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Enzyme–free uric acid electrochemical sensors using β–cyclodextrin modified 

carboxylic acid functionalized carbon nanotubes 

Mulugeta B. Wayu,† Margaret A. Schwarzmann,† Samuel D. Gillespie, Michael C. Leopold* 

Department of Chemistry, Gottwald Center for the Sciences, University of Richmond 

Richmond, VA  23173 

 

Abstract 

Carboxylic acid functionalized multi–walled carbon nanotubes (COOH–MWCNT) were modified 

via ultra-sonication with β–cyclodextrin (β–CD) to obtain a COOH–MWCNT:β–CD 

nanocomposite material for the purpose of developing an enzyme–free electrochemical sensor for 

uric acid (UA) – a clinically relevant molecule implemented in pregnancy induced hypertension 

(PIH) diagnosis. The nanocomposite material is deposited onto glassy carbon electrodes, and 

subsequently capped with layers of Nafion and Hydrothane polyurethane (HPU). The surface 

morphology and electronic structure of the nanocomposite material were characterized using UV–

Vis, TEM and FTIR. The performance of the electrochemical sensor was measured through direct 

injection of UA during amperometry.  With the high surface area of the COOH–MWCNT in 

concert with the selectivity provided by β–CD, the composite system outperforms similar COOH–

MWCNT systems, displaying enhanced UA sensitivity versus films with only COOH–MWCNT. 

With the improved sensitivity (4.28 ± 0.11 µA·mM–1), fast response time (4.0 ± 0.5 s), the sensors 

offer wide detection of UA across clinically relevant ranges (100–700 μM) as well as demonstrated 

selectivity against various interferents.   

 

 

† These authors contributed equally to this work. 

* To whom correspondence should be addressed.  Email: mleopold@richmond.edu; Phone: (804) 287-
6329; Fax: (804) 287-1897  
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1. Introduction 

Methods for the effective detection of uric acid (2, 6, 8–trihydroxypurine, UA) are gaining a 

significant attention due to its clinical significance [1–4]. Many diseases such as gout, 

hyperuricemia, Lesch–Nyhan disease, obesity, diabetes, high cholesterol, high blood pressure, 

kidney disease and heart disease have been related to the presence of abnormal levels of UA in 

biological fluids such as blood and urine [5–11]. The presence of high UA levels in the blood of 

late–term pregnant women can signal a higher probability of pregnancy–induced hypertension 

(PIH), a condition that leads to a disorder known as pre–eclampsia which places both mothers and 

babies at significant health risk. Emergency cesarean section surgery, an abdominal surgical 

intervention, remains a standard procedure to halt PIH progression even in cases where the 

condition is only suspected based on hypertension assessment. The cost of cesarean section is 

increasing, costing billions of dollars every year [12]. The ability to reliably measure UA in real–

time has been recognized as a viable predictor of PIH that may allow for earlier and more accurate 

assessment of the condition which, in turn, should decrease the number of unnecessary and costly 

surgeries [13]. Current UA testing procedures require time–consuming laboratory evaluation of 

blood/urine [7] during which PIH can remain undiagnosed with increasing probability of serious 

complications and potential progression toward pre–eclampsia. Thus, effective UA sensors, 

capable of accurate, fast, and local monitoring at the bedside, are desired in order to detect and 

predict abnormal conditions [6, 7, 14].  

Enzymes have been incorporated at the interface of modified electrodes used as 

electrochemical sensors in order to increase selectivity of biosensors [1, 14, 15].  The use of 

enzymes in this capacity, however, invokes indirect measurements of target analyte concentration 

and are often dependent on the availability of certain enzyme and their kinetics, the latter often 

resulting in low sensor sensitivity [4]. First generation biosensors, for example, employ enzymatic 

reactions where an immobilized oxidase enzyme in the presence of oxygen catalyzes a specific 

analyte and yields the by–product hydrogen peroxide (H2O2) which is subsequently oxidized at the 

working electrode to produce a signal proportional to the analyte concentration [14–17]. While 

this strategy has been successful for many targets, enzyme–based biosensors have also shown 

many disadvantages such as poor stability and reproducibility, oxygen dependence, high costs, and 

lengthy preparation times [2, 18].  
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Exploring the use of new and novel materials to integrate into sensors for sensitive and 

selective detection of targeted molecules continues to be an active area of research [19, 20]. 

