3 ± 

2.8) x 10
7
 M

-1
, -10.7 ± 0.25, 46.1 ± 2.1 and 56.6 ± 2.4 kcal/mol, respectively for the n = +75 

sample. The binding of GOx(n) to CTDNA is dependent on the value of n as discussed below. 

1.4.3. Charge dependence of GOx(n) binding to DNA: A charge ladder of GOx(n) from n = -62 

to n = +75 was synthesized as above. No binding was observed with pristine GOx, or GOx(n) (n 

< +30) in the ITC titrations (Figure 3, A-D, ∆H, ∆S, and ∆G = 0), but GOx(n)/DNA binding was 

switched on at n ≥ +30. (Figure 3, E-L). ITC titrations, therefore, indicated all or no binding 

depending on the value of n (Table 1), where DNA binding was observed for n values of +30,  
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A B   

Figure 1.5. Titration of GOx(+75) into calf thymus DNA (CTDNA). (A) The thermogram 

obtained by the addition of GOx(n) solution to the CTDNA solution (blue curve), and the dilution 

data (red curve), off set for clarity. (B) The integrated heat as a function of [GOx(+75)]/[CTDNA], 

while the blue line is the best fit to the data using a non-interacting, independent, identical binding 

site model. The binding data were averaged from three separate measurements.  
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Table 1.1.  Summary of thermodynamic parameters for GOx(n) binding to CTDNA 

Charge ± 5 (n) ∆H (kcal/mol) T∆S (kcal/mol) ∆G (kcal/mol)   Kb x 10
7 

(M
-1

) 

30 17.0 ± 2.3 26.8 ± 2.1 -9.75 ± 0.14 1.5 ± 0.7 

50 30.4 ± 6.9 38.7 ± 6.0 -9.80 ± 0.6 2.0 ± 1.7 

55 21.7 ± 5.5 32.1 ± 5.1 -10.3 ± 0.6 5.5 ± 3.2 

60 50.6 ± 15.3 59.6 ± 14.9 -9.50 ± 1.2 4.6 ± 3.3 

75 46.1 ± 2.1 56.6 ± 2.4 -10.7 ± 0.25 7.3 ± 2.8 
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+50, +55, +60, and +75 but not for n values of -62, -35, -40, and +20. The corresponding 

thermograms and best-fits to the data for ∆H as a function of [GOx(n)]/[CTDNA] for n values -

62 to +75 are shown in Figure 6.  The binding is entirely entropy driven with an enthalpic 

penalty and endothermic binding has been noted when the binding has occurred. Protein 

modification was done in batches, resulting in the specific values of n reported here.  

 The ΔH (red curve) and ΔG (blue curve) values plotted as a function of n clearly illustrate 

that binding is suddenly switched on at n ≥ +30 (Figure 6), and that the sharp, step function 

observed in both plots is unique, not seen before, and indicated an on or off switch, as in a digital 

device. The step-transition could be due to the strongly acidic nature of pristine GOx which has 

59 COOH groups that will have charge-charge repulsion from the negatively charged DNA 

phosphate backbone, unless neutralized. Conjugation with TETA reduces the number of these 

anionic groups as well as the net negative charge.  We find that a minimum number of 

conjugated TETAs on the protein is required to overcome these unfavorable repulsive forces to 

create a favorable Gibbs free energy change, and switch on the DNA/protein binding interaction. 

DNA/protein interactions are complex
23

 and may require a threshold number of favorable 

Coulombic contacts. The step binding observed here is unique to DNA because similar studies  

using protein/solid
19 

or protein/poly(acrylic acid) resulted in a linear relationship between 

thermodynamic parameters of complex formation and protein charge. 

Transmission Electron Microscopy (TEM) of GOx(+40)/DNA (Figure 6B) using 10 nM 

GOx(+40) and 28.5 nM CTDNA suggests DNA wraps or loops around GOx(+40). The dark 

areas measure about 15 to 20 nm in diameter and may represent dimers of GOx(+40) since 

pristine GOx has a monomeric diameter of approximately 5.5 nm.
24

 The white strands may 
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A  B  

Figure 1.6. (A) The binding enthalpies (red dots) and Gibbs free energies (blue dots) for the 

interaction of GOx(n) with CTDNA. A threshold charge of +30 is required for GOx(n) 

interaction with DNA. At or above n = +30 a favorable ΔG (blue curve) and enthalpic penalty 

(unfavorable ΔH) (red curve) are observed, and GOx(n)/DNA interaction is entirely entropy 

driven against the enthalpic penalty. Each data point represents an average of 3 trials. In some 

cases, the error bars are too small to be visible. (B) TEM image of GOx(+40)/DNA. 
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represent DNA wrapping or looping around GOx(+40). No visible structures were observed 

when GOx(-40)/DNA (Figure 7A) or GOx(+20)/DNA (Figure 7B) was imaged.  
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A 

 

B  

Figure 1.7. TEM images of (A) GOx(-40)/DNA and (B) GOx(+20)/DNA suggest GOx(n) 

does not bind DNA when n = -40 or +20. 
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We examined structural changes of both the protein and DNA due to binding interactions by 

circular dichroism (CD) spectroscopy, which indicated structure retention of GOx after 

amidation to yield GOx(n) analogues (Figure 8A) over a wide range of n values from -20 to +95 

in 10 mM TrisHCl and 50 mM  NaCl, pH 7 with GOx(n) concentrations in the range of 2 – 3 

μM. Although substantial loss in intensity was observed possibly due to the randomness of GOx 

amidation sites, spectral shape and thus structure retention was not affected.  Deconvolution of 

the CD spectra to examine DNA CD, after protein CD was subtracted from the observed 

spectrum of DNA/protein mixture in 10 mM TrisHCl and 50 mM NaCl, pH 7 (Figure 8B) 

revealed a correlative reduction of DNA signal as GOx(+50) concentration has been increased 

from 0.3 to 0.9 μM. The influence GOx(n) charge (Figure 8C, [GOx(n)] = 0.9 μM, [DNA] = 100 

μM) on DNA CD revealed a slight peak shift and loss in intensity in the far UV of 

GOx(+20)/DNA and GOx(+50)/DNA CD when compared to that of GOx(-10)/DNA or that of 

DNA. These may be due to changes in DNA structure when positively charged GOx(n) interacts 

with the double helix. In fact, CD studies have demonstrated that histone proteins condense DNA 

on binding to the helix, hence a reduction in DNA CD signal intensity was observed due to 

histone/DNA complex formation.
25,26
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A 

 

B 

 

C 

Figure 1.8. Circular Dichroism (CD) spectra of GOx(n) and GOx(n)/DNA. (A) Structure retention of 

GOx(n) when compared to unmodified GOx (blue curve) was observed over a wide range of charges (n) 

from -20 to +95 while substantial loss in intensity has been noted in some cases, as marked. GOx(n) 

concentration was in  the range of 2 – 3 μM in 10 mM TrisHCl, 50 mM  NaCl buffer. (B) Normalized 

CD spectra of GOx(+50) in the TrisHCl buffer mentioned above with respect to DNA concentration 

after subtracting the CD spectrum of GOx(+50) shows a corresponding decrease in DNA CD intensity 

with increased GOx(+50) concentration. (C) When GOx(n) and DNA concentrations are held constant at 

0.9 μM and 100 μM respectively, a loss in DNA CD intensity was observed when n = +20 and +50 (red 

and yellow curves respectively) when compared to DNA (blue curve) or GOx(-20)/DNA (green curve).  
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We also examined the influence of DNA on modulating the oxidase activities of GOx(n) 

as a function of n (Figure 9). Glucose was used as the substrate, and the reduction of ambient 

oxygen to form hydrogen peroxide was assayed by horseradish peroxidase (0.4 μM) and its 

substrate guaiacol (o-methoxyphenol) (800 μM), which yield a dimeric product with an 

absorption maximum at 470 nm. GOx(n) solutions (n = -62, 20, 50, 60, and 75), 1 µM enzyme, 

and 4 µM glucose in 10 mM TrisHCl 50 mM NaCl buffer, pH 7 in the absence or presence of 50 

µM  DNA, were examined and all these retained nearly-full activities. The DNA double helix 

may influence GOx(n) activity upon complex formation as noted by the increases in activity of 

5%, 21%, 10%, and 10% observed when GOx(n) associated with DNA for n = 20, 50, 60, or 75, 

respectively.  
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Figure 1.9. Oxidase activities of GOx(n) and GOx(n)/DNA complexes. Protein and DNA 

concentrations were 1 μM and 50 μM, respectively, in 10 mM TrisHCl, 50 mM NaCl buffer at 

pH 7. A solution of D-glucose (4 μM) was added to a mixture of GOx(n) (1 μM) and horseradish 

peroxidase (HRP, 0.4 μM) and guaiacol (o-methoxyphenol) (800 μM) dissolved in DI water. 

Initial specific activities relative to that of GOx under the same experimental conditions are 

reported. The GOx(n) activities are comparable to that of pristine GOx after cationization or 

upon complexing with DNA.  All samples were completely soluble under all these conditions. 
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1.5. Discussion 

The entropy driven binding observed here is comparable to the binding thermodynamics 

of histone/DNA complexes
27

 and could be due to GOx(n) displacing DNA bound water 

molecules from the grooves. In that case, the data suggest that a minimum charge value (n = 

+30) is required for this kind of binding, and overcoming local charge repulsion contexts. The 

balance of these complex interactions could justify the step function observed here. 

Alternatively, certain types of DNA looping are entropy driven,
28

 and hence, a minimum number 

of TETA contacts may be required for helix bending and looping around GOx(n).  

There was no significant variation of the Gibbs free energy and binding constant as 

protein surface charge was increased. This is likely due to enthalpy-entropy compensation 

observed when protein is in solution,
29,30,31

 whereby most of the entropic gain due to release of 

ions and water is offset by the enthalpic penalty for the formation of protein/DNA interfacial 

contacts. When conjugated to protein surface carboxyls and interacting at the protein/DNA 

interface, TETA chains afford the net favorable entropy observed here due to release of 

counterions and water. However, the enthalpic cost of bending and distorting DNA
32,33

 may be 

enough to off-set much of the entropic gain such that ΔG is mostly unaffected. The protein/DNA 

interface is very dynamic and after binding is turned on, factors other than electrostatics may 

contribute to the energetics. Therefore, the error of +/- 5 charge units reported here is acceptable 

given that ΔG is unaffected by core protein surface charge increase after binding to DNA is 

turned on.  

Protein modification has been used in this work to control protein/DNA interactions by 

tuning the protein charge. Manipulation of the protein surface functions by TETA amidation has 

been used to control protein/polymer interactions
34

 when hemoglobin was conjugated with 
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TETA to yield Hb-TETA derivatives similar to the GOx(n) derivatives reported here. 

PEGylation of bovine serum albumin (BSA)
35

 resulted in substantial changes in the protein 

structure when polyethylene glycol (PEG) was covalently attached to BSA and complex protein 

engineering procedures have been accomplished by in vivo manipulation of an organism’s 

biosynthetic machinery.
36

 Proteins have been site specifically tagged using complex synthetic 

methods or in vivo mutagenesis techniques
37,38

 to produce libraries of labeled derivatives for 

imaging and other applications.  

Mass spectrometry analysis provides accurate quantitation of protein modification 

events
39,40 

but sample prep and method development could be time consuming, requiring a high 

level of expertise. All charge determinations in this work were done by agarose gel 

electrophoresis that is accurate, low cost, rapid, and requires comparatively minimal method 

development and expertise. In fact, agarose gel determinations were shown to be within 

reasonable error of ±5 charge units as discussed above. 

Circular dichroism studies indicated variable signal intensity due to GOx amidation 

(Figure 4A) which could be due to the randomness of amidation chemistry, wherein TETA 

conjugation to any specific carboxyl is dependent on the local environment and solvent 

accessible carboxyls available for conjugation. However, GOx pristine structure was retained 

after amidation as observed by the similarity of GOx(n) CD spectra to that of GOx. The effect of 

increased GOx(n) concentration on DNA helicity indicated decreased DNA intensity. Previous 

work that studied the effect of increased protein concentration on DNA in histone/DNA 

complexes reported comparable decreased DNA CD intensity
25

 or red shifting of the DNA far 

UV peak in addition to decreased DNA CD intensity.
26  
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Here, DNA signal intensity was comparable to DNA alone when 0.3 μM GOx(+50) was 

complexed to DNA but DNA signal intensity decreased by approximately 40% when compared 

to DNA alone if 0.6 μM GOx(+50) was added and there was an additional 25% reduction in 

DNA intensity when 0.9 μM GOx(+50) was added, resulting in a total reduction of DNA CD 

intensity of about 65% (Figure 4B). The effect of charge was studied by variation of n in the 

GOx(n) derivatives. Comparison of the far UV CD of GOx(-10)/DNA, GOx(+20)/DNA, and 

GOx(+50)/DNA after subtraction of GOx(n) CD and normalization by DNA concentration 

revealed a trend comparable to the step binding observed between the binding thermodynamics 

of GOx(n)/DNA and n (Figure  3A). GOx(-20)/DNA far UV intensity was comparable  to DNA 

alone (Figure 4C) but GOx(+20)/DNA and GOx(+50)/DNA far UV intensity decreased and 

showed some degree of red shifting with respect to DNA alone suggesting that a minimum 

number of electrostatic contacts are required to overcome repulsive forces at the GOx/DNA 

interface. Based on ITC studies, the minimum n required for binding was observed to be +30, 

therefore a GOx(n) charge of +20 may be optimal to initiate weak interactions with DNA, thus 

altering the DNA CD. Also, circular dichroism may be more sensitive to minor changes in DNA 

structure that occur due to weak association with GOx(n) molecules that are below the minimum 

charge threshold required for ITC detection. 

GOx(n) activities were monitored and relative % activity was determined relative to 

pristine GOx activity. GOx conjugated to a low concentration of TETA (5 mM) using low 

concentration EDC (5 mM) yielded GOx(-62) with comparable net charge to pristine GOx. 

However, GOx(-62) relative % activity was 10% less than that of pristine GOx suggesting that 

even minimal amidation was enough to negatively affect the GOx active site. GOx(+20) was also 

about 10% less active than pristine GOx and as GOx amidation increased to yield GOx(+50), 
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GOx(+60),  and  GOx(+75)  relative  %  activity  was  decreased  by  an  average  of  20%  suggesting 

that the increased amidation  had a negative impact on the GOx active site.

  GOx(n)  bound  to  DNA  (GOx(n)/DNA)  showed  increased  activity  over  unbound  GOx(n)

over  a range  of  n  values  from  +20  to  +75  by  5%  to  20%  suggesting  that  DNA  enhances  GOx 

activity.  In  the  case  of  GOx(+50)/DNA,  relative  %  activity  was  increased  20%  over  GOx(+50)

alone.  In  fact,  GOx(+50)/DNA  complex  formation  restored  GOx(+50)  activity  comparable to

that  of  pristine  GOx.  GOx(n)/DNA  complex  formation  may  enhance  GOx(n)  activity  due  to

41 42 43
reduced  protein  mobility , 

or  DNA  enhancement  of GOx(n) activity. Indeed, DNA control of

44
GOx  activity has been reported. Taken together these data suggest that DNA interacts with the 

GOx(n) active site either directly  or indirectly  to enhance GOx(n) activity.

  The  stoichiometry  of  twenty  base  pairs  DNA  interacting  with  one  GOx(n)  monomer 

observed  here  suggests  wrapping  of  DNA  around  GOx(n)  1.5 turns if GOx monomeric diameter

is 55 Å.
24 

In the case of the nucleosome, DNA wraps around a histone core 1.75 turns
1 

and gene 

regulation  results  from  tightening  and  loosening  of the wrapped DNA. The choice of GOx as the 

core  protein  in  this  study  afforded control of electrostatics by tuning the core charge over a wide

range  from -62  to  +75.  These  findings  should  impact  the  determination  of  unit  charge

45
requirements  for  specific  histone  modification  events and  contribute  to  the  thermodynamic 

understanding  of histone/DNA  interactions.

The  entropy  gain  described  here plays a crucial role in the binding energetics at the protein/DNA

46 47
interface.  We  have  used  the  Ion  Coupled  Protein  Binding  (ICPB)  model , 

to demonstrate that 

counterion  release  at  an  enzyme-solid  interface  is  entropically  favorable  when  a  cationic  protein 

binds  oppositely  charged  surfaces.  This  suggests that the entropy term will be further increased 

in  the case of protein/DNA interaction  due to the flexibility  of the DNA double  helix. 
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1.6. Conclusion 

The step binding observed here between GOx(n) and DNA above a threshold charge 

supports the hypothesis that charge plays a vital role in binding but the step function is 

surprising. Similar situations may be operative in biological systems where specific histone 

modifications are required to wind/unwind DNA and impact gene regulation in particular ways. 

