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Abstract:



This study aims the preparation of a QCM sensor for the detection of bilirubin in human plasma. Bilirubin-imprinted poly-(2-hydroxyethyl methacrylate-N-methacryloyl-l-tryptophan methyl ester) (PHEMATrp) nanofilm (MIP) on the gold surface of a QCM chip was synthesized by the molecular imprinting technique. Meanwhile, the non-imprinted PHEMATrp (NIP) nanofilm was synthesized by the same experimental technique to examine the imprinting effect. Characterization of MIP and NIP nanofilms on the QCM chip surface was achieved by atomic force microscopy (AFM), ellipsometry, Fourier transform infrared spectrophotometry-attenuated total reflectance (FTIR-ATR) and contact angle measurements (CA). The observations indicated that the nanofilm was almost in a monolayer. Thereinafter, the imprinted and the non-imprinted QCM chips were connected to the QCM system to investigate kinetic and affinity properties. In order to examine the selectivity of the MIP-PHEMATrp nanofilm, competitive adsorption of bilirubin with cholesterol and estradiol was performed. Limit of detection (LOD) and limit of quantitation (LOQ) values were calculated as 0.45 μg/mL and 0.9 μg/mL, respectively.
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1. Introduction


Bilirubin is a tetrapyrrolic yellow compound, formed as an end product of heme in blood and transported to hepatocytes via albumin (as a water-soluble complex) for further conjugation with glucuronic acid (mono/di), then excreted into the bile [1,2]. Unconjugated bilirubin (UCB) can behave as an antioxidant agent at low concentrations and provide a positive health effect on hyperbilirubinemia (in case of the increase of UCB in the blood) patients [3,4]. High concentrations of UCB accumulate in many tissues, especially in the brain, due to its lipophilic nature, so it cannot be excreted [5]. A high UCB concentration in the blood can cause hepatic or biliary tract dysfunction, and also permanent brain damage or death in the most severe cases [6]. A level of UCB in the plasma above 15 mg/dL (256 μM) can lead to neurological dysfunctions such as kernicterus or bilirubin encephalopathy [7,8,9]. UCB can be regarded as a diagnostic marker closely related to many significant functions or disorders of the liver [3]. In the case of dudogastroesophageal reflux, bile acids can be detected in the esophagus of patients and it was reported that there is a significant relation between the total bilirubin and bile acid levels. Therefore, these molecules can be assumed as markers for this disease. De Corso and co-workers have detected bile acids and bilirubin in the saliva of patients to uncover the relationship between their presence, symptoms and findings of laryngeal damage. They concluded that bile acid and total bilirubin assay in saliva could be regarded as simple and noninvasive markers [10]. Xantochromia is yellow discoloration due to the presence of bilirubin in the cerebrospinal fluid and is an indication of in vivo hemorrhage. Therefore, the detection of bilirubin in cerebrospinal fluid by a simple and efficient quantitation method between a period of 12 h and three weeks post-ictus has clinical significance [11].



The direct spectroscopic measurement and the diazo reaction are the most commonly used methods to detect the bilirubin level in serum plasma [12]. Unconjugated and conjugated bilirubin analysis has been carried out by HPLC-UV/VIS methods with RP-C18 columns [13]. Other methods have been also reported such as the fluorimetric method which used the yttrium (Y3+)-norfloxacin complex as a fluorescence (FL) probe [14], capillary electrophoresis which used a mixed anionic surfactant-protein buffer system with laser-induced fluorescence detection [14], and the electrochemical method based on electro-catalytic oxidation of bilirubin [15]. An amperometric biosensor for total bilirubin assessment in serum [16] and a piezoelectric sensor–based MIP technology [17] have also been reported for bilirubin analysis. Santosh et al. reported a non-enzymatic and fluorescence quenching–based method using human serum albumin–stabilized gold nanoclusters as a fluorescent probe for free serum bilirubin detection in blood serum samples. The bilirubin concentration change strongly affected the fluorescence quenching. The detection limit was 248 ± 12 nM under interference-free medium and the response was stable over the wide pH and temperature ranges. The detection limit in serum samples was 200 ± 19 nM [2].