Carbon–based nanomaterials gained extensive interest due to their high superficial area, edge–

plane–like defect, high conductivity, and chemical inertness [21]. More specifically, carbon 

nanotubes (CNTs) have been a focus within the electrochemical sensor community [9, 22, 23]. 

Depending on their atomic structure, CNTs can behave as metallic or semiconductor material and, 

when incorporated at an electrochemical interface, promote electron–transfer (ET) in chemical 

reactions [10, 17, 22–26]. Multi–walled carbon nanotubes (MWCNT) are considered to be 

attractive materials for modifying electrode interfaces due to their large surface areas, high 

conductivities, and proven electrocatalytic activities, allowing fast ET and reducing over–

potentials [27, 28]. However, due to their strong inter–tube van der Waals forces of attraction, the 

insolubility of CNT in aqueous or organic solvents remains problematic [10] and limits their 

applications. Numerous methods have been adopted to modify CNT in order to enhance their 

dispersion in solvents [10, 29]. For instance, Xing et al. (2005) sonochemically oxidized MWCNT 

to increase the population of oxygen containing groups on its surfaces [30]. Wang et al. (2003) 

homogeneously suspended CNT in Nafion–ethanol solutions for the development of selective 

hydrogen peroxide amperometric biosensor [23].  While dispersion of the CNT within the Nafion 

matrix is achieved with this strategy, the consequences include decreased effective CNT surface 

area and lower inter-tube electronic conductivity due to the presence of the Nafion scaffold.  Thus, 

fabrication of an effective electrochemical sensor using CNTs to achieve sensitive, fast and facile 

detection of UA remains a challenge. 

Interest in the use of enzyme–free electrochemical sensors for the detection of UA is 

increasing [4]. With the use of non–enzymatic, or direct detection of electroactive UA (Eqn.1), the 

challenge is to introduce effective selectivity without employing an enzymatic reaction [4, 31, 32].   

 

 

(1) 
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Cyclodextrins (CD), a naturally occurring macrocyclic glucose oligomers, form doughnut or 

wreath–shaped truncated cones known as a, b and g–CD with six, seven and eight D–glucose 

units, respectively. The a, b and g–CD structures form molecular cavities of 0.53, 0.65, and 0.83 

nm in diameter, respectively [9, 23, 32]. CD comprises a primary and secondary alcohol groups 

on the smaller and larger edges or rims, respectively.  In spite of the hydrophilic rims, CD also 

exhibits a significantly hydrophobic character in the inner region [33], a product of the C–H bonds 

that point inwardly toward the cavity. The combination of these functional groups in their 

molecular structure, enables the CD to form supramolecular complexes with other molecules. For 

instance, in the cavity structure, hydrophobic molecules can easily be incorporated by displacing 

the water [26, 33, 34]. More specifically, for example, β–CD can form a host–guest inclusion 

complex with UA via hydrogen–bonding and hydrophobic interactions [2, 3]. Using this type of 

complexation, it has been reported that CD immobilized at electrodes provided for enhanced, 

selective detection of UA in the presence of ascorbic acid, a common interferent species [9, 35-

36].   

In prior work in our lab, pristine MWCNTs were uniformly dispersed in Nafion-ethanol 

solution to form a Nafion-MWCNT composite film at the electrode.  For selectivity, β–CD was 

then electropolymerized into the film to create a selective UA sensing platform with effective 

sensitivity (~ 2 µA/mM) [36].  Even though the report represents a successful proof-of-concept for 

a UA sensing incorporating MWCNTs, the strategy remains susceptible because the use of Nafion 

for dispersion likely allows for interference of optimal coupling between the MWCNTs and β–

CD, the primary components of the film that provide sensitivity and selectivity, respectively.  

Thus, exploring CNT dispersion methodology and materials that allow for maintaining MWCNT 

surface area for maximum interaction of the MWCNTs for maximum coupling interaction with β–

CD remains, to our knowledge, a noteworthy and largely unexplored facet of this area of interest.    