The hypothesis proposed was incorrect and could not account for the observed step function. For 

example, histone acetylation or deacetylation specifically alters the histone surface charge and 

influence of charge on DNA binding is an important factor. The GOx(n)/DNA model reported 

here can potentially be used to predict charge requirements for the design of artificial histone 

proteins or DNA-digital switches. This is the first study elucidating the thermodynamic details of 

a DNA digital switch.  
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Chapter 2: Tuning Glucose Oxidase Interactions with α-Zr(HPO4)2 Nanoplates via 

Chemical Modification 

 

2.1. Abstract 

 

A simple method to control enzyme-solid interfacial interactions via chemical modification of 

the surface functions of glucose oxidase (GOx) with improved affinity for negatively charged α-

Zr(IV)Phosphate nanoplates is demonstrated here. Understanding enzyme-solid interactions in 

terms of detailed specific molecular features and rationally controlling these interactions for 

better outcomes is of value from fundamental, as well as practical points of view. In this context, 

we systematically tuned GOx charge from -62 to +95 electrostatic units and examined its affinity 

for an anionic nanomaterial as a function of enzyme charge. Charge tuning was achieved via 

chemical modification of the accessible COOH groups on the enzyme by carbodiimide mediated 

coupling with triethylenetetramine (TETA) to produce GOx-TETA analogues (GOx(n)) where n 

represents enzyme charge after the chemical modification. Isothermal titration calorimetric study 

of GOx(n) binding to exfoliated nanoplates of α-Zr(IV)Phosphate in 20 mM 1,4-

Piperazinediethanesulfonic acid (PIPES) buffer indicated ∆H and ∆S values of (-371.3 ± 52.8) 

kcal/mol and (-1.2 ± 0.2) kcal/molK respectively for GOx(-20) and there was no interaction 

between unmodified GOx and α-Zr(IV)Phosphate. Furthermore, TETA modification facilitated 

GOx affinity for the α-ZrP nanosheets with a binding constant (Kb) of (2.1 ± 0.6) x 10
6
 M

-1
 for 

GOx(-20). Variation of net GOx charge from n = -62 to n = +30 yielded ∆H, ∆S, and ∆G values 

in the ranges of (0 to -427.2 ± 39.0) kcal/mol, (0 to -1.4 ± 0.1) kcal/molK, and (0 to -9.0 ± 2.8) 

kcal/mol respectively with linear independence. The role of TETA side chains and the net charge 
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on GOx(n) indicated specific physical insight into the nature of enzyme/solid interactions. This 

study provided a simple, predictable, chemical tool to control bio-inorganic interfaces at constant 

temperature, pH and ionic strength with particular advantages, and such approaches are 

important for biosensor and biocatalytic applications. 

2.2. Introduction 

Using glucose oxidase (GOx) as a model enzyme and α-Zr(IV) phosphate (α-ZrP) as a 

model nanomaterial, we report a simple method to control the enzyme-nanomaterial interactions 

in a systematic manner, with positive outcomes. Understanding the details of 

enzyme/nanomaterial interactions, for example, is of fundamental importance for the rational 

design of functional, stable and robust biosensors,
1
 biocatalysts,

2
 and biomedical devices.

3
 

Chemical control of these interactions is vital to enhance specific characteristics such as enzyme 

affinity for the nanomaterial, its activity, stability and other critical properties of the enzyme.  

Specifically, proteins
4,5,6

 and peptides
7
 have been intercalated into the galleries of α-Zr(IV) 

phosphate (α-ZrP) after exfoliation of α-ZrP with tetrabutylammonium hydroxide (TBA). 

Binding affinities of GOx is increased from that of the pristine enzyme by orders of magnitude 

by tuning its charge (Scheme 1). The COOH groups of GOx are modified with 

triethylenetetramine (TETA) via carbodiimide chemistry by attaching increasing numbers of 

TETA side chains (x) to GOx, where x1, x2, and x3 represent increasing numbers of TETA 

groups.  

  



  

42 

 

 

Scheme 2.1. GOx(n) binding to exfoliated α-ZrP nanosheets. The COOH groups of GOx, 

amidated with increasing numbers of TETA (x) using carbodiimide chemistry resulted in tuning 

of GOx surface charge (n) from negative (pristine GOx, dark blue sphere) to positive (red 

sphere). The negatively charged GOx (-62) does not bind to the negatively charged α-ZrP plates 

but charge reversal from negative to positive (light blue, yellow, and red spheres), triggered GOx 

binding.  
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Glucose oxidase has been bound to several supports including polymers,
8, 9

 graphene 

nanocomposites,
10

 and gold nanoparticle-zinc oxide nanostructures.
11

 GOx was chosen for the 

current studies due to its promise as an anode catalyst in biofuel cells,
 12,

 
13

 its use in glucose 

sensors
14,

 
15,

 
16,

 
17

 and its ability to use oxygen for oxidations. GOx, for example, oxidizes 

glucose to gluconic acid while reducing oxygen to hydrogen peroxide,
18, 19

 and this reaction has a 

wide range of applications.
20,

 
21

 The thermodynamic details of GOx binding to well-defined 

nanosolids are not well understood and these details could be important for building better 

sensors, biocatalysts or enzyme-electrodes for practical applications.
22

 

Zirconium phosphate (Zr(HPO4)2) nanoparticles have been used for drug delivery,
23

 to 

stabilize metal organic frameworks for improved catalysis
24

 and for enhanced ion exchange.
25

 

Also, enzyme nanocomposites with Zr(HPO4)2 show increased stability of proton conductivity.
26

 

GOx and α-ZrP biocomposites have been implicated in applications such as improved glucose 

sensing,
27

 and increased GOx stability,
28

 but thermodynamic quantification of GOx/α-ZrP 

binding interaction has not been well characterized.  

We hypothesized that enzyme binding to charged nanosheets can be described by the ion-

coupled protein-binding model (ICPB).
29

 According to this model, cationic enzymes are 

surrounded by anionic counter ions as an enzyme approaches the negatively charged α-ZrP 

nanosheets that are surrounded by cationic counterions (Scheme 2A). Release of cations from 

the binding interface is necessary for the charge neutralization required to facilitate enzyme/solid 

affinity. This counter ion release is the basis of the entropy driven binding associated with the 

cationic protein/solid surface interaction. On the other hand, the binding of anionic proteins to 

anionic α-ZrP nanosheets requires sequestration of counter ions at the protein/solid interface to 

offset the buildup of excess negative charge (Scheme 2B). Thus, binding is driven by enthalpy 
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release and opposed by entropy decrease.
30

 In support of the ICPB mechanism
 
, it was reported 

that protein binding to α-ZrP is coupled to proton binding, buffer ion protonation, counter ion 

binding/release, and water release.
31

 Furthermore, other factors such as protein conformational  
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Scheme 2.2. Demonstration of the ion coupled protein-binding (ICPB) model. (A) Binding of a 

cationic protein (red sphere) to anionic solid (blue rectangles) is associated with counterion 

release from the anionic surface to maintain charge neutrality at the binding interface. (B) 

Binding of an anionic protein (blue sphere) to anionic solid is associated with counterion 

sequestration from the solvent to the binding interface in order to maintain charge neutrality.  

 

 

 

 

A                                                                               B  
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changes, van der Waals interactions, hydrogen bonding, and the hydrophobic effect is expected 

to contribute to the overall change in Gibbs free energy during a binding event.  

Along these lines, specific metal ions were successfully used to continuously tune the 

binding affinity of anionic GOx to the anionic α-ZrP nanosheets,
 32

 revealing that metal ions that 

have favorable interactions with the enzyme/solid increased the binding affinities the most. In 

another study, GOx modified with a polyamine with increasing charge has indicated enhanced 

affinities for graphene oxide but affinity decreased as the net charge on the enzyme increased 

beyond a threshold.
33

 A similar strategy is used here to tune the affinities of GOx-TETA 

derivatives with increasing positive charge to yield GOx(n) analogues, where n is the net charge 

on the enzyme. Control of the enzyme surface charge in this way allows for control of GOx(n) 

affinity for the strongly negatively charged layered solid (α-ZrP, inset) (Scheme 3).  
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Scheme 2.3. Exfoliation of α-ZrP (gray sheets) using TBA affords the binding of cationized 

GOx (red spheres, GOx(n)) to the exfoliated nanosheets. An XRD signature of exfoliation (inset) 

confirms that a substantial portion of the α-ZrP stacks (2θ = 11.9 with a d spacing of 7.5 Å) has 

been exfoliated as evidenced by the increased d spacing (2θ = 6.1 with a d spacing of 14.5 Å).  

α-ZrP
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We report here, enhanced binding of GOx(n) to exfoliated α-ZrP (n > 0) and we used 

isothermal titration calorimetry to quantify GOx(n)/α-ZrP binding enthalpy (∆H), entropy (∆S), 

and free energy (∆G) contributions. Our hypothesis is the same as in the previous chapter and 

that the binding free energy should smoothly vary with protein charge. Surface plasmon 

resonance (SPR) determined affinity of GOx(n)/α-ZrP yielded dissociation constants (KD) values 

comparable to binding constants (Kb) values determined by ITC. Additionally, the rate of 

association (on rate, Kon) and rate of dissociation (off rate, Koff) of each GOx(n)/α-ZrP 

interaction was determined by SPR. Exfoliation of the α-ZrP nanosheets with 

tetrabutylammonium hydroxide (TBA) was confirmed by X-ray diffraction (XRD) (Scheme 3, 

inset), where the decreased peak intensity at 2θ = 11.9 with a d spacing of 7.5 Å between α-ZrP 

layers and the increased intensity at 2θ = 6.1 with an increased d spacing of 14.5 Å between 

layers was signature for exfoliation.  

2.3. Materials and Methods 

Glucose oxidase from aspergillus niger (GOx, 165,000 MW) was purchased from Calzyme 

Laboratories, Inc. (Tulelake, CA) and used without further purification. Triethylenetetramine 

(TETA) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) were 

purchased from Sigma-Aldrich (St. Louis, MO). Solutions were prepared in 20 mM Piperazine-

N,N -́bis(2-ethanesulfonic acid) sodium salt (NaPIPES) and 1 mM aqueous tetrabutyl 

ammonium hydroxide (TBA) (Sigma) pH adjusted to 7.0. 

2.3.1 Synthesis and exfoliation of  -ZrP: The synthesis was carried out by following a method 

reported previously.
34

 Briefly, 9 M phosphoric acid was heated to 90 ºC, and a solution of 10.1 g 

of ZrOCl2 (0.031 mol, 10 mL of water) was added over a period of 1 h and allowed to reflux for 

24 h. The reaction mixture was filtered, washed with water to remove excess acid, and then 
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washed with acetone. The solid was dried at 60 ºC overnight and characterized by powder X-ray 

diffraction (XRD) (Scheme 3 inset) which matched with the literature report.
4
 In the solid state, 

these nanoplatelets are stacked, but these are exfoliated with TBA.
35

 A suspension of -

Zr(HPO4)2 ·H2O (0.1 g) in 20 mM NaPIPES buffer was sonicated for 5 min, 200 μL of TBA 

(40% w/w) was added, sonicated again for 20 min, and pH was adjusted to 7.0 by dilute HCl, 

followed by sonication for an additional 10 minutes.  The enzyme was bound to the exfoliated 

ZrP nanosheets by methods described previously.
4
  

Pristine GOx was replaced by chemically modified GOx(n) and binding has been assessed by 

ITC.
36

 TETA and EDC concentrations were kept to a minimum to minimize precipitation of the 

modified GOx during dialysis in NaPIPES buffer. 

2.3.2 Chemical modification: GOx was modified by adopting reported methods
37

 with 

appropriate modifications. In a typical experiment, the GOx (10 mg/ml) dissolved in deionized 

water (DI) was stirred with TETA (pH adjusted to 4.5) for 30 minutes, followed by the addition 

increasing concentrations of EDC (10 - 100 mM). The reaction mixture was stirred for 4 h, and 

unreacted EDC, TETA and urea byproducts were removed by dialysis against NaPIPES buffer. 

Modified GOx (10 mL) was repeatedly dialyzed in buffer (1L) every h for a total of 2 h. This 

dialysis procedure was repeated for modified GOx and exfoliated  -ZrP together in the same 

buffer in order to equilibrate GOx and  -ZrP pH. The degree of chemical modification was 

carefully controlled by adjusting TETA and EDC concentrations (10 mM TETA with 5-100 mM 

EDC) such that GO-TETA charge is increased gradually, as evidenced from agarose gels of the 

reaction mixtures. 

2.3.3. Agarose gel electrophoresis: Agarose gel electrophoresis was performed using horizontal 

gel electrophoresis apparatus (Gibco model 200, Life Technologies Inc, MD) and agarose (0.5 % 
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w/w) in 40 mM Tris acetate buffer at pH 7.0, as described before.
38

 In a typical run, modified 

enzymes were loaded with 50% loading buffer (50% v/v glycerol and 0.01% w/w bromophenol 

blue). The running buffer used for all samples was Tris acetate (40 mM). Samples were spotted 

into wells placed at the middle of the gel, so that samples could migrate to the negative or 

positive electrode based on their charge. A voltage of 100 V was applied for 30 minutes. Gels 

were stained overnight with 10% v/v acetic acid, 0.02% w/w Coomassie blue, followed by 

destaining in 10 % v/v acetic acid overnight. Net charge of modified GOx was determined by 

imageJ software (NIH) based on migration distance of each of the GOx-TETA conjugates 

relative to GOx that has a known charge of -62 at pH 7.
39,40

  

2.3.4. Isothermal Titration Calorimetry (ITC): Binding thermodynamics were measured by a 

nanocalorimeter (VP-ITC from Microcal Inc., Piscataway, NJ), as described before
41

 In a typical 

titration run, GOx or GOx-TETA solutions (10 mg/mL) were prepared in 20 mM NaPIPES and 

-ZrP solution was prepared by dissolving 6 mM -ZrP in 20 mM NaPIPES and 1 mM aqueous 

TBA (pH 7.0). All the chemically modified proteins were purified in the working buffer by 

extensive dialysis. The calorimeter was thermally equilibrated for 1 h before the sample was 

loaded into the calorimeter (1.4167 mL) and protein solutions were loaded in the automated 

syringe. Aliquots of protein solutions (8 µL) were injected successively into -ZrP suspension, 

at 300 s intervals. Heat absorbed or released with each injection was recorded and plotted 

automatically.  

Heats of dilution were measured separately, under the same conditions, except that protein 

solution in the syringe was injected into the calorimeter cell that was filled with buffer solution 

and the dilution data was subtracted from the sample titration data. The resulting thermograms 

were analyzed by Origin software (v. 5.0, Microcal Inc., Piscataway, NJ). The heat released or 
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absorbed (Q) during the titration is related to the molar heat of GOx binding (H), the volume of 

the sample cell (Vo), the initial concentration of the ligand (Xt), -ZrP concentration (Mt), the 

binding constant (Kb), and the number of binding sites (n) by the following equation.
42,43

  

 

Equation 2. 

The data were fitted to a single set of non-interacting, identical binding site model and Kb, n, 

H and S were obtained, as described previously.
36,44

 Fits to data sets were performed multiple 

times with different initial values of Kb, n, and H in order to check for reproducibility of the 

final values of these parameters. Values of G were calculated from the standard equation of 

thermodynamics.  

2.3.5. Surface Plasmon Resonance: 

Preparation and Characterization of Exfoliated α-ZrP Thin Films: Prior to spin coating, gold 

SPR sensors (from Reichert catalog #13206060) were cleaned with piranha (3:1 H2SO4/H2O2) 

for 15 minutes, followed by soaking in ethanol solution for 20 minutes and rinsing with excess 

distilled water. The already TBA exfoliated α-ZrP solution was spin cast (Laurel Technologies 

WS-400B-6NPP/LITE, North Wales, PA) at 3000 rpm for 1 minute. The exfoliated α-ZrP film 

was slowly dried at room temperature. Finally, the film was immersed in reaction buffer 

overnight then used for SPR experiments. 

Atomic Force Microscopy (AFM), and SEM were used to characterize the α-ZrP films. 

Scanning with Asylum Research MFP-3D AFM (Santa Barbara, CA, USA) was used to assess 

substrate distribution in film, surface roughness, and topography. The scans were taken in non-
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contact mode using Si3N4 tips with a force constant of 40N/m (according to the manufacturer) 

and a typical resonant frequency of 170 ± 20 kHz. Finally, Energy-dispersive X-ray spectroscopy 

(EDX) analysis of the SPR sensors after GOx(n) bound α-ZrP was used to measure the nitrogen 

weight percent. 

SPR Experiment: In a typical SPR experiment, degassed buffer solution without enzyme was 

flowed into the SPR sensor chamber assembled with the α-ZrP coated SPR gold chip (sensors). 

Degassed buffer was continuously flowed into the SPR chamber for an hour to allow the α-ZrP 

film to fully swell and reach equilibrium, establishing a stable baseline. Following this, the 

enzyme (GOx(n)) solution was continuously introduced into the cell with a syringe pump at flow 

rate of 25 µL/min. In this study, all the SPR traces were recorded on an SR7000DC dual channel 

flow SPR spectrometer from Reichert Analytical Instruments (NY, USA) with a semi-automatic 

injection setup with 500 mL PEEK injection loop and Harvard Apparatus flow pump. The SPR 

data were collected at room temperature in 20mM PIPES, pH 7.0 buffer. For kinetic studies, a 

100 μL sample loop was used for injection. 

Binding Kinetics of GOx on Exfoliated α-ZrP: Exfoliated α-ZrP was spin coated at 3000 rpm 

onto the surface of SPR gold chips. Solutions of unmodified GOx, GOx(+20), GOx(+45), 

GOx(+60),  and GOx(+65) ranging in concentrations from 31.25 nM to 500 nM were prepared in 

20 mM PIPES, pH 7.0 buffer. Typically, enzyme solutions were injected into the SPR system at 

25 μL min
−1

 for specific association and dissociation times. GOx samples were continuously 

flowed for 240 s. After adsorption of GOx (i.e system reaches equilibrium), the flow was 

switched to PIPES buffer with no enzyme.   

