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A B S T R A C T

A three-electrode quartz crystal microbalance (QCM) sensor array served for simultaneously and selectively
detecting the concentrations of two atherosclerosis biomarkers, namely low-density lipoprotein (LDL) and high-
density lipoprotein (HDL). Molecularly imprinted polymers (MIPs) for both lipoproteins, namely LDL-MIP and
HDL-MIP, containing monomer mixtures of methacrylic acid and N-vinylpyrrolidone at the ratio 3:2 and 2:3,
respectively, served as the selective recognition elements for LDL and HDL. The third electrode carried the
corresponding non-imprinted polymer (NIP) and acted as reference electrode. The sensor array revealed de-
tection range toward LDL/HDL mixture standards (defined through their cholesterol LDL-C, and HDL-C) in
10mM phosphate-buffered saline (pH 7.4) in relevant ranges of 3–400mg/dL LDL-C and 8–200mg/dL HDL-C.
Coefficients of variation indicating sufficient precision of sensor array are at 2%–17%. Intra-assay test reveal
correlation coefficients of R2= 0.9839 and 0.9809 for LDL-C and HDL-C determination, respectively. Hence, the
array is inherently useful as a quantitative detector for both lipoproteins during one measurement. In contrast to
current clinical detection methods, analysis in this case requires only one step without sample pretreatment. It
achieves results simultaneously within 7min. Array sensing shows the ability to distinguish the responses of
(lipo)protein classes using principal component analysis (PCA), demonstrating applicability for both qualitative
and quantitative assays. This opens up the way for MIP multisensory arrays, for instance to assess other lipo-
proteins.

1. Introduction

Clinical diagnostics use the so-called “coronary risk panel” for as-
sessing the risk of coronary heart disease (CHD) and for monitoring its
treatment [1]; It comprises analyzing the following critical biomarkers:
Total cholesterol, low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), and triglycerides. However,
there are mainly two factors that allow for determining “actual” pro-
gress of CHD, namely “atherogenic” LDL-C and “anti-atherogenic” HDL-
C, respectively. Current clinical analysis protocols nonetheless require
analyzing the amount of total cholesterol and triglycerides to calculate
LDL-C in an indirect manner. They rely on the so-called Friedewald
equation, (LDL-C=Total cholesterol − HDL-C − (Triglycerides/5))
[2]. This avoids complicated and costly direct analysis of LDL-C. The
last decade saw two reports introducing a homogeneous enzymatic
colorimetric assay to detect both LDL-C and HDL-C [3,4]. It utilizes

cholesterol esterase, cholesterol oxidase, and peroxidase coupled with
UV–vis photometry to determine the cholesterol ester content inside
lipoprotein particles. However, it is necessary to remove all other serum
(lipo) protein classes by precipitating [5,6] or blocking [7,8] before
determining LDL-C or HDL-C. Increased serum concentration of trigly-
cerides, bilirubin, ascorbic acid, free hemoglobin, and gamma-globulin
may interfere with the enzymatic assay. Furthermore, serum turbidity
caused by increased levels of triglycerides or triglyceride-rich lipopro-
teins (e.g. chylomicrons, very-low-density lipoprotein (VLDL)) also in-
terferes with the necessary absorbance measurements. This leads to
systematic errors for LDL-C and HDL-C [4].