In the work presented herein, three materials are evaluated in terms of their ability to enhance 

the performance of an enzyme–free, layer–by–layer (LbL)–constructed UA electrochemical 

sensor: (1) carboxylic acid functionalized MWCNT (COOH–MWCNT), (2) β–CD adsorbed to the 

COOH–MWCNT modified electrodes, and (3) outer selective polymer membranes or layers of 

Nafion and polyurethane (HPU). Most notably, this research focuses on the incorporation of 

COOH-MWCNT because they are more easily dispersed in aqueous solution compared to pristine 
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MWCNTs.  The increased dispersion in aqueous media allows for the use of ultra-sonication as a 

method to maximize interaction between COOH–MWCNT and b–CD to form COOH–

MWCNT:b–CD composite suspensions and, in theory, produce materials able to selectively detect 

UA with greater sensitivity than when such material interactions are not optimized [36].  To the 

best of our knowledge, the effect of sonication as a means of understanding the role of fundamental 

interactions between the nanomaterials and selective molecules has not yet been explored.  Our 

research includes extensive characterization of the electrode materials using transmission electron 

microscopy (TEM) and Fourier transform infrared (FTIR) spectroscopy. The electrochemical 

performance and the electrocatalytic properties of the electrode materials were investigated using 

cyclic voltammetry (CV) and chronoamperometry (CA). The formative result of this study is the 

demonstrated construction and performance of an enzyme–free, CNT–based UA sensor with 

effective sensitivity, selectivity, and stability that suggests potential for continued development 

toward commercialization.    

 

2. Experimental Section 

Materials and Instrumentation 

All chemicals were purchased from Sigma–Aldrich, unless stated otherwise. Hydrothane 

AL25–80A polyurethane (HPU) was obtained from AdvanSource Biomaterials. Nafion (Liquion 

solution LQ–1105 1100EW 5% wt.) was purchased from Ion Power, Inc. (New Castle, DE, USA). 

Ultra-pure water (UP H2O, 18.3 MΩ·cm) was used to prepare all solutions. A Branson 2510 ultra-

sonicator (ParaGon Electronics, Pembroke, FL, USA) was used to prepare the electrode materials. 

An eight–channel potentiostat (CH Instruments, 1000B) was used to record amperometric current–

time (I–t) curves to evaluate the performance of the biosensor nanocomposite system. 

Electrochemical cells were comprised of a common Ag/AgCl (saturated KCl) reference electrode, 

a common platinum wire counter electrode (Sigma–Aldrich), and modified glassy carbon working 

electrodes (3 mm diameter, CH Instruments). 

Composite Film Fabrication 

Glassy Carbon electrodes (GCE) were successively polished with 1.0, 0.3, and 0.05 μm 

alumina powder, and rinsed thoroughly with UP H2O. Electrode materials were prepared using 
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ultra-sonication as described elsewhere [37, 38]. Prior to use, the carboxylic acid functionalized 

multi–walled carbon nanotubes (COOH–MWCNT) were imaged with transmission electron 

microscopy and deemed typical for this material (Fig. S1).   

Sonicated Together. Briefly, in a typical procedure, 2.0 mg of carboxylic acid functionalized 

multi–walled carbon nanotubes (COOH–MWCNT) and 2.0 mg of cyclodextrin (CD) were added 

to 1.0 mL of ethanol and dispersed using ultra-sonication to obtain COOH–MWCNT:CD 

composite suspensions. A 7 μL aliquot of the composite suspension was deposited on newly 

polished electrodes and allowed to dry for 10 min. The electrodes were subsequently coated with 

7 μL aliquots of 0.5% wt. Nafion, and were allowed to dry at room temperature for another 10 

min. to obtain GCE/COOH–MWCNT: CD/Nafion.  