Kinetic Models for Binding of GOx(n) to Exfoliated α-ZrP film: Kinetic traces of real time SPR 

data of GOx(n) on α-ZrP films corresponding to association and dissociation phases were 
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deconvoluted to yield the on and off rates. The nonlinear equations of 1:1 equilibrium binding 

model (Scrubber II built-in software, Biologic Software, Australia) was used to fit the various 

concentrations and charge dependent data for GOx(n). The association phase was fitted globally 

using Equation 2 and dissociation of protein was fitted using Equation 3. This nonlinear 

regression analysis finds the minimum sum of squares solution giving the best values of the 

association rate constant (ka), dissociation rate constant (kd), and maximum binding signal (Rmax) 

where C = bulk enzyme concentration, Rt = response time, t = association and/or dissociation 

time. The on-rate (ka), and off-rate (kd), constants were used to calculate apparent KD from 

Equation 4. 

                         Rt = Ck aRmax[1 − exp −((Ck a + kd)t)]/(Ck a + kd)        Equation 3. 

                          Rt = Rmax exp (−kdt)                                                  Equation 4. 

                          KD = (kd/ka)                                                              Equation 5. 

2.3.6. Zeta Potential Measurements: A Brookhaven Zeta Plus zeta potential analyzer 

(Brookhaven Instrument Corporation, Holtsville NY) was used for laser Doppler velocimetry 

studies to measure zeta potential, as described previously
32

 In a typical run, the suspensions were 

prepared using 6 mM -ZrP and protein concentrations in the range of 40 μM to 50 μM in 20 

mM NaPIPES buffer at pH 7.0. Sample measurements were done in a 4 mL polystyrene cuvette 

after equilibrating the samples for 30 minutes at room temperature. The zeta potential values 

were obtained from electrophoretic motility of the suspension using Smoluchowski fit
45

 using 

Brookhaven Instrument Particle Solution v 2.3 software provided by the manufacturer.  

2.3.7. Glucose oxidase activity: Activities of GOx-TETA/α-ZrP, GOx-TETA and unmodified 

glucose oxidase (GOx) were determined by following a previously reported method.
46

 A solution 

of D-glucose (4 μM) was added to a mixture of GOx (1 μM), horseradish peroxidase (HRP, 0.4 
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μM) in 10 mM NaPIPES buffer pH 7.2 and guaiacol (o-methoxyphenol) (800 μM) dissolved in 

DI water. Oxidation of the substrate, guaiacol to a dimeric product with absorption maximum at 

470 nm was monitored as a function of time at room temperature (25 ˚C). A plot of time v/s 

absorption (Figures 2B and 3) was used to calculate the initial rates from the linear portion of 

the kinetic trace (first ~20 points).  

2.3.8. Circular Dichroism Studies: Circular Dichroism (CD) spectroscopy was used to assess 

protein secondary structural changes, as described previously
47,48

 Far-UV CD (190 nm - 260 nm) 

spectra of GOx, GOx(n), or samples bound to -ZrP were recorded by a JASCO 710 

spectropolarimeter (Jasco Inc, Easton MD) The baseline recorded with the buffer was nearly flat 

and has been subtracted from sample spectra with step resolution kept at 0.2 nm/data point while 

Bandwidth and sensitivity were 1 nm and 20 mdeg, respectively. Three scans were averaged 

using a scan speed of 50 nm/min and spectra were obtained with a path length of a 0.05 cm 

quartz cuvette and normalized to molar concentration of the protein per unit path length. While 

GOx(n):α-ZrP stoichiometry was the same as those used for ITC analysis, α-ZrP concentration 

was kept at a minimum to minimize light scattering.  

2.4. Results  

Variation of enzyme charge by modification of GOx with TETA that attach to COOH groups 

of Asp and Glu has facilitated the investigation of enhancement of GOx(n) affinity for α-ZrP. 

The effect of GOx(n) charge on GOx(n)/α-ZrP binding was thermodynamically quantified. 

Protonation of the free amine groups of TETA side chain contributes to the net charge on 

GOx(n) where increasing the number of TETA groups attached to the enzyme is associated with 

increase in enzyme charge. Attachment of TETA enables the interaction of these newly 

introduced amine functions with the negatively charged phosphate groups of the α-ZrP surface. 

Binding of TETA to α-ZrP was quantified by ITC, yielding large ∆H and ∆S values of (-6027 ± 
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98.6) kcal/mol and -20.2 kcal/molK respectively, and the binding constant was (2.5 ± 0.6) x 10
8
 

M
-1

 with a ΔG of -11.4 kcal/mol. Such a robust thermodynamic response may be driven by 

electrostatic as well as hydrogen bonding interactions between the amine groups of TETA and 

the phosphate groups of α-ZrP.
49,50

 Therefore, we hypothesized that attachment of TETA chains 

to GOx could promote its binding to anionic α-ZrP. Thus, we quantified binding interactions 

between GOx(n) and α-ZrP nanosheets by ITC and then characterized the bound enzyme by 

spectroscopic and activity studies. These observations are reported here. 

2.4.1. Chemical Modification of Glucose Oxidase: The net charge on GOx was gradually 

increased from -62 (pristine GOx at pH 7, pI 4.3)
39,40 

to +65 by reacting the COOH groups of the 

enzyme with increasing amounts of TETA (10 mM – 30 mM), under specific conditions of pH, 

temperature, EDC concentration and reaction time (Scheme 1). Two of the four TETA nitrogens 

(pKa values = 9.20 and 9.92)
51

 are expected to be protonated under these experimental 

conditions (pH = 7). One nitrogen will be neutralized to form the amide bond during GOx 

modification, and the pKa value of the fourth nitrogen is too low for protonation to occur. 

Therefore, a net unit charge gain of +2 is expected for every TETA that binds GOx, and this 

chemical modification reaction provided a strong chemical handle to control GOx(n) charge at a 

fixed pH.  These GOx(n) samples, in turn, provided a simple method to study how enzyme 

charge influenced its interactions with α-ZrP nanosheets at a fixed pH.  The resulting GOx(n) 

derivatives have been purified extensively by dialysis to remove unreacted reagents and by-

products of urea. The progress of the reaction has been monitored by agarose gel electrophoresis 

which indicated a set of GOx(n) derivatives with decreasing negative charge or increasing 

positive charge, presented below. 



  

56 

 

2.4.2. Agarose gel electrophoresis: The reaction mixture was analyzed by gel electrophoresis to 

monitor the progress of the chemical modification reaction (Figure 1). GOx is strongly 

negatively charged at pH 7.0 (-62) and thus, migrated toward the positive electrode in the 

agarose gel (Figure 1, Lane1). Chemically modified GOx-TETA samples were loaded into wells 

at the center of the gel (white boxes), so that enzyme migration would occur toward the positive 

or the negative electrode. Modified GOx samples migrated less toward the positive electrode or 

moved toward the negative electrode (lanes 3-8) depending on the extent of chemical 

modification, in a systematic manner. Thus, the net negative charge was increased gradually, 

until charge reversal occurred (lanes 5-8) where the enzyme migrated toward the negative 

electrode. Variation of TETA and EDC concentrations yielded increasingly charged GOx(n) as a 

charge ladder.  The charge on each of the derivatives was determined relative to that of pristine 

GOx, under the same conditions of buffer, pH and temperature, by measuring the relative 

migration distances in the agarose gel. Additional samples were prepared in batches and charges 

of each sample determined (Figure 2) and the error in n reported here is estimated to be ±5 units.  
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Figure 2.1. Agarose gel of GOx and GOx(n) conjugates at pH 7.0 in 40 mM Tris-

acetate. Samples were spotted at the center of the gel and they migrated to the opposite 

electrode depending on their charge. Net GOx Charge estimated from these 

elrectrophoretic mobilities are shown at the bottom of the gel. 
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Two key assumptions were made in the charge estimation of the GOx(n) derivatives: 1. 

Enzyme size is nearly the same before vs after the chemical modification so that it did not 

influence enzyme migration distance in the gel, and 2. Charge on the modified enzyme is directly 

proportional to the distance of its migration under the influence of the applied electric field and 

there has been no substantial interaction between the enzyme and the agarose matrix. The first 

assumption is reasonable because TETA length is negligible when compared to the average 

diameter of GOx (54 Å),
4 

and appending these short chains onto the enzyme surface may not 

alter its diameter to a significant extent. The validity of the second assumption is reasonable 

because agarose is charge neutral but there could be some H-bonding interaction between the 

amine functions of the TETA chains on the enzyme and the OH groups of the agarose matrix.
52

 

Indeed, we suspect that these H-bonding interactions might be responsible for the trailing bands 

seen in the agarose gels.  Therefore, we also tested the estimated charge on one sample with that 

of the mass spectral data, as described below. 
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Figure 2.2. Agarose gel of GOx and GOx(n) conjugates at pH 7.0 in 40 mM Tris-acetate 

buffer. Charge ranges (n) are (-40 - +95), (-25 - +54), (-52 - +60), and (-45 - +60) (A 

through D respectively). Samples were spotted at the center of the gel and migrated to 

each electrode depending on the charge. The net charge of each conjugate is shown in 

parenthesis. 
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Protein modification was carried out by holding TETA concentration constant (10 mM) and 

increasing EDC concentration from 10 mM – 30 mM (Figure 1, lanes 2 through 7) in 5 mM 

increments to yield charge values of -45, +15, +25, +30, +40, and +60 for lanes 2 through 7, 

respectively. Increasing TETA concentration to 20 mM and EDC concentration to 60 mM 

yielded a charge value of +70 (lane 8). The sample GOx(+70) was examined by mass 

spectrometry and m/z analysis revealed a peak shift from 142,896.3 Da for pristine GOx to 

149,344.3 Da for the modified GOx, indicating a total number of  44 TETA side chains per 

GOx(n), and a net charge of +75.
53

 Since the n value of this sample was determined to be +70 by 

agarose gel electrophoresis, the MS analysis, therefore, indicated a difference of 5 charge units 

between the two methodologies. Therefore, the error associated with agarose gel charge 

determinations throughout this study was reported to be ± 5 charge units. 

2.4.3. Circular dichroism and enzyme activity studies of GOx(n) derivatives: In order to assess 

the effect of amine modification on enzyme structure, circular dichroism was used to analyze 

GOx structure retention after amidation and sample purification. The overall spectral shape of 

modified GOx samples was comparable to the spectral shape of unmodified GOx and this 

indicates that the structure of modified GOx was retained when compared to pristine GOx. The 

far UV CD of 1 – 3 μM GOx analyzed in 20 mM PIPES at pH 7 with a path length of 0.05 cm 

and normalized to molar concentration of the protein, showed peaks corresponding to -helices 

(double minima at 210 nm and 220 nm), and β-sheets at 190 nm (Figure 3A). The CD spectra of 

GOx(+45) (red curve) was comparable to that of GOx (blue curve), under the same conditions of 

path length, buffer, and normalized with respect to enzyme concentration, and all spectra were 

corrected routinely for any baseline changes. The molar ellipticities of the modified enzymes 
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(GOx(n)) were less than that of GOx at 210-220 nm region (Figure 3A, inset). However, GOx(n) 

molar ellipticities at the 210-220 minima were within the range of 87% to 96% of unmodified 

GOx (Figure 4A), indicating GOx(n) structure retention comparable to that of GOx.  
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Figure 2.3. Circular dichnroism and activity of GOx(+45). (A) The effect on structure retention 

due to GOx modification with TETA was assessed for GOx(+45) (red curve). There was no 

significnant loss in protein structure when compared to pristine GOx (blue curve). GOx(+45) 

indicated signal intensity comparable to that of GOx(blue curve). (B) Initial activity due to GOx 

modification. GOx(+45) (red line) showed reduction in initial rate 23% when compared to GOx.  
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Glucose oxidase activities of GOx(+45) when compared to unmodified GOx (Figure 3B) was 

quantified by minor modification of the standard assay
46

 with D-glucose as the substrate and 

kinetic curves of product formation from GOx(n) have been compared with that of pristine GOx 

(Figure 4). Glucose oxidase reacts with D-glucose to form gluconic acid and GOx coenzyme, 

flavin adenine dinucleotide (FAD) is reduced during the reaction to form FADH2. In the 

presence of oxygen, FADH2 is oxidized to yield FAD and peroxide (H2O2). Guaiacol oxidation 

by H2O2 is catalyzed by horseradish peroxidase (HRP) to form a colored product that was 

monitored as a function of time (Figures 3B and 4B), at room temperature of 25 ˚C and 

absorption maximum of 470 nm. Analysis of the first ~20 points (linear portion of the kinetic 

trace) of GOx(+45) (Figure 3B , red line) yielded an initial rate that was reduced by 23% when 

compared to unmodified GOx (blue line) and an initial rate reduction of 33.5% was observed for 

GOx(+20) (Figure 4B , black line) when compared to unmodified GOx. However, GOx(+60) 

(Figure 4B , orange line) and GOx(+65) (Figure 4B , green line) yielded reduced initial rates of 

51% and 61% respectively when compared to GOx suggesting that amine conjugation has a 

negative effect on the GOx active site. This could be due to some loss in the structure around the 

active site and/or partial blockage of the active site after chemical modification. The slope of the 

linear portion of a kinetic trace of absorbance vs time was normalized by sample concentration 

(1 – 3 μM) and the resulting value was used as an estimation of the initial rate. Notably, GOx 

modification had no effect on structure retention (Figure 3A) suggesting that although there was 

some loss in GOx activity due to modification, GOx structure remained intact. Next we 

examined the binding of a few GOx(n) derivatives with α-ZrP nanosheets by isothermal titration 

calorimetry to gain some understanding of how GOx charge influenced the binding 

thermodynamics. 
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Figure 2.4. Circular dichnroism and activity of GOx(n). (A) The effect on structure 

retention due to GOx modification with TETA was assessed over a range of GOx(n) 

charges from +20 to +65. There was no significnant loss in protein structure when 

compared to pristine GOx (blue curve). GOx(n) for n = +20 (black curve), +45 (red 

curve), +60 (orange curve), and +65 (green curve) indicated signal intensity comparable to 

that of GOx(blue curve). (B) Initial activity due to GOx modification. GOx(+20) (red line) 

and GOx(+45) (black line) showed rections in initial rates by 34% and 23% respectively 

when compared to GOx. However, GOx(+60) (orange line) and GOx(+65) (green line) 

yielded initial rates that were less than 50% of GOx initial rate.  

A B 
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2.4.4. Isothermal Titration Calorimetry: The binding of GOx and three examples of GOx(n) to 

α-ZrP nanosheets (n = -20, + 25 and +30) was directly monitored by ITC, at 25˚C (20 mM 

NaPIPES buffer at pH 7.0, Figure 5). Addition of a solution of GOx(n) (30 – 100 μM) from the 

automated syringe to an exfoliated suspension of -ZrP (6 mM, 20 mM NaPIPES buffer at pH 

7.0) in the calorimeter resulted in heat release. For example, 6 mM -ZrP was titrated with 30 

μM GOx(-20) by adding aliquots of 8 µL protein solution to -ZrP suspension at 300 s intervals 

for a total of 30 injections and the heat absorbed or released has been recorded. An exothermic 

response was observed with a plateau (Figure 5A, blue lines). The dilution curves, representing 

the heat absorbed when protein solution in the syringe was injected into the calorimeter cell that 

was filled with buffer solution instead of -ZrP solution (Figure 5A, 6 red lines) were offset 

from the titration by 5 μcal/mol for clarity. The dilution data were subtracted from the titration 

data to obtain the corresponding corrected thermograms (Figure 5A, 6 blue lines) that showed a 

net heat loss during the binding phase (about 2000 s), indicating strongly exothermic binding. 

The binding of anionic GOx(-20) to the anionic α-ZrP surface can be explained by the ICPB 

model (Scheme 2B) such that cations are sequestered to the binding interface to facilitate charge 

neutralization and enthalpic binding is driven by this sequestration. The integrated enthalpy data 

were fitted to a single set of indistinguishable, non-cooperative binding sites model (Figure 5B  

solid curves, equation 1)
36,44

 Fits to the data were iterated to minimize chi-square and to optimize 

agreement between observed and predicted curves. Each fit represents a global minimum that 

was obtained from multiple fits that were performed with different initial values of Kb, n and H. 

Standard equations of thermodynamics were used to calculate S and G.  



  

66 

 

 

Figure 2.5. Isothermal titration calorimetry data for the titration GOx(n) into α-ZrP, in 20 mM 

NaPIPES buffer at pH 7.0. (A) The thermogram obtained by the addition of 61 μM GOx(-20) 

solution to 6 mM α-ZrP  (blue curve), and the dilution data (red curve) which is off set from 

the titration for clarity.  (B) Integrated heat as a function of the molar ratio of GOx(-20), 

GOx(+25), or GOx(+30) to α-ZrP. The red, black, or blue line is the best fit to the data 

according to the single, identical, non-interacting binding site model. Data are an average of 

three measurements and the GOx(-20) and G0x(+30) curves have been offset for clarity.  

