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Abstract  

Cerium has a wide range of current and emerging applications, and the binding of 

cerium ions to solid substrates is important for cerium recovery, or in advanced material 

synthesis. In this study, we investigate the affinity of a surface-bound peptide derived 

from the EF-hand loop I of calmodulin for cerium (III) ions and compare the results to 

a scrambled control. Results obtained via quartz crystal microbalance with dissipation 

are used to estimate the dissociation constant between the EF-hand loop I peptide and 

cerium (III) ions (1.3 ± 0.1 µM), which is comparable with other dissociation constants 

measured for EF-hand peptides and cerium ions in solution reported in literature (0.95-

5.8 µM). Circular dichroism also suggests that the peptide binds to cerium (III) ions in 

solution, and undergoes a secondary structural change upon binding. Overall, this study 

shows that EF-hand loop peptides are capable of binding cerium (III) ions in solution 

and when attached to a solid substrate. 
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1 Introduction 

Cerium is the most abundant member of the lanthanide chemical series, and is used in 

many applications including in automotive catalytic converters,1 in flow battery 

designs,2, 33 as a polishing media,4 and as a potential phosphor in light emitting diodes.4, 

5 Cerium-based thin-film materials6, 7 as well as nanoparticles8, 9 have been explored for 

applications in sensing, biomedicine, agriculture and nutrient recovery.10 Thus, the 

binding of cerium ions to solid substrates could be potentially useful for cerium 

recovery, or in material synthesis.   

 

Affinity peptides have been proposed as promising ways to recover metal ions,11 and 

direct nanomaterial and film formation.12, 13 EF-hand sequences which consist of helix-

loop-helix motifs, bind to calcium ions in nature,14 but are also well-known to have 

affinity for lanthanide ions.15 While many studies have investigated EF-hand peptides 

for binding lanthanide ions in solution,16-22 including cerium (IV) ions (Ce4+),16 only a 

few have specifically investigated cerium (III) ions (Ce3+).23, 24 Additionally, while 

some studies have immobilized peptides on gold surfaces for lanthanide binding,25-27 

the effect of immobilizing the peptides to solid substrates on the binding affinity is often 

not quantified. This binding information is useful for material design.  

 



To understand the capacity of EF-hand peptides to bind to Ce3+ when immobilized, a 

sequence derived from EF-hand loop I of calmodulin is explored. In work by Ye et al., 

four EF-hand loops from calmodulin were grafted into a scaffold protein to study 

calcium and lanthanide binding. They found that site I (DKDGDGTITTKE) has the 

highest affinity for calcium and lanthanide ions and thus, this sequence serves as the 

basis for this study, and was modified to bind to a solid surface. To detect the interaction 

between the peptide and Ce3+ in solution, circular dichroism (CD) is employed and 

isothermal titration calorimetry (ITC) is used to confirm the results. To understand the 

binding of the peptide when immobilized to gold, a quartz crystal microbalance with 

dissipation (QCM-D) is utilized, in combination with a Scatchard analysis. Binding 

constants are obtained and compared to literature. Overall, this study provides 

fundamental binding information that can be utilized in future peptide-based material 

designs.   

 

2 Materials and Methods 

2.1 Materials 

Cerium (III) chloride (CeCl3 99.9%) heptahydrate was purchased from Sigma-Aldrich. 

Deionized water (DI water) was used throughout the study and was obtained from a 

mixed bed deionizer tank of Western Reserve Water System (1-10 megohm). 

Ammonium hydroxide solution (NH4OH, 30%) was purchased from Alfa Aesar. 

Sodium dodecyl sulfate (SDS, C12H25NaO4S, 99%) was purchased from Hoefer. 

Hydrogen peroxide solution (H2O2, 25%) was purchased from Sigma Aldrich. Nitrogen 



(N2) gas (>99%) was obtained from Airgas. 