Sonicated Separately. Similarly, in a typical procedure, 2.0 mg of carboxylic acid functionalized 

multi–walled carbon nanotubes (COOH–MWCNT) or 2.0 mg of cyclodextrin (CD) was added to 

1.0 mL of ethanol and dispersed using ultra-sonication to obtain COOH–MWCNT or CD 

suspensions respectively. A 7 μL aliquot of each suspension was deposited on newly polished 

electrodes and allowed to dry for 10 min. The electrodes were subsequently coated with 7 μL 

aliquots of 0.5% wt. Nafion, and were allowed to dry at room temperature for another 10 min. to 

obtain GCE/COOH–MWCNT/Nafion, GCE/COOH–MWCNT/CD/Nafion or GCE/CD/Nafion, 

GCE/CD/COOH–MWCNT/Nafion, respectively. 

The outer polyurethane (PU) layer, semipermeable membrane, was applied as previously 

reported [15, 39–41]. Briefly, 100 mg of Hydrothane polyurethane (HPU) was dissolved in ethanol 

and THF mixture (1:1) ratio, which was stirred overnight. A 10.0 μL aliquot of the HPU blend was 

then deposited on the COOH–MWCNT/CD/Nafion modified electrode and allowed to dry 

(ambient, 30 min.) to obtain GCE/COOH–MWCNT/CD/Nafion/HPU electrochemical sensor. For 

the purpose of comparison, various electrodes such as GCE/Nafion/HPU, GCE/CD/HPU and 

GCE/COOH–MWCNT/HPU were prepared in similar fashion.    

 

Evaluation of Sensor Performance 

For evaluating the sensors, the various modified electrodes were submerged in 25.0 mL of 

stirred (1100 rpm) phosphate buffer solution (PBS, 65.55mM, pH 7). The working electrode 
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potential was held at +0.347 V for 1200 seconds prior to consecutive 50 μL injections of 50 mM 

UA stock solution at 200 second intervals to obtain stair–step response to successive, 100 µM UA 

increases. Sensor performance was evaluated using linear regression analysis of calibration curves. 

As in prior work, slopes of calibration curves (i.e., current response vs. UA concentration) 

corresponded to sensitivity while response times (tR–95%) were defined as the time required to reach 

95% of the total change in current due to an increase in UA concentration [40, 41]. Instrumentation 

details and procedures for transmission electron microscopy (TEM) and Fourier transform infrared 

(FTIR) spectroscopy and UV–vis spectroscopy characterization of the films is included in 

Supplementary Information. 

 

3. Results and Discussion   

Scheme 1 provides the general, step–by–step design of the enzyme–free layer–by–layer 

(LbL) UA electrochemical sensor and features four major components modifying a glassy carbon 

electrode: (1) COOH–MWCNT layer; (2) a layer of adsorbed cyclodextrin, (3) an inner–selective 

Nafion layer and (4) an outer–selective polyurethane layer. Briefly, as shown, in a typical 

procedure, COOH–MWCNT is dispersed in ethanol using sonication to form COOH–MWCNT 

suspension. The COOH–MWCNT suspension is then drop–casted onto freshly polished GCE to 

obtain GCE/COOH–MWCNT. Then cyclodextrin is coated onto GCE/COOH–MWCNT to obtain 

GCE/COOH–MWCNT/CD. The ethanol solution of Nafion (0.5% wt.) is then deposited on the as 

modified electrode to obtain GCE/COOH–MWCNT/CD/Nafion. Finally, HPU is deposited onto 

GCE/COOH–MWCNT/CD/Nafion and allowed to dry to obtain GCE/COOH–

MWCNT/CD/Nafion/HPU. In general, the use of these components in combination was shown to 

function over extended linear/dynamic ranges of detection with high sensitivity, fast response and 

selectivity.   

 

3.1.  Surface characterization of electrode materials  

FTIR spectroscopy was used to initially characterize the materials incorporated into the 

sensor.  Figure 1 shows characteristic FTIR spectra of the as purchased COOH–MWCNT where 

a slight signal at ~1720 cm–1 is attributed to the presence of the C=O functional group. The 
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weakness of this peak for the as–received COOH–MWCNT suggests that there are low 

concentrations of carboxylic acid functional groups, likely localized to the edges of the tubes [42]. 