Recently, several groups proposed enzyme-free biosensors to es-
tablish reliable assays for LDL and HDL [9,10]. They claim benefits over
the conventional approach such as selectivity, simplicity, rapidity, low
cost, and capability for continuous, real-time monitoring directly
without sample pretreatment. For instance, polyanionic species such as
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dextran sulfate and heparin – utilized among others in sample pre-
treatment during lipoprotein enzymatic assays – have been applied as
selective receptors for LDL [11–13] and oxidized LDL [11,14] on sensor
surfaces. However, dextran sulfate and heparin can also aggregate with
other positively charged lipoproteins containing apolipoprotein B
(apoB), such as chylomicrons and VLDL. Hence, these other lipoproteins
can interfere with sensor systems leading to inaccurate LDL values.
Sensor selectivity for LDL and HDL can be improved by using specific
biological elements, such as antibodies to apoB100 against LDL [15],
antibodies to apoA1 against HDL [16], and short peptide sequences
(GlySerAspGlu) against LDL [17]. However, biological sensing elements
usually come at high costs and are often inherently sensitive to en-
vironmental parameters. Under these circumstances a group of syn-
thetic materials with binding abilities comparable to natural receptors,
namely molecularly imprinted polymers (MIPs), have become increas-
ingly important as biomimetic receptors. MIPs comprise specific re-
cognition sites that are complementary to the template in shape and
positioning of functional groups [18]. They are the result of template-
directed self-assembly. MIPs offer outstanding properties in terms of
selectivity, stability, and low manufacturing cost, as well as straight-
forward synthesis [19]. All this led to the development of artificial re-
ceptors for a wide variety of targets including biospecies, such as pro-
teins [20]. For instance, in previous work we could demonstrate MIP-
based sensing of LDL [21] and HDL [22] in blood serum. Both sensors
offer appreciable analytical accuracy, precision, and selectivity for their
respective – single – target analyte. To streamline analysis further, it
makes sense to combine those two sensors to form a sensor array: First,
this makes it possible to assess both lipoproteins simultaneously in one
measuring step. This improves analytical efficacy and prediction quality
for CHD in clinics. Second, this work is a first step for developing such
highly selective sensor arrays for clinically relevant analytes that may
eventually lead to one-shot analysis of all lipoprotein classes. Aside of
clinical implications, this is also interesting for the reason that these
MIP thin films belong to those few that lead to results in the relevant
analytical concentration range. To date, only few analytical applica-
tions of MIP-based sensor arrays have been published, such as for
aromatic amines [23], volatile aldehydes for early cancer detection
[24], terpenes emanated from fresh and dried Lamiaceae family species
[25], and clenbuterol and its metabolites for doping agent determina-
tion [26]. In this study we hence demonstrate a sensor array using LDL-
MIP and HDL-MIP, respectively, to assess both lipoproteins simulta-
neously.

2. Experimental

2.1. Chemicals

We purchased methacrylic acid (MAA), N-vinylpyrrolidone (VP),
dimethyl sulfoxide (DMSO), potassium chloride (KCl), and agarose
powder from VWR International (Vienna, Austria); N,N′ -(1,2-dihy-
droxyethylene) bisacrylamide (DHEBA), 2,2′-azobis(isobutyronitrile)
(AIBN), sodium bromide (NaBr), and Sudan Black B were from Sigma-
Aldrich (Steinheim, Germany). Tris (hydroxymethyl)-aminomethane
(Tris), ethylenediamine tetraacetic acid (EDTA), calcium chloride

(CaCl2), magnesium chloride (MgCl2) were purchased from Merck
(Darmstadt, Germany). Sodium chloride (NaCl) was obtained from
Applichem (Darmstadt, Germany). Acetic acid was purchased from Carl
Roth (Karlsruhe, Germany). HSA was purchased from Millipore (MA,
USA). Brilliant gold paste (gold colloid, 12% gold content) was pur-
chased from Heraeus, Germany. All reagents were of analytical or
highest synthetic grade commercially available.

2.2. Apparatus

The sensor array comprised of three gold electrode pairs (4mm
diameter of each electrode) screen printed onto commercially available
AT-cut quartz discs with 168 μm thickness and 13.8mm diameter;
Great Microtama Industries, Surabaya, Indonesia) with brilliant gold
paste (Heraeus; 12%). Subsequently, they were baked in the oven at
400 °C for 4 h. After measuring resonance frequency and damping of
each channel using an Agilent 8712 ET network analyzer, we used QCM
with less than −5 dB damping for further experiments. Their funda-
mental frequency was around 10MHz.