 

2.2 Peptide design 

The lanthanide binding sequence utilized was derived from loop I of calmodulin 

(DKDGDGTITTKE), previously shown to have the highest lanthanide affinity 

compared to the other three potential binding sites found in the protein.17 This sequence 

was randomly rearranged to create a scrambled control (TDGGDTDKTEIK). This 

peptide was previously suspected to bind to cerium ions in solution based on a 

preliminary ITC and CD experiment [Yi Z. unpublished results], and thus served as the 

basis for this work. Both the EF-hand loop I peptide and the scrambled control were 

modified with a cysteine (C) residue at the N-terminus to covalently attach the peptide 

to gold via a thiol bond. The terminal cysteine was separated from the rest of the peptide 

by three glycine residues as previous work has shown reduced ion binding affinity in 

scaffold proteins without the spacers.28 The ends of both peptides were acylated and 

amidated to increase peptide stability by preventing degradation, and to mimic the 

natural sequence. Figure 1 shows the full sequence of each peptide designed for this 

study. Peptides were ordered from GenScript at a purity of >90%. 

 



 

Figure 1. Peptide designs to study binding of Ce3+ when peptides are surface-bound, 

featuring a lanthanide-binding sequence (A, shown in blue) and scrambled control (B, 

shown in bue). Each peptide contains a cysteine residue (yellow), as a means to 

covalently bind to gold, spacer residues (green), and N-terminal acetylation and C-

terminal amidation (red).  

 

2.3 Circular Dichroism (CD) 

Circular dichroism (CD, Jasco J-815) was used to evaluate the secondary structure of 

the peptides in the presence and absence of CeCl3 in solution. Nitrogen gas was used to 

purge the instrument for 30 minutes before experiments. The baseline consisted of DI 

water. Spectrum were collected at 20ºC on 250 μL of solution from 190-260 nm with a 

path length of 0.1 nm, 1.00 nm bandwidth, a scanning speed of 20 nm/min and a 0.5 



nm data pitch. The data are represented as the average of 5 accumulations. The 

concentration of peptide solutions was 150 µg/ml, and the molar ratio between Ce3+ 

and peptide was 1:1 such that the final CeCl3 heptahydrate concentration was 35 µg/ml 

(both molar concentrations were 94 µM, see Table S1). 

 

2.4 Isothermal titration calorimetry (ITC)  

Isothermal titration calorimetry (ITC) was used to confirm the binding of Ce3+ in 

solution. Estimates of the equilibrium disassociation constant (KD) and the enthalpy 

(ΔH), entropy (ΔS) and Gibbs free energy (ΔG) of interaction were obtained by fitting 

integrated heat curves with a one set of sites model29 using a Microcal ITC 200 with 

Origin software via nonlinear least squares fitting, and using equations found in 

Supplemental Information. CeCl3 was titrated into the peptide solutions. A 7.5 mg/mL 

solution (20 mM) CeCl3 solution was titrated into 280 µL of a 0.8 mg/mL peptide 

solution (0.5 mM) in 19 does of 2.1 µL injections at 25ºC. The first injection volume 

was 0.8 µL and was removed before the model fitting. A baseline was obtained without 

peptide and subtracted prior to model fitting to account for heat changes due to mixing.  

 

2.5 Quartz Crystal Microbalance with Dissipation (QCM-D)   

A quartz crystal microbalance with dissipation (QCM-D, Biolin, Gothenburg, Sweden) 

flow module was used to measure mass variation with time by detecting the change in 

frequency of gold-coated resonating quartz crystal sensor (QSX301, 5MHz, Biolin 

Scientific) exposed to solutions of peptide and CeCl3. Before experiments, the sensor 



was treated by an ultraviolet (UV) light ozone generator (Novascan, Boone, Iowa) for 

15 minutes and placed in 21 ml 75ºC piranha buffer (5:1:1 mixture of DI water, 30% 

hydrogen peroxide and 25% ammonium hydroxide) for 5 minutes. After heating, the 

sensor was rinsed with DI water and dried with nitrogen gas. The dry sensor was treated 

with the ultraviolet (UV) light ozone generator for an additional 15 minutes. The QCM-

D flow module and tubing were cleaned using a dummy sensor with 20 ml of 2% SDS 

and followed by 100 mL DI water rinse. The clean gold sensors were placed in the clean 

QCM-D flow module for experiments. A stable baseline was established by running DI 

water through the flow module at 150 µL/min until there was no significant shift in 

frequency (below 0.5 Hz in 10 min). After establishing the baseline, 10 µg/ml peptide 

solution was sent through the flow module at 150 µL/min. After equilibrium was 

established, DI water was introduced to rinse any loosely-bound peptide. A solution of 