QCM is a mass-sensitive technique based on the piezoelectric effect. Any mass deposited on the QCM resonator affects the oscillation frequency of the resonator. It is possible to investigate biomolecular/chemical interactions due to measuring the frequency shift of the resonator, which is proportional to the mass change on the surface of the resonator [18,19,20,21,22]. The QCM technique offers some advantages such as label-free monitoring in real time and determining the kinetic constants of biomolecules in addition to easy use, low cost, high sensitivity, portability and quick response time [23]. Recently, QCM has been well adopted for analytical applications considering the practical limitations of laboratory-based methods such as high cost, long processing times, instrumental complexity and difficulty of manipulation [24].



In the current study, a QCM sensor based on the molecular imprinting technique was developed for the detection of bilirubin in human serum and aqueous solution. Bilirubin-imprinted polymers with various bulk structures [8,9,25,26] were already prepared as molecular imprinting materials provided to design artificial receptors with a longer shelf-life and better stability as compared to natural biomolecules [27]. The recognition mechanism of biomolecules such as enzyme/substrate and antibody/antigen was transferred to the synthetic polymeric structure via the molecular imprinting approach [20]. Molecular cavities which are complementary in chemical functionality, shape and size to the analyte, called the template, are produced in/on the synthetic polymeric structure. These cavities formed in/on the polymeric structure have specific and highly selective against the template [28]. Due to stability (with respect to the highly cross-linked structure) in extreme environmental conditions, and cheap and easy synthesis, molecular-imprinted materials exhibit wide potential use in separation, sensors, catalysis, and drug delivery [29,30].




2. Materials and Methods


2.1. Materials


Bilirubin, hydroxyethyl methacrylate (HEMA) and ethylene glycol dimethacrylate (EGDMA) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). QCM chips were purchased from Maxtek Inc. (New York, NY, USA). N-methacryloyl-l-tryptophan methylester (MATrp), was supplied from Nanoreg (Ankara, Turkey). The α,α′-Azobisisobutyronitrile (AIBN) was supplied from Fluka A.G. (Buchs, Switzerland). Water used in experiments was purified using a Barnstead (Dubuque, IA, USA) ROpure LP®reverse osmosis unit. All other chemicals were reagent grade and supplied from Merck A.G. (Darmstadt, Germany).




2.2. Preparation of the Bilirubin-Imprinted Nanofilm (MIP)


Gold surface of QCM sensor was cleaned with acidic piranha solution (1:3 30% H2O2/H2SO4), then immersed in deionized water (DI) and ethyl alcohol, respectively and dried in vacuum oven (200 mmHg, 40 °C) for 2 h. Then 5 µL of 3.0 mM allyl mercaptan solution was poured onto gold surface and incubated for 12 h in a sealed container. After modification, unreacted allyl mercaptan monomer was removed by ethyl alcohol solution (96%). So, a self-assembled monolayer of thiol groups was organized prior to the polymerization of bilirubin molecular-imprinted polymeric film.



Molecularly imprinted PHEMATrp nanofilm with bilirubin was formed via photopolymerization. Firstly, bilirubin was pre-complexed with the functional comonomer of MATrp. For that, 5.95 × 10−3 mmol (0.87 mg) bilirubin was dissolved in 250 µL aqueous solution of 0.1 M Na2CO3 and 0.035 mmol (40.47 mg) MATrp was added into this solution. Pre-polymer complex formation of (MATrp/bilirubin) was achieved by stirring magnetically at 150 rpm for 5 min at room temperature. All complexation process was performed in dark room and MATrp/bilirubin was kept in dark place until use.