The spectra of the as–received b–CD is as expected as well, matching the literature [29] with strong 

absorption bands for –OH and C=O stretches at ~3300 and ~1720 cm–1, respectively. In a typical 

procedure for sensor construction, the COOH–MWCNT are modified with b–CD via sonication, 

either separately or together. When the COOH–MWCNT are exposed to b–CD in this manner, the 

FTIR of the resulting material (Figure 1) maintains signature stretches of b–CD. A representative 

FTIR spectra of the resulting material prepared in this manner is shown in Figure 1.  Peaks 

observed at 3300, 2930 and 1020 cm–1 in b–CD/COOH–MWCNT spectra corresponded to the 

bending vibration of –OH group, stretching vibrations of –CH2– and –C–O–C– groups of b–CD, 

respectively [29]. To help affirm that b–CD exists within the material as a complex with COOH–

MWCNT, the material was extensively washed with ethanol to remove excess b–CD. The resulting 

spectrum of that material (Figure 1) shows the same persistent absorption bands consistent with 

the b–CD signature.   

For additional base–line characterization of the materials, UV–Vis spectroscopy was used 

to evaluate the efficiency of COOH–MWCNT dispersion in ethanol.  Serial dilutions of the 

COOH–MWCNT suspensions were made and UV–Vis spectra were collected (Fig. S2). The 

absorbance peak at 230 nm increases with the COOH–MWCNT suspension concentration, 

consistent with literature reports [43]. The absorption intensity is notably proportional with 

COOH–MWCNT concentration, underscoring the dispersibility of COOH–MWCNT in ethanol 

without the help of surfactants. As observed from this assessment (Fig. S2a), ~2 mg/mL of COOH–

MWCNT concentration is used as a standard in this study.   

 Electrodes were modified with COOH–MWCNT sonicated separately or in combination 

with b–CD in ethanol and subsequently covered with an outer selective layer of Nafion for the 

direct electrochemical detection of UA.  The outer selective layer of Nafion has been shown to be 

selective for UA [44]. Since UA is electroactive, cyclic voltammetry of 1 mM UA in PBS (pH = 

7.0) at various modified electrodes, including bare, COOH–MWCNT modified GCE and COOH–

MWCNT:b–CD modified GCE, each coated with Nafion showed the presence of a strong UA 

oxidation peaks at +0.347 V with both peak shape and potential consistent with prior work [14].  

Representative examples of the observed CV are included in Supplementary Information (Fig. S3) 
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and also illustrate the notable increase in background charging current from systems incorporated 

with COOH–MWCNT and their increased surface area. Based on the peak potential of this UA 

oxidation, electrodes to be tested as UA sensors were held at +0.347 V vs Ag/AgCl during 

chronoamperometry to generate current–time (I–t) curves during the standardized injections of 

UA.   

 

3.2.Optimization of LbL UA Electrochemical Sensor  

Common to LbL construction of modified electrodes, initial attempts to utilize these 

materials consisted of drop–casting the material directly onto the electrodes. The amperometric I–

t curves during UA injections and their corresponding calibration curves are shown in Figure 2. 

Systems without nanomaterials, GCE/Nafion/HPU and GCE/b–CD/Nafion/HPU, showed similar 

and very poor sensitivity (0.02 ±	0.004 µA·mM–1) toward UA (Figs. 2a, 2b). The same systems 

with COOH–MWCNT incorporated showed significantly enhanced UA sensitivity. GCE/COOH–

MWCNT/Nafion/HPU, for example, exhibited a drastically improved sensitivity of 0.33	± 0.093 

µA·mM–1 (Fig. 2c). However, when COOH–MWCNT is mixed with b–CD and used to modify 

GCE to form GCE/COOH–MWCNT:b–CD/Nafion/HPU, the sensitivity increased to 1.23	±	0.20 

µA·mM–1 (Fig. 2d), indicating the potential synergistic effect of these materials and suggesting a 

more effective engagement of the selectivity provided by the β–CD. A similar effect is observed 

when the same layering of materials is executed without the HPU capping layer (Supporting 

Material, Fig. S4). 