CeCl3 heptahydrate was added to the module in increasing concentrations (0.5, 1, 2, 5, 

10 and/or 100 µg/ml in DI water) after equilibrium was reached for each step. The pH 

of all solutions was 5.4 ± 0.2. The fifth overtone was used in all data analysis. The 

procedure was performed three separate times with the EF-hand loop I peptide to derive 

an equilibrium disassociation constant (KD) using Scatchard analysis (see Supplemental 

Information), and compared to one run with the scrambled control. Peptide layer 

analysis was conducted with four samples.  

 

2.6 Statistical Analysis  

Estimates provided in Table 1 were obtained from Microcal ITC 200 with Origin 



software via nonlinear least squares fitting of ITC data. Parameter estimates are 

represented as parameter ± standard error. Data in Table 2 are represented as the mean 

± standard deviation. Means and standard deviations were calculated using Excel. A 

simple linear regression was performed on the equilibrium QCM-D binding data to 

obtain the Scatchard plot shown in Figure 5. The analysis was performed using JMP. 

Parameter estimates from the Scatchard analysis are represented as parameter ± 

standard error.  

 

2.7 Solution pH and Concentration 

Testing was performed in DI water to avoid any effects (mass adsorption) from buffer 

components on binding during QCM-D measurements.30 To remain consistent with 

QCM-D, DI water was utilized for CD and ITC as well. The pH of all peptide and 

cerium solutions in DI water was measured to be 5.4 ± 0.2. We note that the net charge 

of the peptide is expected to be similar at neutral pH (pH 7) versus pH 5.4 (Figure S1), 

though the effect of binding at neutral pH was not part of this study. Additionally, we 

expect the Ce3+ ion will be stable in the pH range tested, according to a recent version 

of the Pourbaix diagram.31 All solution concentrations are given as µg/mL and molar 

concentrations can be found in Table S1.  

   

3 Results and Discussion  

3.1 Peptide secondary structure analysis in DI water using circular dichroism (CD) 

The secondary structures of the EF-hand loop I peptide (Figure 2A) and the scrambled 



peptide (Figure 2B) were measured in DI water alone, and in the presence of CeCl3 

using CD. It has been previously observed for another loop peptide 

(DKDGDGYISAAE) that the secondary structure will change when exposed to 

lanthanum ions.18, 32 Thus, the CD experiments also serve as an initial screen to detect 

binding of Ce3+ in solution. Figure 2 shows the representative CD data, where both 

peptides have a strong negative peak at 198 nm and a weak negative shoulder at ~220 

nm. After mixing the same molar concentration of Ce3+ into peptide solutions, the 

scrambled peptide spectra did not change. However, mixing the Ce3+ with the EF-hand 

loop I peptide caused the shoulder at ~220 nm to become more negative, as observed 

in similar peptides.18 The observed shift to a more negative shoulder when the peptide 

is exposed to a lanthanide species has also been interpreted as increase in alpha helix 

content.19 Figure S2A-F contain repeats of these experiments where similar trends are 

observed. 

  

Figure 2. CD spectra of (A) EF-hand loop I peptide in DI water (black line) and in the 

presence of the same molar concentration of Ce3+ (red line), and (B) scrambled EF-

hand loop I peptide in DI water (black line) and in the presence of the same molar 

concentration of Ce3+ (red line).  



 

3.2 Isothermal titration calorimetry (ITC) analysis 

ITC experiments were performed to determine the thermodynamic parameters (KD, ΔH, 

∆S, and ∆G) of the interaction between the peptide and Ce3+ in solution. Figure 3A 

shows a titration of EF-hand loop I peptide with CeCl3 in DI water. The binding is 

endothermic, and representative in nature of other ITC experiments with calmodulin 

loop peptides and lanthanides.22 Figure 3B shows the integrated titration curve plotted 

against molar ratio of ligand to peptide, with the background subtracted. The integrated 

data is fit with the one-set-of-sites model to derive thermodynamic parameters (Figure 

S3) where the solid line represents the model obtained via nonlinear least squares fitting.  