  

• [GOx(-20)]/[ZrP]	
• [GOx(+25)]/[ZrP]	
• [GOx(+30)]/[ZrP]	
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Interaction of GOx(+25) (Figure 5B , black curve) or GOx(+30) (red curve) with -ZrP showed 

binding similar to that of GOx(-20)/-ZrP (red curve). The best fit to the data (Figure 5B, Table 

1) indicated a ΔH of (-371.3 ± 52.8) kcal/mol, a ΔS of (-1.2 ± 0.2) kcal/mol, a binding constant 

(Kb) of ((2.1 ± 0.6) x 10
6
) M

-1
, and ΔG of (-8.6 ± 1.8) kcal/mol for GOx(-20) and similar values 

were obtained for GOx(+25) and GOx(+30) (Figure 5B , GOx(-20) and GOx(+30) curves have 

been offset for clarity). The integrated enthalpy change due to each addition of GOx(n) solution 

to -ZrP was plotted as a function of the ratio of concentrations of GOx(n) to -ZrP (Figure 3B , 

dotted curves). Furthermore, The ICPB model suggests that binding of cationic GOx(+25) and 

GOx(+30) to α-ZrP nanosheets is entropy driven due to cation release (Scheme 2A). However, 

enthalpic binding was observed here suggesting that factors other than charge neutralization and 

electrostatics are involved. For example, the type of solvent ions and buffering effects add 

complexity to the enthalpy change associated with protein/ZrP interactions.
36 

Titration of -ZrP with a solution of pristine GOx, under the same conditions as above 

(Figure 6E) revealed that there was no detectable binding, supporting the hypothesis that GOx 

conjugation to TETA facilitated enzyme interaction with the nanosheets. A minimum number of 

TETAs may be required to tether the protein to the negatively charged phosphates on the surface 

of the -ZrP nanosheets. This hypothesis is supported by the large increase in the binding 

constant from 0 M
-1

 (pristine GOx, Table 1) to (2.1 x 10
6
) M

-1
 for GOx(-20)/-ZrP.  
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Figure 2.6. Isothermal titration calorimetry data at 25˚C for the addition of 61 μM GOx(25) or 

GOx(+30) (A, B) to 6 mM α-ZrP in 20 mM NaPIPES buffer at pH 7.0. The dilution thermogram 

obtained by the addition of protein to buffer solution (red curves) was subtracted from the total 

thermogram of the addition of protein to α-ZrP in buffer to yield the net GOx(n)/α-ZrP 

thermograms (blue curves), and the dilution data is off set from the titration thermogram. (C) 

Dilution thermogram (red curve) and titration thermogram (blue curve) of TETA addition to α-

ZrP. (D) Integrated heat as a function of the molar ratio of TETA to α-ZrP. The blue line is the 

best fit to the data according to the single, identical, non-interacting binding site model. (E) ITC 

analysis revealed that there was no interaction between pristine GOx and α-ZrP. 
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Table 2.1.  Thermodynamic parameters determined for the binding of GOx(n) to -ZrP at 25 ˚C 

in 20 mM NaPIPES buffer at pH 7.0 (first four rows) and for TETA to calf thymus DNA (last 

row) 

GOx(n) charge (± 5) Kb x 10
6
 (M

-1
) TΔS 

(kcal/mol) 

ΔH (kcal/mol) ΔG (kcal/mol) 

GOx (pristine) 0 0 0 0 

-20 2.1 ± 0.6 -357.6 ± 

59.6 

-371.3 ± 52.8 -8.6 ± 1.8 

+25 3.8 ± 2.8 -417.2 ± 

29.8 

-427.2 ± 39.0 -9.0 ± 2.8 

+30 3.4 ± 1.1 -268.2 ± 

59.6 

-277 ± 57.4 -8.9 ± 2.5 

TETA 246 ± 60 -6013.6 -6027 ± 98.6 -11.4 
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Each of the data sets (Table 1) represents an average of three separate titrations, thus the error 

for each parameter is an average of three measurements.  

The large favorable enthalpic changes observed in this study were nearly equal and opposite in 

magnitude to the large unfavorable entropic decreases (Table 1). Changes in ∆G due to GOx(n) 

binding -ZrP were insignificant because the ∆S and ∆H terms, as a function of charge, nearly 

cancelled out each other. This kind of balancing has been characterized as enthalpy-entropy 

compensation and has been widely discussed in enzyme binding to solid surfaces or protein 

binding to DNA.
54,

 
55, 56

 The robust thermodynamic effect as a result of GOx modification 

suggests that amines contribute significantly to enthalpy-entropy compensation. In fact, when 

water molecules bound to aquacobalamin were replaced by amines, enthalpy-entropy 

compensation was observed.
57

  Furthermore, the large magnitude of enthalpic changes observed 

in this study (ΔH and ΔS in the range of 100s kcal/mol) is probably due to the high affinity of 

TETA for the -ZrP nanosheets as observed from the binding data of TETA/-ZrP (Table 1, last 

row) where a binding constant in the range of 10
8
 M

-1
 is reported. 

2.4.5. Surface Plasmon Resonance: In a typical SPR experiment, a gold chip mounted on a 

prism (Scheme 4) generates oscillations of electron density when incident light from the prism is 

reflected. The resulting plasmons are quasiparticles that create waves above the gold surface 

such that alteration of the surface refractive index due to association and dissociation of GOx(n) 

on the -ZrP coated gold surface can be monitored. A detector develops a SPR response vs time 

signal based on the angle of light reflected from the prism. A thin film of -ZrP was spin coated 

onto the surface of the SPR gold chip before mounting in the flow channel where the enzyme 

(GOx(n)) sample is introduced via an inlet and excess sample exits via an outlet. A flow rate of 

25µL/min was used to flow through appropriate concentrations of GOx(n) in 20 mM PIPES 
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buffer, pH 7 that interacted with -ZrP on the surface of the gold chip and created SPR signals. 

As an example, the increase in signal corresponding to association of increasing concentrations 

of GOx(+20) (31.25 nM , 62.5 nM, 125 nM, 250 nM, and 500 nM) with the negatively charged 

-ZrP solid surface and equilibrium was observed at about 4 to 6 minutes (Figure 7A). At this 

point, the system was switched to buffer (without protein) to trace the dissociation kinetics (data 

not shown) and a flat line in the reference channel was observed, which confirms that a flow 

through of PIPES buffer alone did not interact with -ZrP. The variation of GOx(n) 

concentration was facilitated by the regeneration of the -ZrP coated surface with 0.05% sodium 

hydroxide (NaOH) for 30 s. A similar SPR response to variation of GOx(n) concentration on the 

-ZrP coated sensor was observed for values of n = +20 (Figure 8A), +45 (Figure 8B), +60 

(Figure 8C), and +65 (Figure 8D). 
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Scheme 2.4. Surface plasmon resonance (SPR) experimental setup showing cationic protein 

(GOx(n)) binding to exfoliated α-ZrP sensor chip. The GOx(n) solution is flowed over the 

exfoliated α-ZrP sensor chip using a syringe pump that introduces sample via the inlet. The 

entire sensor assembly including flow cell and excess sample outlet is mounted on a prism that 

receives incident light (lamp). Development of The SPR signal (SPR response vs time) by the 

detector is based on the angle of reflected light. 
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The real time SPR experimental data of GOx(n)/-ZrP on rates (kon) and off rates (koff) 

kinetic traces were deconvoluted with a 1:1 equilibrium binding model to yield the affinity 

constants, on rates, and off rates. The individual rate constants for association (kon), dissociation 

rate constant (koff), equilibrium dissociation (KD), and binding constants (Kb) were tabulated in 

Table 2. The degree of affinity (binding constants, (Kb)) was calculated as a ratio of on to off rate 

constants.  

A plot of equilibrium binding constant (Kb) against various GOx(n) charges (Figure 7B) 

resulted in a significantly linear relationship where n = +20, +30, +45, +60, and +65. ITC 

determined binding constants for values of n = -62 and n = -20 did not fit the SPR linear 

correlation plot suggesting a charge threshold at n = +20 where binding increases linearly with 

increasing values of n. Unmodified GOx did not show any binding with -ZrP solid surface 

suggesting that amines facilitate binding of GOx. Furthermore, the SPR binding constants 

observed here (Table 2) are an order of magnitude higher than those reported for ITC 

measurements (Table 1). This suggests a correlative relationship between the value of n (GOx(n) 

net charge) and binding constant since ITC measurements were in the range of n = -20 to n = +30 

and SPR measurements were in the range of  n = +20 to n = +65. Together, these data suggests a 

minimum number of amines required for GOx(n)/-ZrP association and that at a GOx(n) 

minimum charge of +20 and beyond a significantly linear relationship is observed between the 

value of n and GOx(n)/-ZrP binding constant. Therefore, the role of electrostatics becomes 

increasingly dominant as the protein charge increases. Scanning electron micrographs (SEM) 

(scale bar 30 μm) of the -ZrP sensor chip with one half uncoated (Figure 7C) indicated -ZrP 

on gold (left) when compared to the bare gold surface (right). The weight percents of Zr, P, and 
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N were determined to be 15.57, 9.69, and 2.10 wt% respectively, indicating the immobilization 

of modified GOx on the -ZrP surface. These measurements were determined from Energy- 
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Figure 2.7. (A) Association (0−240 s) data for GOx(+20) on -ZrP sensor chip at 25 μL min
−1

 

(dotted line, experimental data; solid line, simulated fit) showing SPR response to increasing 

GOx(+20 concentrations of 31.25 nM, 62.5 nM, 125 nM, 250 nM, and 500 nM) (B) Correlation 

plot of GOx(n) charge and binding constant (Kb)  was determined by ITC (red dots) and SPR 

experimental data fitting (blue dots). (C) Scanning electron micrographs (scale bar 30 μm) of -

ZrP sensor chip with one half uncoated. (D) AFM topography of -ZrP sensor both in 2D and 

• 500	nM	
• 250	nM	

• 125	nM	
• 62.5	nM	

• 31.25	nM	
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3D view and the calculated film roughness was 191.22nm (± 47.36). 
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dispersive X-ray spectroscopy (EDX) analysis (Figure 8E) after flowing GOx(+60) on the -

ZrP sensor chip. An Atomic-force microscopy (AFM) image of the -ZrP coated gold sensor in 

3D views (Figure 7D) shows the topography that indicates -ZrP nanoplates bound to the 

surface of the gold chip and the calculated roughness was estimated to be 191.22 nm (± 47.36).  
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Figure 2.8. GOx(n) SPR binding kinetic data fitting for (A) n = +20, (B) n = +45, (C) n = 

+60, and (D) n = +65. The vertical dashed line shows the time point where buffer was 
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switched on. The SPR experimental data (black line), and the simulated fit (red line) for 

GOx(n) concentrations of a, 31.25 nM; b, 62.5 nM; c, 125 nM; d, 250 nM; and e, 500 nM 

indicates the increase in SPR response with increasing concentration. (E) EDX analysis 

after flowing GOx(+60) on the -ZrP sensor chip measured Zr, P and N content of 15.57, 

9.69, and 2.10 wt% respectively, indicating the immobilization of modified GOx on the 

-ZrP surface. 
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Table 2.2. 

SPR determined variation of kinetic parameters with GOx charge (n). 

 

GOx charge (n) kon x 10
3
 (M

-1
s

-1
) koff  x 10

-4
 (s

-1
) KD x 10

-8
 (M) Kb x 10

7
 (M

-1
) 

+20 2.1 27.5 133 0.08 

+30 5.1 5.7 11.3 0.88 

+45 8.8 2.7 3.0 3.3 

+60 11.9 2.5 2.1 4.8 

+65 9.0 1.6 1.8 5.6 

GOx 0 0 0 0 
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2.4.6. Zeta Potential titrations: Zeta potential was used to monitor change in surface potentials 

as enzyme binding progressed. Zeta potential quantifies the difference in potential between a 

particle surface and the solvent.  According to the proposed ICPB enzyme-binding model 

(Scheme 2), the surface potential of the nanosheets after binding of the enzyme is expected to 

include the charge contributions due to the uptake or release of counter ions to/from the enzyme-

solid interface. Our hypothesis is that when GOx(n) derivatives bind to -ZrP, the overall 

surface potential will be affected by four factors: the extent of enzyme binding, enzyme charge, 

charge on the nanosheets, and the involvement of ions in the binding mechanism to maintain 

charge-neutrality of the enzyme-ZrP interface. For example, in the case of GOx(-40) binding to 

-ZrP, sequestration of cations at the binding  
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Figure 2.9. Zeta potential titration of α-ZrP (3 mM) with GOx(n) at 25 °C in 20 mM PIPES 

buffer, pH 7.0. GOx charge (n) was varied from -40 to +60 as marked.  In each case, the charge 

gradually increased from -40 and reached a plateau. 
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interface (Scheme 2B) is expected in order to neutralize the charge buildup and facilitate GOx(-

40)/-ZrP interaction.  

Binding of anionic GOx(n) (n < 0) to anionic nanosheets of exfoliated -ZrP is normally 

expected to be unfavorable, and carry a net negative charge, but the involvement of cations in the 

neutralization of the interface between the anionic enzyme and the anionic nanosheet is expected 

to change the charge balance.  Thus, net surface potential observed would be different from the 

sum of surface potentials of the enzyme and the nanosheets. We expected an increase in charge 

due to the binding of anionic protein to the anionic nanosheets and this has been the case (Figure 

9) for n values of -40 (gray curve) and -2 (green curve). When 3 mM -ZrP was titrated with 

increasing concentrations of GOx(n), there was an increase in net charge. The net charge 

increased from -40 to -10 when GOx(-40) was titrated with -ZrP which clearly demonstrated 

the sequestration of cations as the enzyme binding progressed, in support of the ICPB 

mechanism.  

Binding of cationic protein to the anionic solid increased the net charge because of charge 

neutralization of the oppositely charged entities. 
 
Plateau was reached after the addition of  > 100 

μM GOx(n) (Figure 9) for n values of -40, 0, +50, and +60 (gray, green, orange, and blue curves 

respectively). The plateau position increased with increasing enzyme charge, which provided 

direct evidence for enzyme binding to the nanosheets. Another interesting observation was that 

the plateaus occurred either below or above neutral charge (0), which suggests that sequestration 

or release of ions during binding is not complete, and there always is some residual charge.  This 

is entirely consistent with the polyelectrolyte theory where the condensation of counter ions at a 

charged surface is never complete.
58
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2.4.7. Circular Dichroism Studies of GOx(n)/α-ZrP: The secondary structure of GOx(n)/-ZrP 

biocatalysts were assessed by CD spectroscopy and compared to the CD spectra of pristine GOx 

using 1 – 3 μM protein analyzed in 20 mM PIPES at pH 7. The spectral shape of the GOx(+45) 

bound to -ZrP (GOx(+45)/-ZrP Figure 10A, red curve) was comparable to that of unmodified 

GOx (Figure 10A, blue curve), indicating structure retention of GOx(+45) after its complex 

formation with -ZrP. The same trend was observed for all modified enzymes bound to α-ZrP 

for values of n between +20 and +65 (GOx(n)/-ZrP Figure 11A)  However, there was some 

variability in signal intensity at the 220 nm minimum (Figure 11B). While GOx/α-ZrP (brown 

bar) and GOx(+65)/α-ZrP (green bar) showed  
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Figure 2.10. Circular dichroism spectra of GOx(n)/α-ZrP when compared to GOx (A) Circular 

Dichroism spectra of GOx (blue) and GOx(+45)/ZrP (black). GOx α-helical structure is retained 

after GOx conjugation to TETA and complex formation with α-ZrP to yield GOx(+45)/α-ZrP. 

(B) Randomness in peak intensity was observed at the 220 nm minimum when compared to GOx 

(blue bar). GOx/α-ZrP (brown bar) and GOx(+65)/α-ZrP (green bar) showed comparable 

intensities, but GOx(+20)/α-ZrP (black bar), GOx(+45)/α-ZrP (red bar), and GOx(+60)/α-ZrP 

(orange bar) showed variably reduced intensities at the 220 minimum when compared to pristine 

GOx.   
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comparable intensities to unmodified GOx (blue bar), GOx(+20)/α-ZrP (black bar), GOx(+45)/α-

ZrP (red bar), and GOx(+60)/α-ZrP (orange bar) showed reductions at the 220 nm peak 

minimum by 35%, 20%, and 27% respectively. These reductions were observed to the same 

degree when compared to either the CD spectra of unmodified GOx or the unbound modified 

GOx analogs (GOx(n)) suggesting that signal intensity may have vary due to the randomness 

of amine attachment to the enzyme surface. The electrostatic landscape of a given GOx(n) 

conjugate may be one of variable charge patches instead of a uniform distribution of charge 

and this may have variable effects on CD signal intensity.   
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Figure 2.11. Circular dichroism and activity of GOx(n)/α-ZrP. (A) The effect on structure 

retention due to GOx(n) complex formation with α-ZrP (GOx(n)/α-ZrP) was assessed over 

a range of GOx(n) charges from +20 to +65. There was no significnant loss in protein 

structure when compared to pristine GOx (blue curve). However, randomness in peak 

intensity was observed at the 220 nm minimum when compared to GOx (blue bar). 