In the next step, 356 µL of HEMA (2.94 mmol) monomer, 713 µL of phosphate buffer (pH: 7.0) and the initiator (5 mg AIBN) were mixed with the solution of MATrp/bilirubin for 5 min on a magnetic stirrer at 200 rpm and dissolved oxygen was removed passing nitrogen gas through the stock solution. In general, polymeric films were cross-linked using various crosslinking agents (glutaraldehyde, formaldehyde and methylene bisacrylamide) to enhance the mechanical properties and water stability. To date, successful imprinting of small molecules has been performed via molecular imprinting technology; however, imprinting of macromolecules is still facing a great challenge due to restricted mass transfer of the large molecules across the cross-linked polymer matrix. Variety of strategies such as surface imprinting, epitope imprinting and/or using nano-sized materials have been evaluated to overcome the mass transfer problems of macromolecules. Nano-sized materials with high surface-to-volume ratio have received great attention due to the elevation of binding capacity of molecules by facilitating template removal and improving accessibility of the generated recognition sites. The bilirubin-imprinted PHEMATrp films with significant strength and water stability have been synthesized without using any cross-linking agent [30]. Then 2.0 µL aliquots of the stock solution was poured onto the surface of allyl mercaptan functionalized QCM sensor. MAXTEK 5 MHZ Cr/Au polished quartz crystals chip was supplied from USA by INFICON. Polymerization was triggered using UV light at room temperature (100 W, 365 nm) and was continued for 20 min at room temperature under nitrogen atmosphere.



Degradation degree of removed template molecule, bilirubin was monitored by UV-VIS spectrophotometry method. At first, absorbance spectra of bilirubin solution were recorded (1 min). After then, the prepared bilirubin solution to make molecularly imprinted polymer was subjected to UV light for 20 min and absorbance spectra of desorbed bilirubin were recorded again (20 min). Unremarkable intensity change as seen in Figure 1 implies that there is no any detectable structural change of bilirubin molecules. So polymerization under UV light was decided to be good choice for making bilirubin-imprinted nanofilm.


Figure 1. Absorbance spectra of bilirubin solution.
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At the end of the photopolymerization, the unreacted monomers were removed by washing QCM resonator with methanol solution. A solution containing 2 M NaOH, 1 M Na2CO3 and 25 mM EDTA was used as desorption agent for bilirubin [8]. The non-imprinted QCM (NIP-QCM) chip was also prepared through the same procedure without using bilirubin to test the efficiency of imprinting process.



The bilirubin imprinted and the non-imprinted QCM sensor surfaces were characterized by Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR) (Thermo Fisher Scientific, Nicolet iS10, Waltham, MA, USA, ABD), contact angle measurements (KRÜSS DSA100, Hamburg, Germany), ellipsometer measurements (Nanofilm EP3, Gottingen, Germany) and atomic force microscopy (AFM) (Nanomagnetics Instruments, Oxford, UK).




2.3. Evaluation of the Sensor Response


RQCM (INFICON Acquires Maxtek Inc., New York, NY, USA) was used for kinetic studies with the bilirubin-imprinted QCM sensor in real time. QCM sensor crystals have an orientation of standard AT-cut and are 1 in (25.4 mm) in diameter gold-coated crystals.



Bilirubin-imprinted QCM sensor was installed in an INFICON crystal holder and equilibrated with carbonate buffer at pH 11 until reaching the constant oscillation frequency (fo). Bilirubin solutions (in carbonate buffer at pH: 11) in the concentration range between 1.71–85.51 µM were applied to the QCM system and frequency shifts (∆f) which is proportional to the deposited mass on the QCM resonator surface were monitored in real time until it became stable (about 20 min). The Sauerbrey equation is used to estimate a linear relation between the changes in the resonant frequency of a quartz crystal and the mass of a thin rigid film added to its surface [31] and widely used to relate the decrease in resonant frequency [image: there is no content] to the added mass [image: there is no content] for mass conversion in the quartz crystal microbalance applications because the frequency to mass conversion depends only on the geometrical and physical characteristics of the quartz crystal. Equation (1) stands for the Sauerbrey equation. Where [image: there is no content] is the resonant frequency, [image: there is no content] is the active electrode area, [image: there is no content] is the density, [image: there is no content] is the shear modulus.


[image: there is no content]



(1)







Bilirubin desorption was performed with a solution containing 2 M NaOH, 1 M Na2CO3 and 25 mM EDTA. All equilibrium-adsorption-desorption steps were applied for each cycle of different of bilirubin concentration.