 

Figure 3. ITC for the EF-hand loop I peptide (CGGGDKDGDGTITTKE) with cerium 

(III) chloride where (A) the heat change with each injection is measured with time and 

(B) integrated to find the heat change per mole of Ce3+ and plotted against molar ratio 



of Ce3+.  

 

Table 1 shows the results of fitting a one set of sites model to the data. The positive 

enthalpy and entropy value suggest the binding process under these conditions is 

entropy driven. It is generally thought that the binding of calcium ions to these EF-hand 

sequences is driven by an increase in solvent (water) entropy.33 These values are 

comparable to other values obtained via ITC on a calmodulin-derived loop peptide 

(DKDGDGYISAAE) which were estimated to be KD = 5.3 ± 0.6 µM and ΔH = 2100 ± 

100 cal/mol with lanthanum (III) ions.22 

 

Table 1. Estimates of thermodynamic parameters derived from ITC experiment for 

binding of the EF-hand loop I peptide (CGGGDKDGDGTITTKE) peptide with Ce3+. 

Error is derived from the nonlinear curve fitting. The KD is 2.9 µM. 

KA (M-1) ΔH (cal/mol) ∆S (cal/mol/K) ∆G (cal/mol) 

340000 ± 
280000 

3900 ± 100 38 -7500 ± 200 

 

3.3 Quartz crystal microbalance with dissipation (QCM-D) binding analysis  

Binding analysis of the peptides to a gold surface and surface-bound peptides to Ce3+ 

was conducted via QCM-D.34-36 Figure 4 shows a representative QCM-D run 

(additional QCM-D runs shown in Figure S4). 



 

Figure 4. QCM-D monitoring of frequency (black) and dissipation (red) with time 

shows that gold-bound EF-hand loop peptide can bind with Ce3+. Except the baseline, 

arrows in the image indicate when a new solution was added to the flow module. 

Concentrations shown are for CeCl3 heptahydrate. 

 

DI water served as the baseline, and also as the carrier for peptides and Ce3+. Once a 

stable baseline was established, a peptide solution was introduced and the frequency 

shifted negative, which indicated that the mass increased on the gold sensor. The 

dissipation was also monitored, and no significant shifts were observed, indicating that 

the layers formed were rigid, and could be modeled using the Sauerbrey equation (see 

Supplemental Information for details). After equilibrium was established, DI water was 

used to rinse any loosely bound peptide from the surface to ensure a stable system prior 

to adding Ce3+. The stable peptide layer was analyzed to determine the mass loading 

and thickness (Table 2, see Supplemental Information for calculations). The EF-hand 

loop I peptide and the scrambled peptide form comparable layers.   



Table 2. QCM-D analysis of peptide layers on gold. Error bars are the standard 

deviation from measurements of four separate samples of EF-hand Loop I Peptide (n=4).  

 Hydrated Peptide 

Loading 

(ng/cm2) 

Hydrated Peptide 

Layer Thickness 

(nm) 

EF-hand Loop I Peptide  280 ± 40 2.5 ± 0.3 

Scrambled Peptide  290 2.4 

Once the peptide layer was established, binding of Ce3+ was analyzed by flowing 

solutions of cerium (III) chloride at different concentrations past the peptide-

functionalized sensor. As seen in Figure 4, after the sensor was exposed to1 µg/mL 

CeCl3 heptahydrate, a negative frequency shift was observed. Subsequent exposure to 

higher concentrations did not result in significant negative frequency shifts, indicating 

the peptides were nearly saturated after exposure to 1 µg/mL. This is especially clear in 

the test shown in Figure S4A where 0.5 µg/mL concentration is used prior to 1 µg/mL. 

To test if the frequency shift was due to the presence of the EF-hand loop I peptide and 

not the gold surface, a control test without peptide was conducted (Figure S5) where 

no frequency shifts were observed. Another control test with a scrambled peptide was 

conducted (Figure S6), which showed similar peptide binding behavior with a stable 

negative frequency shift similar to that of the EF-hand loop peptide. When the CeCl3 

solution was added into the system, a lower frequency change was observed (~0.3 Hz 

vs. ~1 Hz) for sensors with immobilized scramble peptide, corroborating the CD results 

indicating that the sequence of the peptide is important for binding Ce3+.   