GOx/α-ZrP (brown curve) and GOx(+65)/α-ZrP (green curve) showed comparable 

intensities, but GOx(+20)/α-ZrP (black curve), GOx(+45)/α-ZrP (red curve), and 

GOx(+60)/α-ZrP (orange curve) showed variably reduced intensities at the 220 minimum 

when compared to pristine GOx. (B) Plot of absorbance values showing activity of 

GOx(n) bound to α-ZrP. Unmodified GOx bound to α-ZrP (blue-gray line)  showed  initial 

activity comparable to unbound GOx and the initial activities of bound GOx(n) were 

comparable to the corresponding unbound GOx(n) although there was variable loss in 

activity when compared to unmodified GOx. Samples were analyzed in NaPIPES buffer at 

pH 7.0. A solution of D-glucose (4 μM) was added to a mixture of GOx (1 μM), 

horseradish peroxidase (HRP, 0.4 μM) in 10 mM NaPIPES buffer pH 7.2 and guaiacol (o-

methoxyphenol) (800 μM) dissolved in DI water. Oxidation of the substrate, guaiacol to a 

dimeric product that has an absorption maximum at 470 nm was monitored as a function 

of time at room temperature (25 ˚C). 
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2.4.8. Activities of GOx(n)/ -ZrP biocatalysts: We tested the effect of binding to α-ZrP on the 

activities of the GOx(n) analogs and found that   activities of the bound enzymes (GOx(n)/α-ZrP, 

Figure 12A even numbered bars) were comparable to activities of the unbound analogs (GOx(n), 

Figure 12A odd numbered bars) under the same conditions of pH, ionic strength, buffer and 

temperature. This suggests that enzyme/ZrP interaction has no effect on enzyme activity, a 

promising result for biocatalysis applications.  

  



  

91 

 

  

Figure 2.12. Activities of GOx(n) after complex formation with α-ZrP (GOx(n)/α-ZrP). (A) 

Relative percent specific activities of GOx(+20)/α-ZrP (black bar #4), GOx(+45)/α-ZrP (red bar 

#6), GOx(+60)/α-ZrP (orange bar #8), and GOx(+65)/α-ZrP (green bar #10) were comparable 

to those of the corresponding GOx(n) samples (odd numbered bars), under the same conditions 

of buffer, pH and temperature. However, with respect to unmodified GOx (blue bar #1), there 

was loss in activity due to chemical modification (odd numbered bars) that resulted in 

substantial reductions in the case of GOx(+60) and GOx(+65). 
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However, as discussed earlier, there was some loss in activity: 34% for GOx(+20) (black bar #3) 

and 23% for GOx(+45) (red bar #5), due to chemical modification. Furthermore, increased amine 

conjugation to GOx resulted in more than 50% loss in enzyme activity for GOx(+60) (orange bar 

#7) and GOx(+65) (green bar #9) suggesting that although amine modification is required to 

facilitate GOx interaction with α-ZrP, the total number of conjugated amines should be 

minimized to optimize retention of enzyme activity. Furthermore, as a function of net charge (n),  

the  bound enzyme (Figure 12B  red curve) showed decrease in activity when compared to the 

unbound enzyme (blue curve). Activity decreased from 91% in the case of the unmodifed 

enzyme/solid mixture (GOx/α-ZrP) to 77% for GOx(+20) and GOx(+45) bound to α-ZrP 

(GOx(+20)/α-ZrP and GOx(+45)/α-ZrP). A decrease in activity to less than 50% was observed 

for n ≥ +60 suggesting a net protein charge treshold at which enzyme activity can be sustained 

while increasing amine conjugation. Initial rates and relative percent specific activity were 

determined from analysis of the linear portion (first 20 s) of kinetic traces of GOx(n)/α-ZrP 

(Figure11B). 

2.5. Discussion 

Pristine GOx does not bind to exfoliated -ZrP plates but TETA conjugated to GOx facilitated 

the binding interaction due to at least two factors: 1. Enhanced favorable charge on the enzyme 

and 2. Direct interaction of the positively charged TETA side chains with the anionic phosphate 

lattice. Pristine GOx is negatively charged such that there is enough charge-charge repulsion at 

the interface with -ZrP to inhibit any detectable interaction. However, introduction of a 

minimum number of positively charged amine side chains neutralizes enough negative charge on 

the GOx surface to drive the binding interaction. Specifically, given that two of the four TETA 

nitrogens are at optimal pKa for protonation at pH 7 and one of the four is neutralized upon 
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conjugation, it is expected that a total number of 14 TETA molecules will be attached to GOx to 

yield the GOx(-20) derivative. Therefore, a minimum of 14 TETA molecules is required to drive 

GOx(n)/-ZrP interaction, suggesting that a minimum number of favorable interfacial coulombic 

contacts are required to overcome unfavorable interfacial charge-charge repulsion. Using similar 

calculations, a total number of 29 TETA molecules and about 31 TETA molecules will be 

attached to GOx to yield GOx(+25) and GOx(+30) respectively. However, increasing the 

number of interfacial coulombic contacts does not result in tighter binding (Table 1) suggesting 

that the increased number of TETA molecules beyond 14 molecules may attach external to the 

interface, away from the -ZrP surface. The chemical modification of GOx-TETA derivatives 

reported here and other protein-TETA derivatives presented before
59,60,61,62,63,64

 clearly indicate 

the potential for the control of enzyme intrinsic properties. Chemical modification of the protein 

or it’s binding to α-ZrP did not affect secondary structure and GOx(n) activity was retained 

within the range of 66% to 77% when compared to unmodified GOx. However, when excessive 

modification was carried out, substantial loss in enzyme activity was observed although 

GOx(n)/α-ZrP complex formation did not affect activity for any value of n. The loss of more 

than half the activity due to modification in the case of GOx(+60) and GOx(+65) may be due to 

blockage or modification of the active site. 

Binding of the GOx(n) derivatives to anionic α-ZrP has been enthalpy driven with an 

entropic penalty. Enthalpy driven binding has been observed when negatively charged proteins 

like hemoglobin or myoglobin interact with the negatively charged α-ZrP surface,
65

 and entropy 

driven binding has been observed when positively charged proteins like lysozyme and 

cytochrome c bind α-ZrP.
66,67

 In fact, these studies suggest a linear relationship between the net 

protein charge and the change in enthalpy (ΔH), with an increased ΔH that is correlative with 
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increasing protein charge. However, when hemoglobin was conjugated to increasing numbers of 

TETA side chains, to yield positively charged Hb-TETA derivatives, binding to negatively 

charged poly(acrylic acid) (PAA) was enthalpy driven, and there was a correlative increase in 

ΔH with increasing Hb-TETA charge.
68

 This suggests a meaningful role for TETA at the binding 

interface, wherein the introduction of amine side chains is associated with enthalpy driven 

binding as observed in the studies reported here. This is supported by the decrease in enthalpy 

driven binding observed when ammonium chloride was conjugated to Hb instead of TETA,
68 

and 

the highly enthalpic binding observed when unconjugated TETA binds α-ZrP nanosheets 

(Figure 6 C, D). Future studies that directly address the role of amines at the protein-solid 

interface, and the contribution of amines to the ICPB model will add clarity to the understanding 

of protein-solid binding thermodynamics studied here. 

Interestingly, binding based on ITC studies is optimal when GOx charge is approximately 

+25 and the Gibbs free energy of binding between GOx and -ZrP increased from 0 kcal/mol in 

the case of unmodified GOx to (-8.6 ± 1.8) kcal/mol when GOx was modified with TETA 

(GOx(-20), Table 1). When n = -20, binding was enthalpy driven with an entropic penalty and 

this is in agreement with the proposed ICPB mechanism regarding the binding of unmodified 

proteins to α-ZrP.
29,30

 Binding of anionic enzyme to the anionic surface recruits cations to the 

interface to neutralize the excess negative charge that would accumulate otherwise. Thus binding 

is enthalpy driven at an entropic penalty when the cations are sequestered from the solvent.  

However, this could be a simplistic picture when the enzyme is functionalized with TETA side 

chains that show high affinities for binding to the anionic -ZrP nanosheets. In fact, the 

increased number of TETA side chains adds complexity to the analysis of the binding data for n 

= +25 and +30 GOx(n) derivatives, discussed below. 
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The ICPB mechanism predicts that binding of oppositely charged partners releases 

counterions from both binding surfaces, since each surface functions as a counterion for the other 

surface. Binding, under these circumstances, would be under entropy control at an enthalpy 

penalty of removing counter ions from these charged surfaces. Clearly, this is not the case here 

with n = +25 and +30 and an additional factor dominates the binding thermodynamics. In 

addition to the factors predicted by the ICPB mechanism, the direct interaction of the TETA side 

chains with the phosphate lattice influences the binding thermodynamics. The nonlinear 

relationship between protein surface charge and binding data (Figure 7B) further supports this 

view point and suggests a complex set of additional factors in controlling the interfacial 

dynamics, but charge dominates, among these interactions. The Gibbs free energy of binding 

does not vary significantly in this set. Additionally, SPR analysis indicates a linear relationship 

between protein surface charge and the GOx(n)/α-ZrP binding constant for values of n between 

+20 and +65 suggesting that electrostatics related to increased number of TETA  molecules may 

play an increasingly dominant role as the value on n increases. 

Previously,
59

 we reported a binding constant in the order of 10
7
 M

-1 
for 

tetraethylenepentamine (TEPA) modified GOx binding to α-ZrP. This is an order of magnitude 

higher than the GOx(n)/α-ZrP binding constant observed here from ITC analysis, and the 

difference is probably due to the increased number of positive charge units per molecule of 

TEPA when compared to TETA. Furthermore, in this study we report a zero binding constant for 

GOx/α-ZrP compared to a binding constant in the order of 10
4
 in our previous report.

59
 This 

could be because ITC or SPR is not sensitive enough to fit low range binding data. We therefore 

assumed a binding constant of zero for GOx/α-ZrP, and the increased number of contacts 
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between GOx and -ZrP, afforded by chemical modification were enough to drive favorable 

GOx(n)/-ZrP interaction. 

SPR determined binding constants (Kb) of GOx(n) interaction with -ZrP are 

approximately an order of magnitude greater than ITC determined binding constants suggesting 

that GOx(n)/-ZrP binding affinity is reduced in solution when compared to GOx(n) 

immobilized on the solid -ZrP surface. This suggests that SPR provides a more sensitive 

platform for the quantitation of protein/-ZrP binding affinity while ITC provides a 

comprehensive quantitation of thermodynamic parameters. Therefore, taken together, SPR and 

ITC studies broaden the range of thermodynamic and kinetic understanding of the GOx(n)/-ZrP 

interaction. These comprehensive studies are necessary if the GOx(n)/-ZrP platform has future 

applications in drug delivery and release. Additionally, highly sensitive SPR measurements 

facilitated analysis of low concentration and low volumes of GOx(n). The binding 

thermodynamics and kinetics reported here suggest the requirement of amine contacts to 

facilitate GOx(n)/-ZrP interaction and SPR data indicates a linear relationship between GOx(n) 

charge and binding affinity for values of n ranging from + 20 to +65 with no association 

observed between unmodified GOx and -ZrP (Figure 5B). ITC determined GOx(n)/-ZrP 

binding constants for n values of -62 (unmodified GOx) and -20 did fit the linear SPR correlation 

plot. Therefore, taken together, binding constant analysis suggests a GOx(n)/-ZrP binding 

threshold of n = +20, at which point the binding constant increases linearly with n. We recently 

reported a similar step binding function for the interaction of GOx(n) with DNA,
53

 where a 

threshold GOx(n) charge of +30 was required to switch on binding. The difference in this study 

is that non-linear interaction occurs prior to the step threshold and this could be due to the 

difference between the rigidity and optimal charge density of the solid -ZrP surface as opposed 
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to the flexible comparatively low charge density DNA backbone that may require a larger 

number of coulombic interfacial contacts for bending and/or wrapping around the protein.     

Zirconium or zirconium phosphate based SPR studies have been reported. For example, 

zirconium phosphonate has been attached to the gold chip for immobilization of lipid bilayers for 

the biomimetic study of cell membranes,
69

 and ZrP coated gold surfaces were used for laccase 

sensing.
70

 Furthermore, phosphate adsorption unto gold has been characterized recently.
71

 Taken 

together, these studies support the idea that ZrP on gold can be used as a SPR platform for 

enzyme sensing and this technique has been utilized in this study.  

 Zeta potential studies (Figure 5) revealed that at a GOx(n) charge of +50, the net charge 

of the GOx(+50)/α-ZrP complex is nearly 0 and implies that the enzyme/solid complex has equal 

numbers of oppositely charged ions, and this is not in contradiction with ICPB mechanism.  The 

charge density due to phosphates per unit area of α-ZrP is known to be 1 charge/25 Å
2,2

 

GOx(+50) binding α-ZrP should therefore result in charge neutrality. Using a sphere to model 

the glucose oxidase, we estimated that the sphere’s cross-section is a reasonable maximum area 

of contact with a α-ZrP plate. We then calculated this circular area using glucose oxidase 

monomeric diameter of 55 Å
4
 to be 2375 Å

2
. Using this area, a net charge of +95 is required on 

glucose oxidase to match the aforementioned α-ZrP charge density. Therefore, the net charge of 

zero that is observed when GOx(+50) binds α-ZrP occurs due to sequestration of approximately 

+50 unit charge cations to the binding interface. This is in good agreement with the enthalpy 

driven binding observed here as a result of sequestration.  

 Circular dichroism findings reported here (Figures 3, 4) indicate structure retention of 

GOx after chemical modification and binding of the modified GOx(n) derivatives to α-ZrP. 

However, while the CD intensity of the GOx(+65)/α-ZrP complex was comparable to the 
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intensity of unmodified GOx, there was a reduction in intensities at the 220 nm minimum over 

the range of 20% - 35%. This could be due to the randomness in the location of the protein 

carboxyls that are modified. The protein/ZrP binding interface facilitated by amines that are 

evenly distributed throughout the protein surface may not affect CD signal intensity when 

compared to the binding interface facilitated by amines that are attached in charge patches on the 

surface. Regardless of the variability in intensity, the overall spectral shape of GOx after 

modification and interaction with -ZrP was retained comparable to unmodified GOx, 

suggesting that protein modification and binding to the -ZrP nanosheets did not affect protein 

structure. 

GOx activity was not affected by interaction of modified enzyme (GOx(n)) with the -ZrP 

nanosheets indicating that GOx can be immobilized on ZrP nanosheets for biocatalysis and 

biomedical device applications while preserving its activity. Novel platforms for the 

immobilization of GOx are currently being explored.
72

 In this study, we have modified GOx to 

facilitate its binding to -ZrP and we have quantified the thermodynamics of binding while 

GOxactivity was unaffected.  These data will contribute to the understanding of the underlying 

mechanisms implicated in GOx immobilization.   

2.6. Conclusion 

Binding of GOx(n) to -ZrP is an enthalpy driven process in the range of -277 kcal/mol to -427 

kcal/mol with an entropic penalty in the range of -0.9 kcal/mol K to -1.4 kcal/molK. However, 

binding shows no significant change in Gibbs free energy (-9 kcal/mol) and that is most likely 

due to the enthalpy-entropy compensation phenomenon. The ΔH values observed here are an 

order of magnitude higher than those reported for Hb-TETA binding to poly(acrylic acid).
68

 This 

is probably due to the increased amount of surface carboxyls available for conjugation to TETA 
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in the case of GOx when compared to the Hb surface. The increased dispersion of amines over 

the GOx surface may account for the decrease in counterion sequestration (overall increase in 

ΔH from n = -20 to n = +30) as amidation increases. In contrast, conjugated amines may be more 

concentrated in patches on the Hb surface, leaving large areas exposed to increasingly sequester 

counterions as amidation increases. SPR studies reveal a linear relationship between net GOx(n) 

charge and the GOx(n)/-ZrP binding constant for values of n between +20 and +65 indicating a 

+20 charge threshold at which electrostatics dominate the binding interface. Thus, the continuous 

increase in binding energy was not noted in the entire range and the charge hypothesis is 

incorrect. Initial rates of the enzyme and its structure was not affected by complex formation 

with -ZrP indicating that the GOx(n)/-ZrP system has potential applications in biosensing, 

biocatalysis, and biomedical devices. 
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Chapter 3: Biodegradable Light Harvesting Antennas for Solar Cell Applications  

 

3.1. Abstract 

 

 

 

 

Artificial  antenna  complexes  built  via  self-assembly  are  reported  here,  which  indicated  excellent 

energy  transfer  efficiency,  macroscopic  organization,  unprecedented  high  thermal  stability  and 

ease  of  formation.  Our  system  consists  of  four  fluorescent  donor-acceptor  dyes,  double-helical 

DNA  and  cationized  bovine  serum  albumin,  all  self-assembled  on  cover  glass  slips  to  form 

functional  materials.   These  captured  radiation  in  the  range of 330-590 nm, and excitation of any 

of  the  donor  dyes  resulted  in  efficient  emission  from  the  terminal  acceptor.  Excitation  spectra 

provided  unequivocal  proof  of  energy  transfer  via  jumper  dyes,  and  transfer  was  interrupted 

when  one  of  the  jumper  dyes  is  omitted,  another  direct evidence for cascade energy transfer. In 

the  case of  five  dye  systems,  the  radiation  range  was  extended  (330-620  nm).  The  entire 

assembly  indicated  unusually  high  thermal  stability  and  continued  to  function  efficiently  even 

after  exposure  to  80  ˚C  for  >169  days,  an  important  consideration  for  field  applications. 