3. Result and Discussion


3.1. Characterization of the QCM Sensors


The surface of bilirubin-imprinted PHEMA film (Figure 3) was characterized by FTIR-ATR, contact angle, AFM and ellipsometry measurements. In the FTIR-ATR spectrum of PHEMA, the absorption band of the -OH stretching vibrations was observed at 3420 cm−1, the C-H stretching band of the alkyl group at 2954 cm−1, the C=O stretching band of the carbonyl group at 1718 cm−1 and the C=C stretching band at 1633 cm−1. In the FTIR-ATR spectrum of PHEMATrp, the aromatic N-H stretching band was observed at 1533 cm−1, the aromatic C-N stretching bands at 1454–1391 cm−1 and the C=O stretching band of the amino acid at 1657 cm−1, which demonstrated that the MATrp was incorporated into the polymeric structure (Figure S1). A schematic representation for the molecular formula of PHEMATrp polymeric film was shown in Figure 2.


Figure 3. Surface morphology, (a) unmodified (bare) QCM; and (b) MIP-QCM by AFM in dynamic mode.
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Figure 2. Schematic representation of PHEMATrp polymeric film.
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The surface hydrophilicity of the QCM sensor surface was determined with the water contact angle instrument via the sessile drop method. Contact angle values were calculated using DSA2 software and are given in Table 1. The water contact angle values of unmodified (bare) QCM, MIP-QCM and NIP-QCM chips were calculated as 85.4° ± 0.13, 77.1° ± 0.1 and 75.3° ± 0.15, respectively (Figure S2). A significant decrease of the contact angle values (approximately 10°) of the MIP-QCM and NIP-QCM surfaces indicates that the hydrophilic character of the surface was further increased due to the incorporation of the hydrophilic monomer, HEMA.



Table 1. The contact angle values.







	
Surfaces

	
Contact Angle Values °






	
Unmodified (bare) QCM

	
85.4 ± 0.13




	
MIP-QCM

	
77.1 ± 0.10




	
NIP-QCM

	
75.3 ± 0.15










The morphology of the QCM sensor surfaces was revealed by AFM in dynamic mode as shown in Figure 3. The AFM tips have an oscillation frequency of 300 kHz and an area of 2 µm × 2 µm. Each QCM sensor surfaces was scanned with the rate of 1 μm/s and the resolution of 256 × 256 pixels. The average surface roughness of MIP-QCM and NIP-QCM was determined as 36.82 nm and 28.82 nm, respectively. These roughness values confirm the film formation on the QCM chip surfaces. The thickness of MIP and NIP polymeric film on the QCM surface was determined as 81.9 ± 1.9 nm and 77.8 ± 3.7 nm, respectively (Figure S3). The difference between the thickness values (MIP: 77.1 ± 0.10 and NIP: 75.3 ± 0.15) indicated that the molecular imprinting process has been performed successfully and these values also show that polymeric film attachment onto the gold surface of the QCM resonator was achieved for each MIP and NIP QCM sensor.




3.2. Bilirubin-Imprinted Sensor Response


Bilirubin solutions with a concentration range of 1.71–85.51 µM (1–50 µg/mL) were prepared to evaluate the relationship between the bilirubin concentration and QCM sensor response. The working concentration range was chosen by considering the plasma bilirubin levels of the hyperbilirubinemia patients. Real-time kinetic data were monitored using RQCM (Maxtek) software. The sensorgram, which shows the change of Δf versus time for a concentration of 25 µg/mL, is given in Figure 4a. The sensorgram, which shows the change of mass versus time (completed in about 25 min) at a concentration of 25 µg/mL, is given in Figure 4b.


Figure 4. Real-time response of QCM sensor against aqueous solutions of bilirubin of 25 µg/mL and (a) the change of ∆f with time; (b) the change of mass with time.
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As seen in Figure 5a,b, the value of mass, which is proportional to ∆f, is increased with the increasing bilirubin concentration. The bilirubin-imprinted QCM sensor showed a linearity for the concentration range of 1–50.0 μg/mL (1.71–85.8 µM) with the regression coefficient of R2 = 0.98. The data obtained from this concentration range were used to calculate LOD and LOQ values of the QCM sensor [27]. LOD and LOQ values were determined as 0.45 μg/mL and 0.9 μg/mL, respectively. A summary of various detection methods for bilirubin was summarized in Table 2. As can be seen from the table, the QCM sensor prepared in this study has comparable LOD values.