3.4 Scatchard analysis of the QCM-D data  

The data obtained from QCM-D in Figure 4 and Figure S4 can be used to conduct a 

Scatchard analysis34-37 and estimate an equilibrium binding constant for the surface-

bound EF-hand loop I peptide. Figure 5 shows a Scatchard plot using the QCM-D data 

from Figure 4 with an outlier removed. Figure S7 shows the Scatchard plot with all of 

the data, and the normal quantile plot which was used to identify outliers. Tables S2-

S4 show the statistical analysis of the linear fit for this data, and parameter estimates. 

The analysis suggests the linear fit is significant. All Scatchard calculation details can 

be found in Supplemental Information.  

 

Figure 5. Scatchard plot of QCM-D data showing a linear fit with a 95% confidence 

interval. The slope from this model was used to estimate the binding constant (KD). 

 

The equilibrium dissociation constant (KD) calculated based on the QCM-D Scatchard 

analysis was KD = 1.3 ± 0.1 µM (standard error derived from the parameter estimates 



of the linear fit shown in Table S4). The value for KD is in good agreement with values 

found in literature for EF-hand peptides and lanthanides in solution (Table S5)16-22, 24 

indicating that the EF-hand loop I peptide maintains the ability to bind when surface-

bound.  

 

This study aims to determine the capacity for the EF-hand loop I peptide to bind to Ce3+ 

in solution and when surface-bound. Our CD results indicate that the EF-hand loop I 

peptide is capable of binding to Ce3+ in solution and this was supported by ITC data. 

Also, the secondary structure is important for binding Ce3+ as indicated by the CD 

analysis which shows binding is accompanied by a secondary structure change, and the 

scrambled controls which did not change structure in the presence of Ce3+. The binding 

thermodynamics and structural changes are similar to other EF-hand peptides studied 

with lanthanides,18, 19, 33 which supports an entropy-driven binding process.  

 

The equilibrium binding constant of surface-bound peptide estimated from QCM-D is 

comparable to relevant literature examples using EF-hand peptides with other 

lanthanide ions (Supplemental Information Table S5),16-22, 24 indicating that linking the 

peptide to a solid surface doesn’t fatally hinder binding capabilities to Ce3+. While 

investigation of the affinity of Ce3+ for the EF-hand peptide in this study (modified 

DKDGDGYISAAE), and the effect of tethering peptides to a solid substrate has been 

relatively unexplored in the literature, there are a few published studies for comparison. 

A particularly relevant study was conducted by Nitz et al. where a different EF-hand 



peptide (YIDTNNDGWYEGDELLA) was found to have similar affinity for Ce3+ (KD 

= 0.95 ± 0.05) in solution.24 In another study, an EF-hand peptide of a different sequence 

was found to bind to Ce4+ with a KD of 5.8 µM in solution.16 Also, a peptide which 

incorporated the same binding sequence as this study (DKDGDGTITTKE) was found 

to bind to Tb3+ and La3+ with a KD of 5 ± 1 and 12 ± 1 µM, respectively when grafted 

to domain 1 of a cell adhesion protein and tested in solution.17 Broadly, our study 

implies that EF-hand peptides may be tethered to solid surfaces and retain their ability 

to bind ions. Future work may involve studying other EF-hand derivatives, other 

surfaces, other ions, and other pH conditions depending on the application. For example, 

the selectivity of the peptide may be characterized to assess its utility in lanthanide 

recovery, and other solid surfaces may be desired for materials synthesis. 

  

4 Conclusions 

An EF-hand loop I peptide derived from calmodulin (CGGGDKDGDGTITTKE) was 

shown to bind to cerium (III) ions. The binding in solution was accompanied by a 

change in secondary structure. The peptide formed a stable layer on gold, and had an 

affinity for cerium (III) ions when surface-bound. The peptide sequence was important 

for binding, as scrambled versions of the peptide did not bind as strongly when 

immobilized on gold, and did not change confirmation in the presence of cerium (III) 

ions in solution. Overall, these findings indicate that peptides derived from EF-hand 

motifs can be tethered to solid surfaces and retain the ability to bind to ions. Therefore, 

these peptides could be useful for future applications in materials engineering. 
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