Furthermore, the BSA/DNA matrix was substituted by sucrose or glucose systems, both of which 

demonstrated  light  harvesting.  However,  phosphoric  acid  swollen  cellulose  (PASC)  or 

carboxymethylcellulose  (CMC)  did  not  harvest  light  when  used  as  matrices.  These  unusually 

stable,  high  efficiency,  multi-chromophoric,  artificial  antennas  are  the  first  of  their  kind  to

demonstrate  self-assembled  4-dye  energy  cascade,  converting  blue  photons  to  red  photons. 

 3.2. Introduction

1 2
Solar  energy  is  being  touted  as  a  long  term,  sustainable,  green  energy  source. , 

Natural

photosynthetic  systems  use  a  set  of  pigments  which  are  non-covalently  bound  to  well-organized,
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self-assembled protein complexes and harvest light over a broad wavelength window.
3
 Building 

efficient artificial analogues of such systems continues to be a fundamental challenge, 

particularly when examined through the lens of solar cell applications.
4
 For example, the 

majority are solution-based systems requiring complex synthesis and extensive purification. 

Additionally, efficiency of energy transfer is often low. Finally, their stability over extended 

periods of time and their functionality in solid state has not been demonstrated which are 

probably just as important for practical solar applications. Most solar cells have poor efficiency 

in the UV region and these high-energy photons are also responsible for the eventual degradation 

of its components, ultimately leading to the failure of the cell. Conversion of these UV photons 

to the corresponding longer wavelength photons, or downshifting, is one strategy that is expected 

to improve overall cell performance and longevity. Therefore, a light-harvesting device that 

converts UV or blue photons to red photons and operates in the solid phase will be attractive.
5
 

Another important consideration is the environmental burden of the current solar cell 

components, and there is great need to reduce this burden for large-scale production of solar 

energy worldwide. 

 Inspired by nature, we designed artificial antenna complexes consisting of multiple 

donor-acceptor fluorescent dyes that self-assemble while using readily bio-degradable 

components (Scheme 1). Our hypothesis is that individually-wrapped, densely packed donor-

acceptor dyes could favor efficient Förster resonance energy transfer (FRET) but such dense 

packing must also avoid direct dye-dye contacts to suppress energy-wasting bimolecular 

quenching processes.
6
 These opposing requirements can be met by embedding the dyes in the 

protein-DNA matrix. Additionally, to demonstrate the versatility of this approach, we tested 
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other biological matrices as a comparison to protein-DNA and these showed comparable light 

harvesting.  

Another important consideration is finding alternatives to covalent chemistry that is often 

used for the construction of the antenna complexes. While there are many elegant examples of 

covalent coupling of dyes to form antenna complexes,
7
 such approaches can be challenging and 

very expensive.  Therefore, we sought out a self-assembly approach which is rugged and simple, 

but effective in achieving dense packing of multiple chromophores.  To the best of our 

knowledge, efficient and highly stable energy cascade antenna films that are self-assembled from 

biological components have not been reported to date. Our design is rational, modular, robust, 

and functional in the solid state, while its synthesis can be readily scaled-up using abundant, 

renewable, non-toxic, environmentally benign, and inexpensive components. 

The chemical novelty of the current system is that highly organized protein-DNA matrix 

provides discrete, single-occupancy binding sites for jumper dyes such that the dyes are packed 

densely to promote FRET while inhibiting the excimer/exciplex formation (Scheme 1). This 

strategy is in contrast to dyes packed in polymer films, covalently attached to DNA strands, or 

embedded in other media where the dye-dye interactions can quench excitation propagation and 

compete with energy transfer.
8
 This is important because the antennas that are obtained via 

covalently conjugation methods might not function well in the solid phase due to inappropriate 

positioning of the donor acceptor dyes in the solid matrix where energy wasting 

excimer/exciplex formation can occur upon film formation. Dense population of the binding sites 

in the current system also assures that there would be one or more acceptors for a given donor  
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Scheme 3.1. Artificial antenna complexes constructed from donors, acceptors, cationized BSA 

(cBSA), and DNA. 
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within the Förster volume for efficient FRET while avoiding undesirable energy wasting 

processes. 

3.3. Materials and Methods 

 
Bovine serum albumin (BSA) was purchased from Equitech-Bio, Inc (Texas) and salmon sperm 

DNA sodium salt was purchased from Amresco (Ohio). Hoechst 33258 (H) and Fluorescein (F) 

were purchased from Sigma (Milwaukee, Wisconsin). Coumarin 540A (C) was purchased from 

Exciton Chemical Co. Inc., (Ohio) and Rhodamine B (R) was purchased from Eastman Kodak 

Company (Rochester, NY). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was 

purchased from TCI America (Portland, OR).Glass cover slips of 22 mm x 22 mm were 

purchased from Fisher Scientific (Atlanta, GA). 

3.3.1. Chemical modification of BSA: BSA (1 g) was dissolved in 4 mL deionized water (DI) 

and stirred with 5 mL of 0.5 M triethylenetetramine (TETA) dissolved in DI and the pH adjusted 

to 5.0 using concentrated hydrochloric acid.  After stirring for 30 min, 1 mL of 250 mM 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide (EDC) dissolved in DI was added to give final 

concentration of 25 mM EDC.  The reaction mixture was stirred for additional 4 h at room 

temperature and unreacted EDC, TETA, and byproducts were removed by dialysis in 25k 

MWCO membrane from Spectrum Laboratories, Inc. (Rancho Dominguez, CA) against 10 mM 

phosphate buffer, pH 7.2. The cationized BSA (cBSA) sample was then concentrated via 

centrifugation using Amicon tubes (25,000 MW cut off) from Millipore Inc. (Bedford, MA) until 

final concentration reached 1.5 mM- 2 mM. The chemical modification of BSA was confirmed 

by agarose gel electrophoresis. 

3.3.2. Fabrication of thin films using drop-casting method: Rhodamine B (R) in DI (2.5 mM), 

Fluorescein (F) (10 mM) in DI and Coumarin 540A (C) (25 mM) in dimethylforaamide (DMF) 
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were added in that order to 2 mM cBSA and 10 mM phosphate buffer pH 7 and mixed well in a 

microcentrifuge tube.  In the case of the five dyes systems 5 mM of 5-Carboxy-X-Rhodamine 

(ROX) was used. DNA/Hoechst 33258 solution was prepared by adding Hoechst 33258 (H) (5 

mM) in DI to 5 mM DNA (by base pairs) solution 10 mM phosphate buffer pH 7 in a second 

microcentrifuge tube. cBSA/C/F/R solution and DNA/H solutions were combined together and 

mixed well. No precipitates formed during these manipulations. Final concentrations of each 

component in the solution were 300 μM cBSA, 800μM DNA, 50 μM H, 250 μM C, 100 μM F, 

and 40 μM R. The above complex (500 µl) was drop-cast on the surface of 22 mm x 22 mm 

glass coverslip and allowed to air-dry overnight. 

3.3.3. Absorption and steady state fluorescence measurements: Absorption spectra of films on 

glass cover slips were collected using HP 8453 diode array spectrophotometer from Agilent 

Technologies (Mendon, MA). Steady state fluorescence spectra were collected using home-built 

fluorescence spectrophotometer using SLM-Aminco optics at 67.5° incidence angle. The 

instrument is routinely wavelength calibrated prior to each experiment. Front phase accessory, 

and slit widths set to 4 mm were used to collect emission and excitation spectra of the films 

whose thickness was less than 100 µm. During absorbance and steady state fluorescence 

experiments, glass cover slips were oriented in such a way that the same area is exposed for both 

absorbance and fluorescence measurements.  Samples were moved around and rotated to check 

for uniformity, and several vertical orientations at fixed incidence angle were used to obtain 

averaged values. 

3.3.4. Perrin plots and estimation of the Förster radii: The total volume of the film was 

calculated using total mass of each of the components and their densities.  Dye concentrations 
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ranged from 2.5 mM – 7.7 mM for different dyes, and cBSA concentration was 18.5 mM.  These 

values were used to calculate quenching radii, using Perrin equation: 

ln  0/   = VN[Q] 

where  0 and   are the quantum yields for donor emission in the absence and presence of 

acceptor, V is the volume of the quenching sphere; N is the Avogadro’s number and [Q] 

is the concentration of the acceptor.  

For example, the Forster radius of Fluorescein (F) and Rhodamine B (R) was 

determined by systematically varying R film phase concentration from 0 to ~10 mM and 

recording the emission spectra.  Perrin plot was constructed by plotting ln  0/   vs [R]. 

From the slopes of the plots, quenching volumes were extracted and quenching radii 

determined.  Similarly, other quenching radii were obtained. 

3.3.5. High temperature stability: Protein/DNA/dye films were incubated at 80-85 ˚C and the 

fluorescence spectra collected at intervals for a total of 169 days.  Films were allowed to cool for 

2-3 hours at room temperature before spectra were recorded.  Three separate samples were used 

to estimate errors for each data point. Measurements of emission and excitation were recorded at 

three separate orientations by rotating samples.  Measurements were highly reproducible and the 

error bars were determined.  A solution of R (4 µM) in phosphate buffer (350 nm excitation and 

590 nm monitoring) was used as the standard for normalizing the day-to-day data.   

 
3.4. Results 

3.4.1. Preparation of antenna films: A set of four dyes was chosen here, such that the emission 

spectrum of one donor dye had a significant overlap with the absorption spectrum of its 

corresponding acceptor, so that each of the pairs could undergo FRET. We chose Hoechst 33258 

(H) as the highest energy donor, Coumarin 540A (C), which served as an acceptor for 
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H,Fluorescein (F), which served as an acceptor for C, and Rhodamine B (R), which served as an 

acceptor  for  F  (Sche me  1).  The emission  spectra  of  donors  have  significant  overlaps  with  the

absorption  spectra  of  the  corresponding  acceptors  (Sche me  1), and  these  pairs  are  known  to

9 10
undergo  efficient  FRET. , 

DNA  and  bovine  serum  albumin  (BSA)  are  excellent  hosts  for  a

11 6 1 12
number  of  dyes. H  binds  to  DNA  (Kb=1x10 M

- 
)  but  not to BSA. C, F and R bind to BSA. 

Cationization  of  BSA  promoted  its  binding  to  anionic  DNA.  Upon  mixing,  these  six  distinct 

components  spontaneously  form  functional,  ordered,  self-assembled  solid  state  films.  Aqueous 

buffered  solutions  of  cBSA,  R,  F,  C,  salmon  sperm  DNA,  and  H  were mixed together and drop 

casted  onto  glass  substrates  and  air-dried.  Even  though  the  dyes  had  only  moderate  affinity  to 

their  corresponding  binding  sites  in  the  solution  phase,  dye  binding  in  the  solid  state  improved 

substantially because of the increased concentrations of both the dyes (2.5–8 mM dye) as well as 

their  host  materials  (18-50  mM)  in  the  films  when  compared  to  their  corresponding  solution 

concentrations  which  were  in  the  micromolar  range.  Optical  and  electron  microscopy  of  the 

DNA/BSA/dye  films  indicated  nearly  perfect  grid  patterns  (Sche me  1),  where  the  assemblies 

were  highly  ordered  on  millimeter  to  micrometer  length  scales.  Neither  DNA  nor  cBSA  alone 

formed such ordered assemblies.

3.4.2. Confirmation  of  FRET: The  absorption spectra  of  the  dyes  bound  to  the  protein-DNA 

assemblies  in  the  solution  phase  (Figure  1A)  and  the  emission  spectra  of  the  individual 

dyes embedded in  the protein-DNA  films  (350 nm excitation, Figure 1B) did not indicate  dye 
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Figure 3.1. (A) Absorbance spectra of Hoechst 33258 (H), Coumarin 540A (C), Fluorescein (F), 

and Rhodamine B (R) in solution with cBSA and DNA ([cBSA] = 300 μM, [DNA] = 800 μM 

base pairs, [H] = 50 μM, [C] = 125 μM, [F] = 100 μM, [R] = 40 μM). (B) Emission spectra (350 

nm excitation) of individual dyes and 4-dye protein/DNA assembly (black line) in the film state 

(film concentrations, when present, [H] = 3.1 mM, [C] = 7.7 mM, [F] = 6.2 mM, [R] = 2.5 mM, 

[cBSA] = 18.5 mM, [DNA] = 49.2 mM base pairs). (C) Excitation spectra (650 nm monitoring) 

of individual dyes and the 4-dye protein/DNA assembly (black line) in film phase. 
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aggregation. Excitation energy cascade from H to R was examined by recording emission spectra 

of the assemblies by exciting at 350 nm, where H absorbs predominantly (Fig. 1A). Intense 

emission from R was noted at 590 nm (Fig. 1B, black line), and there was a ~2.4-fold increase in 

R emission from the composite film when compared to direct excitation of R/DNA/cBSA film 

(Fig. 1B, purple line). Enhanced emission from R in the antenna complex was due to light 

absorption by H at 350 nm, followed by energy transfer via the jumper dyes to R. Energy 

cascade from H to R via the jumper dyes was tested by recording the emission spectra (excitation 

at 350 nm) of a series of samples where one particular jumper dye was omitted at a given time 

(Figure 2). When R was omitted, for example, intense emission was noted from F. Omission of 

F led to increased emission of C, as transfer to R was interrupted by the absence of the jumper 

dye F. When C was omitted, emission from H increased because there was little or no excitation 

transfer to F or R without the jumper dye C. In every one of these cases, energy transfer from H 

to R was interrupted when a particular jumper dye was missing. Additionally, emission from the 

intermediate acceptor appeared when the sequence was broken, which was consistent with 

energy cascade transfer from H to C to F to R. 

 The energy cascade was confirmed in another set of experiments where a series of 

excitation spectra (Figure 1C) were recorded by monitoring R emission at 650 nm. If cascade 

transfer was operational, then the excitation spectrum of the 4 dye/protein/DNA film when 

monitored at R emission wavelengths should show excitation peaks corresponding to each dye 

that directly or indirectly transfers energy to R. The excitation spectrum of the composite film 

(Figure 1C, black line) indicated energy transfer from each of these dyes. For comparison, the 

excitation spectrum of each individual dye bound to the protein/DNA complex is shown (Fig. 

1C, as marked), as well as the sum of the individual dye spectra (Figure 1C, blue dashed line).  
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Figure 3.2. Fluorescence spectra of antennae complex (black) with all four 

dyes/DNA/protein, and those of the films with one of the four dyes omitted  each time. 

Omitted dye: H (blue) C (green), F (yellow) and R (red). 
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Regions where the summed spectrum is well below the observed excitation spectrum of the 4 

dye-antenna (360-500 nm) indicate efficient energy transfer to R. 

3.4.3. FRET efficiency studies: The energy transfer efficiency of the antenna was optimized by 

adjusting individual dye concentrations. The concentration of a given dye was varied while 

fixing the concentrations of cBSA, DNA, and all other dyes. Each of these films was excited at 

350 nm, and the emission from R at 650 nm was monitored. The intensity of emission at 650 nm 

was plotted as a function of a specific dye concentration (Figure 3A), while all other 

concentrations were kept constant. The overall energy transfer efficiency depended on the 

highest energy donor concentration which clearly indicated donor-donor and donor-acceptor 

FRET.  In solution, bimolecular energy transfer depends only on the acceptor concentration since 

the concentration of donor excited states is too small under the excitation conditions in the 

fluorimeter. Donor-concentration dependence on FRET was attributed to donor-to-donor energy 

transfer.
13

 

Calculating the efficiency (E) of energy transfer can be difficult, particularly in 

systems with more than one donor-acceptor pair. As such, many methods of calculation 

have been reported, which makes comparison of the performance of our system with the 

others quite difficult. Examples of such systems from the literature include tobacco 

mosaic virus coat protein,
14

 DNA bundles,
15

 DNA-lipid complexes,
16

 DNA/protein 

complexes,
17

 DNA origami structures,
18

 and DNA photonic wires.
19,20 

In the case of 

tobacco mosaic virus coat protein-3 dye system was given the efficiency as the ratio of 

donor absorbance to donor excitation of ~0.90.
14

 In the case of DNA-based antenna 

system, the efficiency was estimated as that of donor quenching (E= ~0.90).
15

 The  
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Figure 3.3. (A) Plots of R emission intensity at 650 nm (350 nm excitation) as a function of C 

(red line), F (green line) or R (purple line) concentration while the other concentrations have 

been fixed (when present) at 49.2 mM DNA, 18.5 mM cBSA, 3.1 mM H, 7.7 mM C, 6.2 mM F 

and 2.5 mM R. (B) Table of dye concentrations in the film and the corresponding occupancy 

numbers per average Förster volume (Fv, 6.6x10
5
 Å

3
). (C) Extraordinary thermal stability of 

artificial antenna complex. Emission spectra (λex = 350 nm) were monitored as a function of time 

stored at 80 °C. (Inset) Intensity of R emission at 590 nm as a function of time stored at 80 °C. 
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quenching efficiency of the DNA photonic wire containing four dyes and a luminescent 

terbium complex was reported to be 0.22±0.06.
20

 The efficiency of DNA-porphyrin 

system, in another study, was reported to be 0.55 from Förster theory.
16

 The efficiency of 

the DNA origami-4 dye system was reported as the ratio of photons-in to photons-out 

(E=0.36±0.17).
18

 Finally, the efficiency of the DNA based photonic wire with 4 dyes 

loaded on quantum dots was reported to have an overall efficiency of 0.01-0.08.
19 

 

The performance of our antenna system was evaluated by calculating the overall 

efficiency (E) using the following expression: 

E =
IF,AD− IF,A

IF,A
(
1 − 10−AA

1 − 10−AD
) 

where IF,AD and IF,A were the emission intensities of the acceptor (R) at 590 nm when 

excited at 350 nm in the presence of the donor (H) and in the absence of the donor, 

respectively.; AA was the absorbance at 350 nm of the acceptor (R), and AD was the 

absorbance at 350 nm of all the donors.  Two boundary conditions were satisfied by the 

above equation. First, if there was no energy transfer from the donor excited states to A, 

the value of E must be 0. Second, if the efficiency is 100%, then E must be 1, and both 

equations are simultaneously satisfied by the equation. Because the final films were not 

optically dilute, the absorbance values of the samples were obtained in the solution phase, 

assuming that the molar absorptivity did not change when the dye transitioned from 

solution phase to film phase. The efficiency calculated above is for the overall cascade 

transfer from donor excited states to R via the intervening jumper dyes, and hence it is a 

product of the efficiencies of all the intervening steps from excitation to emission. The 
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overall efficiency obtained from the above analysis of our system was 0.23, and similar 

analysis on the other system reported could not be done due to lack of published data.  To 

the best of our knowledge, our value is comparable to or better than 0.01-0.36 reported 

for other 4 dye systems.
18-20

 Such efficiencies are expected for multi-step FRET processes 

where each step is less than 100% efficiency, because the overall efficiency is related to 

the product of the efficiencies of the individual steps. In the DNA photonic wire system 

containing a luminescent terbium complex and four dyes reported by Massey et al., for 

example, individual FRET events between constituent chromophores were up to ~80% 

efficient, but the step-wise nature of the overall process resulted in an efficiency of 

0.22±0.06.
20

 Individual steps could be less than 100% efficient when the excitation of the 

system is quenched by non-radiative pathways or by emission from an intermediary 

jumped dye. Emission from intermediary dyes was observed in our DNA/cBSA/four dye 

system, as demonstrated by the peaks at ~420 nm and ~540 nm (Fig. 1B, black line), 

which correspond to H and F, respectively. Additionally, broad emission was observed 

between 420 nm and 540 nm. When compared to the emission spectra films containing 

DNA, cBSA, and individual dyes, this provided insight into the overall efficiency of the 

system.  