Figure 5. Linearity of QCM sensors for aqueous bilirubin solutions at a concentration range 1.71–85.51 µM, (a) ∆f versus CBilirubin; (b) mass versus CBilirubin.
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Table 2. Comparison of various bilirubin detection methods.







	
Target Molecule

	
Methodology

	
LOD

	
References






	
Unconjugated bilirubin

	
HPLC-DAD

	
10 nM

	
[32]




	
Bilirubin

	
Specific spectrofluorimetric

	
4.8 nM

	
[14]




	
Bilirubin

	
TLS detection in a batch mode

	
2 nM

	
[33]




	
Bilirubin

	
Amperometric biosensor

	
100 pM

	
[34]




	
Unconjugated bilirubin

	
HPLC-TLS

	
90 pM

	
[35]




	
Bilirubin

	
Carbon nanotubes COOH/graphene/gold nanoparticles

	
0.34 µM

	
[36]




	
Bilirubin

	
UV-VIS spectrophotometer

	
0.8 µM

	
[37]




	
Bilirubin

	
Photoelectrochemical imprinted biosensor

	
0.007 μM

	
[38]




	
Bilirubin

	
Imprinted sol-gel xerogel

	
1.6 nM

	
[39]




	
Bilirubin

	
Molecularly imprinted film

	
0.01 μM

	
[40]




	
Bilirubin

	
Piezoelectric imprinted film

	
0.05 μM

	
[41]




	
Bilirubin

	
Amperometric

	
0.644 A/mg/dL

	
[42]




	
Bilirubin

	
Molecularly imprinted polymer

	
-

	
[43]




	
Bilirubin

	
Molecularly imprinted polymer

	
-

	
[44]




	
Bilirubin

	
Imprinted PHEMATrp film-QCM

	
0.8 μM

	
-




	
Bilirubin

	
Imprinted 4-vinylpyridine (4-Vpy)/DVB-QCM

	
-

	
[18]











3.3. Selectivity of Bilirubin-Imprinted QCM Sensor


Cholesterol, estradiol and biliverdin, which are similar in size/shape and molecular weight to bilirubin, were used for selectivity studies (Scheme 1). The imprinting efficiency of the bilirubin-imprinted QCM sensor was proved by preparing a non-imprinted QCM sensor. Each solution of bilirubin, cholesterol, estradiol and biliverdin at a concentration of 25 µg/mL was applied to the bilirubin-imprinted and non-imprinted QCM sensors, respectively. All responses of the bilirubin-imprinted and the non-imprinted QCM sensors are summarized in Table 3. The selectivity constants (k) for the bilirubin-imprinted QCM sensor were 2.19, 3.15 and 5.92 for bilirubin against biliverdin, cholesterol and estradiol, respectively. The selectivity constants (k) for the non-imprinted QCM sensor were 0.52, 0.86 and 2.85 for bilirubin against biliverdin, cholesterol and estradiol, respectively. Imprinting efficiency constant (k’) values are also given in Table 3. The bilirubin-imprinted QCM sensor was 4.21, 3.66 and 2.07 times more selective for bilirubin with respect to biliverdin, cholesterol and estradiol, respectively. With respect to these responses, it can be concluded that the bilirubin-imprinted QCM sensors recognize bilirubin with good selectivity due to the imprinting technique (shape and chemical recognition memory).



Table 3. Selectivity coefficients for the bilirubin-imprinted QCM sensor.