With a preliminary result suggesting that the critical component of the sensing scheme may 

be optimizing the interaction between β–CD and the COOH–MWCNT, the different materials 

were sonicated either together (i.e., combined) or separately prior to incorporation in the LbL 

construction of the UA electrochemical sensors. Sonication was employed with the thought that it 

would further disperse the COOH–MWCNT and provide a greater total surface area of the material 

to interact with the β–CD.  As such, mixtures of COOH–MWCNT and b–CD (1:1) were sonicated 

for different amounts of time (5 to 60 minutes) to see if there were differences in the COOH–

MWCNT:b–CD nanocomposite formation.  At various time intervals, nanocomposite material was 

extracted from the mixture and deposited onto electrodes before being capped with the polymer 
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layers (i.e., Nafion and HPU) and subsequently tested for UA responsiveness.  Figure 3A shows 

the effect of sonication time on performance of the systems in terms of amperometric I–t response 

and corresponding calibration curve (Fig. 3A, inset).  As seen in the figure, sensor performance, 

in terms of sensitivity, is significantly affected by sonication time, increasing from 5 to 45 min. 

before decreasing gradually at higher sonication times (Figure 3B).  While a 4–fold increase in 

sensitivity was observed for 45-minute sonication compared to the 5-minute sonication, the linear 

range of the calibration curve for the material sonicated at 45 minutes was also affected, limited to 

0.4 mM and insufficient for the complete physiological range of UA (0.2 to 0.5 mM UA) [1]. As 

a result, 30 min. sonication times, which yielded moderate sensitivity over the wider linear range 

of detection, was selected as optimal for this study.    

In optimizing the performance of the electrochemical sensor, other parameters that may 

affect the electrochemical sensor activity were identified as well, including the ratio of COOH–

MWCNT to b–CD in the nanocomposite mixtures, the type or size of the CD molecules, and if 

sonicating the materials separately or as a mixture.  In the first case, the effect of varying the ratio 

of COOH–MWCNT to b–CD was displayed in Fig. S5. While slightly higher sensitivity was 

observed when a 1:1 ratio of COOH–MWCNT to b–CD was used to fabricate the sensor, the 

difference in enhancement compared to the 1:3 and 3:1 ratio was relatively statistically 

insignificant.  Secondly, to confirm that the β–CD is providing enhancement by sequestering UA 

into its specific size cavities, a series of COOH–MWCNT modified electrodes was investigated 

incorporating a (smaller cavity), b and g (larger cavity) CD structures. A 1:1 ratio of COOH–

MWCNT to various CD types (i.e.; a, b and g respectively) were sonicated in ethanol prior to 

electrode modification as previously described. The current response obtained from I–t curves 

during the successive injections of UA was translated to the calibration curves (Supplementary 

Information, Fig. S6) and their slopes (i.e., sensitivities) compared. The greatest sensitivity was 

achieved using b–CD, ~2.8X and ~1.2X greater than a and g–CD, respectively. These results 

imply that the size of the b–CD cavity is indeed playing a role in the selective detection of UA 

with these systems. 

The effect of sequential layering of individual materials, as opposed to applying a single 

layer mixture of b–CD and COOH-MWCNT, at the electrode was investigated to assess the effect 

of each material on the electrochemical detection of UA.  Figure 4A displays the typical I-t curves 
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and the corresponding calibration curves of electrochemical sensors fabricated by applying as 

received and untreated (i.e., not sonicated) materials as individual layers at the electrode.  Here, 

electrodes with COOH-MWCNT applied at immediate interface and covered with a second layer 

of b–CD material are compared to similar electrodes with the materials deposited sequentially and 

in opposite order – both capped with Nafion and HPU.  The results show a significant variation in 

sensitivity when the bottom layer is COOH-MWCNT (Fig. 4A, b) versus the same materials with 

the bottom layer deposited as b–CD (Fig.  4A, a). The observed results suggest that electronic 

coupling of the electrode to the COOH-MWCNT material is a critical component toward 

effectively incorporating the nanotubes into the sensing mechanism, likely extending the effective 

surface area of the electrode and providing increased interactions with b–CD over that area.  The 

critical nature of the order of layering materials is an established phenomenon in many LbL 

constructs of sensors and biosensors [14, 41].   