2.3. Isolation of lipoproteins

Healthy human adult volunteers donated serum at the Faculty of
Medical Technology, Prince of Songkla University with permission from
the Human Research Ethical Committee at Prince of Songkla University
(no. HSc-HREC-61-009-11-1). Discontinuous density gradient ultra-
centrifugation was generally carried out on a Beckman Coulter Optima
L-100 XP ultracentrifuge with a fixed angle rotor type 100 Ti
100,000 rpm as previously described [21,22]. All centrifugations took
place at 513,229×g at 4 °C, yielding VLDL, LDL, and HDL solutions,
respectively. Purity and identity of each lipoprotein fraction was eval-
uated using 0.5% agarose gel electrophoresis on Bio-Rad subcell GT
electrophoresis system. Solutions containing 5 μL of each lipoprotein
fraction and 2 μL of loading dye (glycerol and bromophenol blue) were
loaded into sample wells followed by applying 170 V for 45min. After
electrophoresis, lipid contents of each band in the gel were stained with
0.4% Sudan Black B in a mixture of acetone, glacial acetic acid, and
water at the ratio 4:3:13 overnight. We then de-stained the gel by
washing three times with a mixture of 150mL of 17.4M acetic acid,
200mL of acetone, and 650mL of water. Electrophoretic pattern of li-
poprotein fractions were examined using UVITEC Cambridge gel doc-
umentation systems. Cholesterol concentrations in each purified frac-
tion, i.e. VLDL-C, LDL-C, and HDL-C, were determined on a Medica’s
EasyRA® clinical chemistry autoanalyzer via homogeneous enzymatic
colorimetry. Serum concentrations of LDL and HDL particles in clinical
assessment are usually determined in terms of the amount of cholesterol
within lipoprotein particles, namely LDL-C and HDL-C, respectively.
Therefore, all sensor array signals rely on calibration toward LDL-C and
HDL-C, resulting in data comparable to clinically relevant ranges.

2.4. Synthesis of polymers and fabrication of sensor array

Table 1 summarizes the different characteristics and properties of
each lipoprotein, leading to the respective ratios of functional

Table 1
Characteristic and clinical concentration ranges of LDL-C and HDL-C.

Class Diameter (nm) Surface potential
(mV)

% Composition Ratio of MAA and VP Serum (cholesterol) concentration
for CHD risk (mg/dL)

Core Surface

TG CE FC PL apo Low High Very high

LDL 28.9 ± 9.2 −4.5 to -7.0 6 42 8 22 22 3:2 < 129 130-159 > 159
HDL 21.5 ± 6.5 −10.5 to -12.5 4 13 6 27 50 2:3 > 60 < 40 –

TG= triglyceride, CE= cholesterol ester, FC= free cholesterol, PL=phospholipid, apo= apolipoprotein, MAA=methacrylic acid, VP=N-vinylpyrrolidone.
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monomers: LDL-MIP and HDL-MIP, respectively, were synthesized ac-
cording to our prior approaches [21,22]. Briefly, all polymer solutions
consisted of 15 μL of a monomer mixture of MAA and VP at 3:2 and 2:3
for LDL-MIP and HDL-MIP, respectively, 35mg of 70% (w/w) cross-
linker DHEBA, and 2.4mg of the radical initiator AIBN dissolved in
300 μL DMSO. Both solutions were pre-polymerized under filtered UV
lamp VL215.LM at 365 nm, 15W, obtaining the gel pre-polymer state
(typically after 20min). Then LDL-MIP and HDL-MIP thin films were
individually deposited on tri-electrode QCM array by spin coating 3 μL
of each pre-polymer solution (MAA:VP=3:2 for LDL-MIP, 2:3 for HDL-
MIP, and 1:1 for non-imprinted polymer (NIP)) at 3000 rpm for 2min.
Fig. 1 shows the respective electrode design. Then, 3 μL of each tem-
plate containing LDL and HDL standard corresponding to 600mg/dL
LDL-C and 400mg/dL HDL-C were individually deposited directly onto
the respective prepolymer layers, spun off for a few seconds, and cov-
ered with a clean glass slide (5×5mm) each. The pre-polymer on the
third electrode remained unexposed to lipoproteins, which led to the
NIP as a reference for monitoring nonspecific binding. Afterward, the
QCM was kept in the oven at 50 °C for 12 h to complete polymerization.
Subsequently, templates were removed by stirring in 10% aqueous
acetic acid solution (W/V) followed by 0.1% sodium dodecyl sulfate
(SDS) solution (W/V), and deionized water (DW) for 20min each. The
resulting lipoprotein sensor arrays were then ready for further use.
Morphological characteristics of films were similar to previously pub-
lished ones (LDL-MIP [21] and HDL-MIP [22]): Atomic force micro-
scopy (AFM) revealed circular cavities on the surface of each MIP: They
had a diameter of 54.0 ± 12.2 nm and were 4.5 ± 2.3 nm deep in the
case of LDL-MIP, and 46 ± 15 nm across and 1.2 ± 0.8 nm deep for
HDL-MIP.