	

	
MIP

	
NIP

	




	

	
Δm

	
k

	
Δm

	
k

	
k’






	
Bilirubin

	
0.479

	
-

	
0.060

	
-

	
-




	
Biliverdin

	
0.218

	
2.19

	
0.115

	
0.52

	
4.21




	
Cholesterol

	
0.152

	
3.15

	
0.069

	
0.86

	
3.66




	
Estradiol

	
0.081

	
5.92

	
0.055

	
2.85

	
2.07











3.4. Bilirubin Detection in Human Plasma and Urine


The bilirubin-imprinted sensor was used to detect total bilirubin in human blood plasma. Saturated ammonium sulphate solution was added into the plasma, which was pooled from a healthy donor (without fibrinogen) to precipitate plasma proteins. Then the plasma was centrifuged at 5000 rpm for 15 min. The plasma samples were applied to the QCM system for real-time detection of bilirubin. The bilirubin level in the blood serum was determined as 11.31 μM (6.60 µg/mL). The bilirubin level found in the body reflects the balance between production and excretion. Blood test results should always be interpreted using the reference range provided by the laboratory that performed the test, which is typically in the concentration range of 0.2–1.0 mg/dL (or 3.4–17.1 µmol/L) for adults, referring to healthy patients. According to the reference ranges, our result, which was 11.31 μM, falls within the average level.



To evaluate the effect of the other real interfering species commonly found in plasma and urine, the interference test, made by using plasma with unprecipitated plasma proteins and artificial urine simulating natural urine, was prepared according to the protocol named “AU-Siriraj” report by Somchai and Visith [45]. The unprecipitated plasma sample pooled from the healthy donor was diluted with the 10 mM PBS, pH: 7.4 buffer (1/10), and applied to the QCM sensor system. The bilirubin level was estimated as 8.48 μM (4.95 µg/mL). The estimated lower value belonging to the bilirubin molecule may be due to the competitive and steric hindrance effect of the other molecules such as proteins commonly found in plasma. Bilirubin-spiked artificial urine with a 3.4 μM (2.0 µg/mL) concentration was also applied to the sensor system. From the response given by the instrument, the bilirubin amount was estimated as 3.11 μM (1.83 µg/mL) and a possible reason can be the salt effect of ions such as Na+1 and K+1 found in the urine solution, which has contributed hydrophobic interactions.




3.5. Reusability and Reproducibility of the Imprinted Sensor


In order to show the reusability of the bilirubin-imprinted QCM sensor, three equilibration-adsorption-regeneration cycles were repeated using the same QCM chip with an aqueous solution of bilirubin (1 µg/mL concentration). The ∆f values obtained for the three cycles are shown in Figure 6. The responses of the QCM sensor were reproducible during the cycles.


Figure 6. Reusability of bilirubin-imprinted QCM sensor response; concentration of bilirubin: 1 µg/mL; buffer; pH: 11 carbonate buffer.
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Repeatability was determined by preparing three replicates of the same concentration of the bilirubin sample, and frequency shifting (Δf) was measured by the instrument. Precision results to ascertain the repeatability of the proposed method were reported as the percent relative standard deviation value, %RSD, which was 0.51. The precision result showed a good repeatability with a %RSD less than 2.



The fabrication of high quality and reproducible sensors to produce commercial products was critical and imperative for the sensing applications. Reproducibility of the QCM sensor was investigated by scaling up the process for the fabrication of QCM sensors with similar properties under the same fabrication conditions. Four batches of bilirubin-imprinted nanofilm-attached QCM sensors were prepared during different periods of time. Reproducibility studies for each different batch of bilirubin-imprinted QCM sensor responses was evaluated for the same bilirubin concentration (1 µg/mL) and responses were reported as Δf (Hz) values, as shown in Supplementary Figure S4.





4. Conclusions


In the present work, we have developed a specific non-enzymatic bilirubin detection method through a bilirubin-imprinted PHEMATrp polymeric film–attached QCM nanosensor for the potential diagnosis application in hyperbilirubinemia, a condition with an increased concentration of bilirubin in the blood which is a potential cause of permanent brain damage or even death in newborn babies. The QCM nanosensor was prepared by the modification of the QCM sensor’s gold surface with the bilirubin-imprinted PHEMATrp nanofilm. The bilirubin-imprinted PHEMATrp-based nanosensor has been successfully used for real-time bilirubin detection both from aqueous solutions and healthy blood serum samples by the QCM method. The detection and quantitation limit values were found as 0.45 μg/mL and 0.9 μg/mL, respectively, for the aqueous bilirubin solution.
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Scheme 1. Molecular structures of cholesterol, estradiol, biliverdin and bilirubin. 
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