Given the success of sonicating the mixture of materials (Fig. 3), a set of experiments 

focused on the order of layering materials that were individually treated with sonication were 

conducted.   In this case, all materials were sonicated prior to being incorporating into the LbL 

electrochemical system as individual layers – again testing if enhanced signals were more 

substantial if sonicated COOH-MWCNT are layered first.  Figure 4B shows the typical I-t curves 

and the corresponding calibration curves of electrochemical sensors fabricated using materials that 

are separately sonicated, denoted with * in the results. Consistent with the trend of Fig. 4A, systems 

with COOH-MWCNT layered as the first component at the electrode followed by b–CD (and 

capped with Nafion and HPU) significantly outperformed analogous systems where sonicated b–

CD was deposited as the initial layer. Experiments were also conducted where only one component 

was sonicated as well and resulted in establishing that sonication was beneficial for both b–CD 

and COOH-MWCNT but that the layering of COOH-MWCNTs as an initial layer was a more 

dominant factor in improving sensitivity (Supplementary Information, Fig. S7). 

Sonicating and depositing both COOH-MWCNT and b–CD individually in conjunction 

with specifically layering the materials with COOH-MWCNT at the electrode interface produced 

a superior result.  The enhancement from this synergistic effect and the clear benefit of sonication 

are illustrated in the comparison of results shown in Figure 4C. Systems utilizing mixtures of 

COOH-MWCNT and b–CD were compared with and without sonication prior to deposition and 
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showed significant enhancement of sensitivity with the sonication, increasing from 0.57	± 0.02 

µA·mM–1 (Fig. 4C, a) to 3.03	± 0.15 µA·mM–1 (Fig. 4C, c).  Layering individual components 

sequentially, with COOH-MWCNT as the initial layer, showed a similar effect with sonicating the 

materials, with sensitivity increasing from 0.99	± 0.01 µA·mM–1 (Fig. 4C, b) to 4.28	± 0.11 

µA·mM–1 (Fig. 4C, d).  This full system, GCE/COOH-MWCNT*/b–CD*/Nafion/HPU, 

consistently yielded the highest sensitivity of the entire study.  We believe the observed 

enhancement can be attributed to a number of factors.  Sonication of the COOH-MWCNT prior to 

being deposited as the initial layer allows for greater dispersion of the material which then 

increases the available conductive surface area and maximizes the material’s ability to interact 

with b–CD. The improved interaction likely increases electron transfer properties of the interface 

with UA[9].  Sonication of the b–CD likely improves the solubility of the material with also serves 

to optimize its interaction with the COOH-MWCNT.  The reasoning behind the relatively less 

impressive performance of the sonicated mixture of materials is not entirely clear.  It may be that 

the presence of the b–CD with the COOH-MWCNT during sonication may alter the ability of the 

latter material to disperse as efficiently.  Given the results, the optimized system, GCE/COOH-

MWCNT*/b–CD*/Nafion/HPU was evaluated for sensor performance.   

 

3.3. LbL UA Electrochemical Sensor Performance 

Composite LbL films featuring the separately sonicated layers of COOH–MWCNT and b–

CD exhibit high sensitivity (4.28	± 0.11 µA·mM–1), fast response time (~ 4–5 s), and 

dynamic/linear ranges (0.1 to 0.7 mM) that easily span physiologically relevant concentrations of 

UA. As part of evaluating the selectivity of the system, the influences of possible interfering 

species on the detection of UA was also investigated. The assessment of the selectivity of 

GCE/COOH–MWCNT*/b–CD*/Nafion/HPU electrochemical sensor is shown in Figure 5 where 

the complete film is subjected to injections of common interferents as well as UA injections of 

different concentrations with the electrode poised at +0.347V. Injections of most interfering 

species (e.g., sodium nitrite, oxalic acid (OA), and glucose) did not result in significant current 

response relative to the observed UA response. Ascorbic acid (AA) gave a lower response 

compared to that of UA. As in prior reports, the most problematic interferent for UA sensing 

remains acetaminophen (AP). While this represents a challenge, it is important to remember that 
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acetaminophen is a synthetic pharmaceutical that is ingested and clears the body in a relatively 

short time (4–6 hours). In any eventual medical application of these sensors, the presence of 

acetaminophen will be identifiable by recording an effective patient history [14, 45].   