3.4.4. Calculation of Photon Transfer Factor: We also examined another important parameter 

which is useful for applications in the solar cells.  Silicon solar cells, for example, are more 

efficient in the red regions of the solar spectrum than the blue region, and one hypothesis is that 

the conversion of the blue photons to the red could improve cell performance.  Therefore, we 

calculated the conversion of the high energy blue photons (350 nm) to red (590 nm) photons by 

comparing the emission of the antenna with all the 4 dyes at 590 nm (Figure 1B , black line, 350 
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nm excitation) with that of the film consisting of only R (2.5 mM) (Figure 1B , purple line, 350 

nm excitation). The emission intensity at 590 nm by the antenna was greater by a factor (photon 

transfer factor) of ~2.4 due to the energy transfer from the 3-additional dyes present in the film. 

Thus, the blue-to-red conversion efficiency is also an important characteristic of the current 

antenna which might be useful for solar cell applications.  Similar parameters for other systems 

are not available for comparison but we speculate that this kind of blue-to-red conversion will be 

of high practical importance. 

3.4.5. Role of Matrix Components: The roles of DNA and cBSA in the energy cascade 

mechanism were examined in a number of control experiments. When cBSA was omitted, there 

was no energy transfer from H to R (Figure 4A).  Similarly, films made from the four dyes 

without any DNA and cBSA did not produce any emission. Because the dyes were known to 

form excitation quenching aggregates, the lack of emission from films containing DNA/four 

dyes and four dyes alone provided good evidence that the cBSA matrix helped to prevent 

aggregation of the dyes. The charge-conducting properties of DNA could be useful for device 

fabrication in future studies, where DNA could replace conducting polymers, and hence, we had 

to test if the antenna would function in the absence of DNA.  To our surprise, FRET was noted in 

cBSA + 4 dye films in the absence of DNA (Figure 4B), which demonstrated the importance of 

the protein scaffold in segregating the dyes and positioning them correctly for FRET and the 

presence of DNA did not inhibit FRET in any manner. Additionally, the presence of DNA 

increased the variety of binding sites available for the self-assembly of a further variety of 

chromophores, if necessary.  

 Inspired by the effective highly efficient light harvesting observed from the 

biodegradable BSA/DNA matrix, we decided to substitute BSA/DNA with other biodegradable 
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matrices. Energy transfer was observed using a sucrose/4 dyes or glucose/4 dyes antenna (Figure 

5A red curve and blue curve respectively). However, no energy transfer was observed when 

phosphoric acid swollen cellulose (PASC) (green curve) or carboxymethyl cellulose (CMT) 

(black curve) was used as a matrix suggesting that minimum binding affinities within specific 

Forster radii are required to facilitate the FRET needed for cascade energy transfer that drives 

efficient light harvesting. The corresponding excitation spectra (Figure 5B) corresponding to the 

emission spectra shown in Figure 5A confirmed energy transfer. 
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A

 

B 

Figure 3.4. The importance of DNA and CBSA. (A) Emission spectrum of DNA + H + C + F + 

R without cBSA. The sample was excited at 350 nm and emission monitored from 460 to 680 

nm. No energy transfer is observed in these films without cBSA. (B) Emission spectrum of 4-

dyes embedded in cBSA film.  
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A B 

 

Figure 3.5. Comparison of biodegradable matrices tested in this study. (A) Emission spectra 

of Sucrose/4 dyes (red curve) showed light harvesting with a higher number of photons 

transferred when compared to glucose/4 dyes (blue curve). However, CMC/4 dyes (green 

curve) or PASC/4 dyes (black curve) did not transfer photons. (B) Excitation spectra 

corresponding to emission spectra in A. 
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3.4.6. Determination of Förster radii: To further characterize the energy transfer, the Foster 

radii for the donor-acceptor pairs embedded in the protein/DNA films were obtained from the 

Perrin equation (Φ=Φ0e
-VN[Q]

), where Φ0 and Φ are the quantum yields for donor emission in the 

absence and presence of acceptor, respectively, N is the Avogadro number, V is the Förster 

volume, and [Q] is the acceptor concentration. According to this model, the donor emission is 

quenched only when an acceptor is present within the Förster volume. Emission spectra were 

collected as a function of acceptor concentration (350 nm excitation) at fixed donor 

concentration in the protein/DNA films. The slope of the plot of ln(Φ0/Φ) vs. [R] gave us an 

estimate of the Förster radius. Thus, the Förster radii for F-R, F-C and C-H pairs were found to 

be 58(±1), 45(±2), and 60(±2) Å, respectively. Taken together, the data clearly demonstrated 

energy cascade in the self-assembly. 

 The above observations can be readily explained in terms of the number densities 

of acceptors present within the Förster volume. For maximum efficiency, each Förster 

volume element containing a donor molecule should also have at least one acceptor. As a 

first approximation, the total volume of the solid film was calculated to be equal to the 

sum of the volumes of all the dry components; dyes, DNA, cBSA, and buffer. The 

occupancy number of each kind of dye molecule within the average Förster volume was 

calculated to be 0.71 for H, 1.8 for C, 1.4 for F, and 0.57 for R, corresponding to 1.55  
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Scheme 3.2. A. Theoretical packing of DNA and BSA in one average Förster volume (6.6x10
5
 

Å
3
), demonstrating dye binding sites (1 per DNA minor groove and 2 per BSA). B. 2D 

representation of the DNA/BSA film, where each square represents one average Förster volume. 

Any single cell contains 0.71 Hoechst 33258 (H), 1.8 Coumarin 540A (C), 1.4 fluorescein (F), 

0.57 Rhodamine B (R), 11.3 base pairs of DNA, and 4.3 BSA. Conversion of incident blue 

photons to red photons via cascade energy transfer (indicated by curved arrows) only occurs in 

cells which contain at least one of each of the four dyes (right cell). 
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mM H, 3.85 mM C, 3.1 mM F, 1.25 mM R, 49.2 mM DNA and 18.5 mM cBSA (Figure 2B). 

Thus, the dye occupancies within the quenching cells were in the range of 0.57 to 1.8, with an 

average occupancy >1, which supported the above observations of efficient FRET in the 

supramolecular films.  There was good probability that at least each of the quenching cells would 

have at least one donor or one acceptor dye (Scheme 2) and that the occupancy of the primary 

donor H, is higher than the acceptor molecules, except R.  While this does not ensure 

simultaneous residency of both a donor and an acceptor within the same quenching cell, it 

enhances the chances for such an arrangement. 

3.4.7. Thermal stability: Since the practical utility of any solar device would require high 

thermal stability over a long time, we examined the stabilities of these protein/DNA/dye films 

and monitored their emission after heating to elevated temperatures. Using 80-85˚C as a 

benchmark for the thermal stability of a solar device in the field, we examined FRET as a 

function of heating at this temperature in ambient air. After specific time intervals, samples were 

cooled to room temperature for 3 h, emission/excitation spectra were collected (Figure 2C), and 

the samples were returned to the oven. The emission intensities and excitation spectra showed 

little to no change over 0-169 days, and only small decreases were noted after 169 days. This 

extraordinary thermal stability coupled with high efficiency of FRET is novel. 

3.4.8. Antenna Photostability: Efficient energy transfer from light harvesting is important for 

solar cell applications since red light is an efficient catalyst of solar powered cells. The ability to 

harvest most of the white light as demonstrated here is a key step towards highly efficient and 

increased output of solar cells. In this work, we have shown light harvesting due to excitation at 

350 nm that is emitted at 590 nm due to the cascade effect among dyes positioned within the 

appropriate Forster radii. However, a major concern in the solar cell industry is the long-term 
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photostability against exposure to sunlight. We tested the photostability of our antenna complex 

by exposure to white light in a photo reactor in the absence of oxygen to minimize dye 

degradation due to reactive oxygen species (ROS). The glass films containing dropcasted 

samples were mounted inside a photo reactor tube (Figure 6A) and the entire assembly (reactor 

tube plus sample) was exposed to white light in a photo reactor (Figure 6B). Inside the photo 

tube, dry ice emission of CO2 was used to purge oxygen from the system. Excess oxygen was 

collected in a balloon attached to the top of the photo tube.  

Four antenna systems were irradiated over a two-day period and the emission maximum 

of each of the four dyes were recorded at various time points (Figure 7). The emission maximum 

at a given time as a ratio of initial emission intensity (I/I0) was plotted against irradiation time. 

BSA-TETA/DNA/4 dyes (Figure 7A), BSA/4 dyes (Figure 7B), and BSA-TETA/4 dyes 

(Figure 7C) antennas were irradiated. Rapid degradation of a control sample (BSA-

TETA/DNA/Rh, Figure 7D) indicated Rh as the most vulnerable chromophore in the four dyes 

cascade system.  While Hoechst (440 nm) and coumarin (480 nm) emission increased slightly 

and stabilized, showing no degradation due to white light exposure over a period of more than 48 

h, fluorescein (520 nm) emission remained the same or decreased slightly in the case of the 

BSA/4 dyes systems. However, rhodamine B (590 nm) emission degraded continuously over the 

48 h irradiation period, reaching its half-life before the end of the period. This suggests that of 

the four dyes, rhodamine B was the most vulnerable to irradiation due to its position in the 

cascade as the terminal acceptor. The buildup of photons at the terminal acceptor probably drives 

comparatively rapid degradation. In fact, antenna photostability may improve if a non-emitting 

acceptor like TiO2 is conveniently positioned to accept photons from the terminal acceptor.  



  

131 

 

A 

 

B 

 

Figure 3.6. White light irradiation setup. (A) Samples dropcasted on a glass slide are mounted 

inside a photoreactor tube. (B) Photoreactor tube with samples is placed inside the photoreactor 

for exposure to white light. A balloon is used to collect excess CO2 gas emitted from dry ice 

inside the photo tube. 
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C 

 

D 

 

Figure 3.7. Photostability of antenna systems. Emission intensity after  (I) as a ratio of before 

(I0) exposure to white light monitored over 48 h. (A) BSA-TETA/DNA/4 dyes, (B) BSA/4 dyes, 

(C) BSA-TETA/4 dyes, and (D) BSA-TETA/DNA/Rh upon exposure to white light. Rhodamine 

B, the terminal acceptor was identified as the most vulnerable to white light exposure. 
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3.5. Discussion 

 
A biodegradable antenna system consisting of BSA, DNA, and four dyes is reported here. Each 

dye’s binding constant and concentration is optimized such that maximum photon transfer in a 

cascade manner is achieved. While coumarin, fluorescein, and rhodamine associate with BSA 

binding pockets, Hoechst binds DNA. Together, the BSA/DNA matrix provides a scaffold that 

facilitates cascade energy transfer when the dyes are assembled within a specific Forster radius. 

Furthermore, the variety of binding pockets on BSA and DNA potentially increases the variety 

and combination of dyes that can be used as part of the cascade system.  

The antennas are prepared in solution before dropcasting on a glass slide for overnight 

drying. Energy transfer was not observed in solution, suggesting that high concentrations of the 

chromophores and matrix afforded by evaporation of the solvent are required for the appropriate 

matrix scaffolding and optimal Forster radius among the dyes. In fact, experiments where the 

matrix and dye concentrations are varied demonstrate that energy transfer is reduced as matrix or 

dye concentration decreases. 

A cascade light harvesting system was synthesized in this work via self-assembly on a 

biodegradable matrix. Hoechst was used as the primary donor dye such that excitation of the 

cascade occurred at 350 nm. Photons were then shuttled from dye to dye whereas the donor dye 

emission excited the acceptor dye throughout a four dye system with the terminal acceptor, 

rhodamine B that emitted at 590 nm. A 2.4 fold photon gain was calculated by measuring the 

difference between normalized emission intensity of the 4 dye antenna and the terminal acceptor, 

rhodamine B alone imbedded in the BSA/DNA matrix. This is an improvement on the number of 

photons transferred by a silicon solar cell where the range between excitation and emission is 
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comparatively narrow. Furthermore, cascade energy transfer was demonstrated by sequentially 

omitting each of the intermediary jumper dyes. Emission from the terminal acceptor was 

significantly reduced if a single dye was omitted. These findings could enhance our 

understanding of light harvesting and lay the groundwork for enhanced power output from 

silicon solar cells. For example, silicon cells can be coated with an antenna complex for the 

enhancement of light harvesting. 

The matrix was carefully chosen in this system to be low coast, biodegradable, and 

possess binding pockets for a wide variety of dyes. The role of each matrix component was 

demonstrated by exclusion of each component from the antenna system. No emission was 

observed from dyes self-assembled on DNA alone (Figure 4A). However, to our surprise, 

emission was observed from a BSA/4 dyes system, indicating that BSA has the appropriate 

number of binding pockets required to accommodate the four dyes in the required Forster radius. 

BSA and DNA together, increase the number and variety of chromophores that can potentially 

drive light harvesting.  

In order to develop an antenna system suitable for solar cell applications, long-term 

photostability is of utmost importance. As a result the photostability of our antenna systems were 

tested by exposure to white light (Figure 7). Comparison of normalized emission intensity 

before and after exposure to white light revealed that the antenna photostability was highly 

dependent on the photostability of the terminal acceptor, rhodamine B. Most antennas analyzed 

showed stabilized or a slight increase in emission intensity at the emission maxima of the 

primary donor dye, Hoechst and each of the intermediate dyes, coumarin and fluorescein. This 

suggests that the increased number of photons shuttled to the terminal acceptor induced 

degradation. The half-life observed for most antennas was within 48 h, therefore much 
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improvement is needed. A non-emitting acceptor that can be coupled to rhodamine B emission 

would probably accept enough electrons from rhodamine B that the terminal acceptor is not 

overwhelmed by the cascade effect. Materials like TiO2 with band gaps compatible with 

rhodamine B would be optimal for “draining” the terminal acceptor during the operation and 

functioning of the antenna. This “draining” effect should increase antenna half-life to the point 

where the terminal acceptor emission, like the other three dyes, stabilizes over time.  

3.6. Conclusion 

Antenna systems possessing biodegradable matrices that provide scaffolding for cascade 

energy transfer among four dyes were developed here. While BSA/DNA, BSA alone, glucose, 

and sucrose were excellent scaffolds for the self-assembly of highly efficient antennas, no 

emission was observed from antennas self-assembled using DNA alone, PASC, or CMC. This 

emphasizes the importance of the appropriate Forster radii, dye concentrations, and 

scaffolding/dye affinity.  Although a 2.4 fold photon gain was calculated and the terminal 

acceptor emits at optimal wavelength to catalyze solar cells, antenna half-life was within 48 h. 