As has been done in previous studies [15, 39–41] for a quantitative and conservative 

evaluation of selectivity, the I–t curve responses toward interferents versus the UA analyte can be 

used to calculate selectivity coefficients (Kamp) according to the following equation:   

 𝐾$
%&' = log, ∆./ 0/⁄

∆.23 023⁄ 4   (2) 

where ∆Ij and ∆IUA are the measured currents for a specific interferent species (j) and uric acid and 

Cj and CUA are concentrations of the interferent species and UA, respectively.  Negative selectivity 

coefficients indicate that the interferent is inconsequential whereas species with positive values 

are selected for by the sensor, in this case, only acetaminophen (AP) and UA. Figure 5 (inset), 

displays a graphical comparison of selectivity coefficients for the GCE/COOH–MWCNT/b–

CD/Nafion/HPU electrochemical sensor at +0.347 V. Figure 5 underscores the critical selectivity 

of the sensor with selectivity coefficients of 0.37 and 0.25 for UA and AA, respectively.  Negative 

selectivity coefficients were observed for sodium nitrite, OA, and glucose. Except for AP, 

selectivity coefficient values for this UA electrochemical sensing are in agreement with selectivity 

deemed effective for other reported biosensing schemes [39]. As with many other UA sensors [1], 

AP, with a selectivity coefficient of 0.69 at +0.347 V, remains a problematic species during 

sensing, although its selectivity coefficient reported here is lower than that reported in literature 

for other sensors where AP is considered as an interferent [40, 41, 46].  

As previously stated, the electrochemical sensor exhibits excellent response time (tR–95%) of ~ 4 

– 5 seconds, a conservative estimate of the response where the time is measured once 95% of the 

total current change is achieved [40, 41]. Both the sensitivity and response time are generally stable 

for at least 12 days (Figure 5), indicating the potential application of the developed sensor for 

monitoring of near-term pregnant women with PIH. Additionally, the current response for a single 

UA concentration at the center of the relevant physiological range (300 µM) was specifically 

tracked for a set of composite films over the course of 12 days as well (Supplementary Information, 

Fig. S8) and resulted in an average current response of 0.34 µA/day with a standard deviation of 

±0.03 µA/day - an additional indicator of sensor stability.  A complete table summary of the 
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performance of the complete system (GCE/COOH–MWCNT*/b–CD*/Nafion/HPU) and 

comparison of these properties to other related literature reports of uric acid sensors is provided in 

the Supplementary Information (Table SI–1). 

 

4. Conclusion 

In this study, MWCNT-b–CD composite films have been incorporated into LbL constructed 

electrochemical UA sensors and provided a system that delivers a greater understanding of the 

critical interaction between the materials used to provide sensitivity and selectivity.  The use of 

ultra-sonication to disperse COOH MWCNTs and maximize interaction with UA selective β-CD 

created composite films capable of high UA loading capacity coupled with effective electronic 

communication.  By focusing on methodology and materials that optimize the coupling of the 

advantageous properties of these materials, the sensitivity of the sensor produced was double that 

of strategies utilizing the same materials without such an emphasis [36].  The developed 

electrochemical sensor also demonstrated effective selectivity and high reproducibility for the 

stable detection of UA over time, underscoring the potential of its application for analysis of real 

samples.  One of the advantages of the electrocatalytic activity provided by the incorporation of 

MWCNT is that the sensor can operate at lower potentials. The sensor presented using an applied 

potential of +0.347V versus many traditional sensors that use higher voltages. A prime example 

of such sensors is the widely explored 1st generation schemes that detect hydrogen peroxide 

oxidation at +0.65 V as it is a by–product of an enzymatic reaction that indirectly signals the 

presence of an analyte [14, 45, 46].  The present work offers a new avenue to broaden the analytical 

applications of carbon nanotubes hybrids in clinical analysis.  
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