This rapid degradation was investigated by analysis of emission at each dye’s peak maximum 

before and after exposure to white light. The terminal acceptor was found to be the most 

vulnerable as it degraded rapidly over the 48 h time period while the donor and intermediate dyes 

either stabilized or increased slightly. Future studies that address this problem may include a 

non-emitting acceptor in the antenna self-assembly. The ideal material will accept electrons from 

the terminal acceptor, thus delaying degradation and increasing half-life.  
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Chapter 4: Biodegradable Exfoliation of Zirconium Phosphate with Proteins for Potential 

Biomedical Applications 

 

4.1. Abstract 

 

Biodegradable exfoliation of zirconium phosphate (-Zr(HPO4)2) is reported here. Bovine serum 

albumin (BSA) was used to exfoliate -Zr(HPO4)2 (-ZrP) and the exfoliation was more than 

80% complete in 100 mins as characterized by Xray diffraction (XRD). Exfoliation was carried 

out in water, at room temperature by shear force using a homogenizer at a 12000 rpm. The 

reduction in intensity of XRD d spacing peak of 7.5 Å that characterizes unexfoliated -ZrP was 

used to estimate the degree of exfoliation. Other proteins, including lysozyme, -lactoglobulin, 

ovalbumin, and hemoglobin also exfoliated -ZrP, with the highest degree of exfoliation 

observed using ovalbumin. When compared to the typical chemical exfoliation of -ZrP using 

tetrabutylammonium hydroxide (TBA), the proteins used in this study exfoliated to a larger 

extent. To the best of our knowledge, this is the first biodegradable exfoliation of -ZrP with 

potential applications in the biomedical device and drug delivery industries. 

4.2. Introduction 

Alpha zirconium phosphate (α-Zr(HPO4)2) has been prepared for a wide variety of 

applications. Chemical separation of the stacked layers (exfoliation) has been carried out using 

butylamine hydrochloride.
1,2

 A more typical approach has been to exfoliate α-Zr(HPO4)2 (α-ZrP) 

with tetra-n-butylammonium hydroxide (TBA) for various studies including enzyme 

stabilization,
3
 the role of  solvent ions in protein-solid interactions,

4
 and the thermodynamics of 

protein-solid interactions.
5
 Furthermore, the mechanisms of amine intercalation into α-ZrP have 
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been elucidated by variation of its crystallinity
6
 and aspect ratio.

7
 Additionally, the use of α-ZrP 

in biomedical applications as a solid for immobilization of enzymes has led to the development 

of glucose sensors
8
 and drug delivery.

9
 

Protein intercalation into the galleries of α-ZrP after TBA exfoliation presents a 

promising platform for biomedical applications. Mechanisms of TBA exfoliation have been 

investigated,
10

 and mechanisms of protein binding α-ZrP following TBA exfoliation have been 

proposed.
11

 These studies support the idea of α-ZrP as a biological matrix for drug delivery, gene 

delivery, biosensing, biofuel cells, and other biomedical devices. In fact, ZrP has been 

incorporated as a key component of biofuel cells,
12,13 

and α-ZrP as a drug delivery vehicle has 

been reported.
14,15

 However, a non-toxic, biodegradable method for the exfoliation of α-ZrP, an 

important step towards the intercalation of drugs, has not been investigated. 

Previously, BSA has been used to exfoliate layered materials,
16,17

 therefore we 

hypothesized that charge-charge repulsion between the negatively charged BSA surface
18

 and the 

α-ZrP phosphate backbone should drive exfoliation when combined with the interlayer stress 

induced by shearing. In this work, we show that bovine serum albumin (BSA) exfoliates α-ZrP in 

the absence of TBA (Scheme 1). We use shearing forces induced by a homogenizer, together 

with BSA to physically separate the stacked α-ZrP plates. BSA binding ensures that α-ZrP  
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Scheme 4.1. Exfoliation of α-ZrP (gray stack) is achieved by shearing a solution of 20 mg/mL α-

ZrP and 3 mg/mL BSA in DI water at 12000 rpm for at least 20 mins, pausing every 10 mins to 

ensure maintenance of room temperature. A homogenizer is used for shearing in a total volume 

of at least 15 mLs in a 50 mL tube. The mixture is allowed to precipitate overnight and an aliquot 

of the supernatant containing the exfoliated α-ZrP nanosheets (gray squares) is dropcast unto a 

glass slide and allowed to dry overnight. Characterization using XRD determines the degree of 

crystallinity and the distance between layers. Stacked XRD has a characteristic peak at 2θ = 11.8 

which, by using Bragg’s law, is equivalent to a distance of 7.5 Å between layers. After 100 mins 

of exfoliation this peak intensity decreases significantly, indicating the increased interlayer 

distance that results from exfoliation. 
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remains exfoliated and provides binding pockets that can potentially enhance immobilization of a 

wide variety of drugs on the α-ZrP surface. Xray diffraction (XRD) data was used to characterize 

the increase in interlayer distance due to exfoliation from 7.5 Å that is the known spacing for 

stacked unexfoliated α-ZrP.
3
 Disappearance of the 7.5 Å XRD peak was used as a benchmark for 

characterizing exfoliation and increased exfoliation was observed using the shearing BSA 

method when compared to chemical exfoliation with TBA. To our knowledge, this is the first 

report of protein exfoliation of α-ZrP without the use of toxic chemicals and this presents a 

promising solution to α-ZrP as a biomedical matrix for drug delivery and biofuel cells. 

4.3. Materials and Methods  

4.3.1. Materials: BSA and hemoglobin were purchased from Equitech-Bio Inc. (Kerrville, TX). 

Glucose oxidase, ovalbumin, lysozyme, and β-Lactoglobulin were purchased from Sigma-

Aldrich (St. Louis, MO). All proteins were used without further purification. 

4.3.2. Synthesis of  -ZrP: The synthesis was carried out by following a method reported 

previously.
19

 Briefly, 9 M phosphoric acid was heated to 90 ºC, and a solution of 10.1 g of 

ZrOCl2 (0.031 mol, 10 mL of water) was added over a period of 1 h and allowed to reflux for 24 

h. The reaction mixture was filtered, washed with water to remove excess acid, and then washed 

with acetone. The solid was dried at 60 ºC overnight and characterized by powder X-ray 

diffraction (XRD) which matched with the literature report.  

4.3.3. Exfoliation of  -ZrP: Exfoliation experiments were carried out by shearing 20 mg/mL α-

ZrP and 3 mg/mL BSA in DI in a 50 mL tube using a homogenizer. Shearing was paused every 

10 mins to maintain room temperature in the sample tube. Aliquots of the sample were taken 

every 10 mins to monitor the progress of exfoliation. Samples were refrigerated at 4°C overnight 
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to precipitate unexfoliated α-ZrP. A 300 μL aliquot of the supernatant was dropcast on a 22 mm 

x 22 mm cover slip and dried overnight under a fume hood. XRD analysis of the dropcasted 

sample was used to estimate the degree of α-ZrP exfoliation.  

4.3.4. XRD Analysis: A Scintag model 2000 diffractometer with nickel filtered Cukr radiation 

was used for analysis of samples dropcasted on 22 mm x 22 mm cover slips. The scan range was 

2θ = 5° - 15° at a scan rate of 2°/min. Bragg’s equation was used to calculate the d spacing.  

4.4. Results  

A rapid low cost method for the exfoliation of -ZrP using proteins is described here. 

TBA has been used extensively to chemically exfoliate -ZrP. However. -ZrP has been 

explored as a drug delivery vehicle and an integral component of biomedical devices. Therefore 

there is great need for a biodegradable method to exfoliate -ZrP. We systematically examined 

the effect of exfoliation shear time, total volume, protein concentration, and protein type on the 

degree of -ZrP exfoliation.  

Exfoliation of 20 mg/mL -ZrP (DI water) in a 3 mg/mL protein solution (DI water) was 

carried out using shear force by a homogenizer at 12000 rpm. Shearing was paused for five 

minutes every fifteen minutes to maintain room temperature and avoid overheating.  Samples 

were refrigerated at 4°C overnight to allow unexfoliated -ZrP to precipitate. An aliquot of the 

exfoliated -ZrP in solution was dropcast on a glass slide and allowed to dry overnight under a 

fume hood. The degree of exfoliation was characterized by XRD. 

4.4.1. Effect of Exfoliation Shear Time: In order to optimize the total shear time required to 

exfoliate -ZrP, a BSA/-ZrP suspension was sheared for a total time of 100 mins, removing an 

aliquot for XRD analysis every 10 mins. The XRD peak intensity at a d spacing of 7.5 Å that 

characterizes unexfoliated -ZrP was used to estimate the degree of exfoliation  
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Of note is that this method of estimating exfoliation is very preliminary. Internal 

standards like unexfoliated -ZrP and MoS2 are currently being tested. These will be added to 

the sample at a fixed concentration prior to dropcast and the resulting peak intensity will be used 

to normalize the reduced intensity of the unexfoliated -ZrP peak. 
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A B 

Figure 4.1. XRD characterization of α-ZrP exfoliation. (A) The characteristic peak for stacked 

α-ZrP is observed at 2θ = 11.8 and conversion by Bragg’s equation yields in interlayer spacing 

(d) of 7.5 Å. The scan range is 5° - 15° at a scan rate of 2°/min using Ni-filtered Cukα radiation. 

(B) The conditions described in (A) are used to scan an exfoliated sample and the reduced 7.5 Å 

peak intensity is characteristic of increased interlayer distance due to exfoliation. 
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At the 60 mins time point, exfoliation had progressed significantly when compared to an 

unexfoliated sample (Figure 1A) and continued shearing beyond 60 mins increased the degree of 

exfoliation. In fact, at the 100 mins time point (Figure 1B) background noise becomes very 

dominant as the 7.5 Å peak approaches baseline. Exfoliation shear time was therefore optimized 

at a minimum of 100 mins. 

4.4.2. Effect of exfoliation volume: Sample volume may affect shear forces and the energy 

levels implicated in separating the -ZrP nanosheets. At a fixed exfoliation time of 20 mins, a 5 

mLs (Figure 2A) sample volume was compared to a 20 mLs sample volume (Figure 2B), 

revealing that exfoliation progressed further when the volume was 20 mLs. This suggests that the 

forces dissipated through the larger volume are of optimal magnitude to lower the free energy 

barrier of -ZrP nanosheet separation. 
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A B 

Figure 4.2. Effect of sample volume on shear exfoliation of α-ZrP. (A) When temperature, shear 

time, and speed are held constant a lower degree of exfoliation, as characterized by the 

characteristic 7.5 Å peak intensity, is observed in a total volume of 5 mLs when compared to (B), 

a total volume of 20 mLs. 
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4.4.3. Effect of Protein Concentration: Next we investigated the role of BSA concentration on 

-ZrP exfoliation. We hypothesized that the degree of exfoliation should increase with 

increasing protein concentration given that increased d spacing between the layers is required for 

exfoliation. Therefore, the increased concentration of protein per unit area of -ZrP should 

increase layer separation. With exfoliation time fixed at 20 mins, analysis of the effect of 

increased BSA concentration on the degree of exfoliation yielded an optimal BSA concentration 

of 5 mg/mL. BSA concentration was increased over the range from 0.5 mg/mL to 15 mg/mL and 

BSA percent bound was estimated by measuring its absorbance at 280 nm before exfoliation 

when compared to absorbance of BSA in solution after shearing and overnight precipitation 

(Figure 3A). The BSA extinction coefficient used to calculate percent bound was 43,824 M
-1

 

cm
-1

. This method assumes that the protein associates exclusively with the exfoliated α-ZrP in 

solution (supernatant) after precipitation such that the difference in BSA concentration in 

solution before and after exfoliation was used to calculate percent BSA bound. 

 The degree of exfoliation was also estimated using XRD by determining the 7.5 Å peak 

intensity after exfoliation with each of the differentially concentrated BSA suspensions. This 

analysis suggested increased exfoliation over the range of 3 mg/mL to 15 mg/mL (Figure 3B). 

Minimal exfoliation was observed with 1 mg/mL or 2 mg/mL BSA but 0.5 mg/mL BSA 

exfoliated to approximately the same degree as 10 mg/mL. However, without an internal 

standard to normalize peak intensity these findings are very preliminary and the use of an 

internal standard in the future will clarify these observations.  
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A B 

Figure 4.3. Effect of BSA concentration on α-ZrP exfoliation. (A) Percent BSA bound to the α-

ZrP surface was used to estimate the degree of exfoliation assuming that BSA bound to the 

exfoliated nanosheets remained in solution after overnight precipitation. BSA absorbance was 

estimated using a UV/Vis spectrometer at λ = 280 nm and extinction coefficient = 43,824 M
-1

 

cm
-1

. The difference in BSA concentration in solution, due to variation of mg/mL BSA (green 

bars) used to exfoliate, before and after exfoliation and overnight precipitation was used to 

calculate percent BSA bound to α-ZrP. (B) A second method to estimate the degree of 

exfoliation was by comparing intensities of the characteristic XRD peak at 7.5 Å due to variation 

of the BSA concentration used to exfoliate (red and blue bars) α-ZrP assuming that reduction in 

peak intensity was correlative with the degree of exfoliation. 
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4.4.4. Effect of Protein Type: When speed of rotation, temperature, pH, volume, protein 

concentration of 3 mg/mL, and shear time of 20 mins were held constant the effect of protein 

type on the degree of exfoliation was analyzed using ovalbumin (Oval), glucose oxidase (GOx), 

-Lactoglobulin (b Lact), BSA, hemoglobin (Hb), and lysozyme (Lys). Analysis of the XRD 

peak intensity at 7.5 Å revealed that ovalbumin exfoliated -ZrP to the highest degree (Figure 

4A), followed by GOx. In fact, ovalbumin exfoliated more than twice as much -ZrP as either b 

Lact, BSA, or Hb, and six times as much as Lys. Preliminarily, there appears to be a correlation 

between protein Isoelectric point (pI) and the degree of -ZrP exfoliation (Figure 4B) 

suggesting the importance of protein surface charge on layer separation. These findings will be 

explored in further detail using an internal standard that normalizes peak intensity. 
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A B 

Figure 4.4. Effect of variation of protein type on α-ZrP exfoliation. Proteins used in this study 

were ovalbumin (oval), glucose oxidase (GOx), β-Lactoglobulin (b Lact), bovine serum albumin 

(BSA), hemoglobin (Hb), and lysozyme (Lys). (A) Using the reduced intensity of the 7.5 Å peak 

as an indicator of increased degree of exfoliation, ovalbumin exfoliated α-ZrP to the highest 

degree and lysozyme the least. (B) Preliminary results suggest a correlation between the degree 

of exfoliation and the isoelectric point (pI) of the protein yielding an R value of 0.87531.  
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4.5. Discussion 

The biodegradable exfoliation of -ZrP using proteins was preliminarily demonstrated 

here. These findings present a promising alternative to chemical exfoliation using TBA and other 

harsh compounds. The findings here, suggest potentially promising applications for -ZrP in 

biomedicine in the fields of drug delivery and biomedical devices. 

 The total shear time influenced the degree of exfoliation as evidenced by the overall 

increase in exfoliation as shear time increased. It is conceivable that as shear time is extended a 

larger concentration of protein per unit area of -ZrP occupies the inter layer space, and this in 

turn, increases the forces exerted on the layers to drive them apart. Also, increased shear time 

allows for an increase in the sum magnitude of the interlayer forces, thus increasing the 

irreversible layer separation required for complete exfoliation. However, it may become 

increasingly difficult to maintain a given temperature as shear time increases such that the 

introduction of an ice bath may be required. Also, protein structure may be difficult to retain at 

extended shear times. These problems will be investigated in the future but these preliminary 

experiments indicate almost complete (approximately 80%) exfoliation in 100 mins. 

Furthermore, -ZrP was exfoliated to higher degree when compared to chemical exfoliation 

using TBA. 

Exfoliation volume played a key role in the optimization of this method. Although a wider range 

of volumes should be tested in the future, the two volumes tested here (5 mLs and 20 mLs) 

indicate that the shear forces required for -ZrP layer separation are optimal at 20 mLs. 

Optimization of volume is probably based on homogenizer probe diameter, probe length, 

rotational speed, and size and shape of the container. These are all factors that affect the 
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protein/-ZrP interactions that influence the forces exerted by the protein between layers to force 

them apart. 

The degree of exfoliation increased with increasing protein concentration. An optimal 

concentration for exfoliation in the range of 3 mg/mL to 15 mg/mL BSA was observed, with 5 

mg/mL being optimal if the degree of exfoliation was calculated based on percent protein bound. 

When the degree of exfoliation was estimated based on the reduced intensity of the characteristic 

7.5 Å peak, 15 mg/mL BSA was found to be optimal. This discrepancy could be due to the 

assumption that the percent protein bound is equivalent to the protein used in solution for 

exfoliation during shearing. However, some protein may precipitate with the unexfoliated -ZrP 

overnight and the absorbance of protein bound to -ZrP may be distorted by the presence of -

ZrP. Furthermore, the protein used for exfoliation may be bound or free in solution and these 

factors could complicate an accurate calculation of the degree of -ZrP exfoliation. Future 

studies that explore and address these discrepancies will improve our understanding of 

exfoliation efficiency and the factors implicated in efficiency calculations. 

4.6. Conclusion 

 
Zirconium phosphate is one of several layered materials currently being explored for their 

applications as key components of drug delivery and enzyme immobilization devices. However, 

current methods that rely on the chemical exfoliation of α-ZrP are not biocompatible. This work 

demonstrates biodegradable exfoliation of α-ZrP using proteins. In fact, the degree of exfoliation 

achieved here is higher than the degree of exfoliation observed as a result of chemical 

exfoliation. Future work will explore the use of an internal standard to normalize the XRD data 

used here to characterize the degree of exfoliation. Also, calculation of exfoliation efficiency and 
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supporting characterization techniques like transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), and zeta potential will add clarity to these findings. 
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