2.5. Sensor array measurements

All sensing experiments took place by inserting the respective three-
electrode array into a measuring cell connected to a custom-made os-
cillator circuit comprising two-stage operational amplifier setup for
each electrode pair as shown in Fig. 1. Sensor signals – namely

frequency as a function of time - were recorded using a frequency
counter (Agilent 53131A) read out through a GPIB/USB interface and a
LabView routine into a computer. Measurements took place in stopped-
flow mode: First, we recorded baseline signal in 10mM phosphate
buffered saline (PBS, pH=7.4) until reaching the equilibrium state.
Afterward, 180 μL of the respective sample was injected into the cell,
leading to mass uptake until reaching the equilibrium state again. Be-
tween each measurement series, the measurement was paused and the
polymer surface was regenerated by flushing in consecutive steps with
mixed-10% acetic acid solution and 0.1% SDS at a ratio 1:1, and water
for 10min each at a flow rate of 0.46mL/min.

2.6. Characterization of sensor array

Lipoprotein sensor array was characterized in terms of selectivity,
limit of detection, limit of quantification, detection ranges, accuracy,
precision, reproducibility, and storage stability. Selectivity of sensor
arrays was evaluated by exposing them to each standard solution of
HDL-C, LDL-C, and HDL-C/LDL-C mixed solution at similar concentra-
tions of 200mg/dL, respectively.

Detection ranges were examined by dose-response study. Standard
solutions containing different amounts of LDL-C (c= 25–400mg/dL)
and HDL-C (c= 12.5–200mg/dL) served to obtain dose-response
curves. Table 2 summarizes the respective samples. For precision test,
the sensor data of mixed-standards no. 3, 5, and 7 were recorded three
times each. Reproducibility of the lipoproteins sensor array was ex-
amined by testing four independently prepared sensor arrays towards
mixed-standards solution at concentration of 300mg/dL LDL-C and
200mg/dL HDL-C. Then, storage stability of lipoproteins sensor array

Fig. 1. Schematic of lipoproteins sensor array.

Table 2
Concentrations of mixed-standards in amounts of LDL-C and HDL-C.

Mixed-standard No. 1 2 3 4 5 6 7 8

Concentration of LDL-C (mg/dL) 400 300 200 150 100 75 50 25
Concentration of HDL-C (mg/dL) 200 150 100 75 50 37.5 25 12.5
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was tested by keeping the sensor array in cleaned container at room
temperature during 0–60 days. The frequency shifts towards mixed-
standards solution at concentration of 250mg/dL LDL-C and 150mg/
dL HDL-C were taken at the following times: 0 day, 15 days, 30 days, 45
days, and 60 days. Additionally, to evaluate the ability of the sensor
array to discriminate different (lipo) proteins, 22 mixed samples con-
taining 2–4 components of LDL, HDL, VLDL, and human serum albumin
(HSA) in 10mM PBS, pH 7.4 were tested. VLDL and HSA were added,
because they both are also present in circulating blood. Table 3

summarizes the concentrations of all mixed standard samples at dif-
ferent concentrations (25–200mg/dL LDL-C and HDL-C, 10–40mg/dL
of VLDL-C, and 10–500mg/dL of HSA). Finally, we validated sensor
array results by comparing them to results of homogeneous enzymatic
colorimetric assay on a Medica’s EasyRA® autoanalyzer, which routi-
nely serves in clinical chemistry analysis. In the following, responses
the three sensing elements (LDL-MIP, HDL-MIP, and NIP) were ana-
lyzed using principal component analysis (PCA) with multivariate
image analysis (Solo+MIA) software.

Table 3
Concentrations of 22 mixed-standards samples in amounts of LDL-C, HDL-C,
VLDL-C, and HSA. All concentrations are given in mg/dL.

Sample no. LDL HDL VLDL HSA

1 200 200 0 0
2 200 0 40 0
3 200 0 0 500
4 0 0 40 500
5 0 50 40 0
6 0 50 0 500
7 100 50 0 0
8 50 50 0 0
9 25 50 0 0
10 100 100 0 0
11 100 25 0 0
12 100 50 20 0
13 100 50 0 250
14 0 50 20 250
15 100 50 20 250
16 100 100 10 175
17 100 75 10 10
18 50 50 40 175
19 50 75 20 250
20 50 25 20 250
21 50 25 40 250
22 50 25 20 500

Fig. 2. Electrophoretic pattern of lipoprotein fractions obtained from ultra-
centrifugation.

Fig. 3. Selectivity of lipoproteins sensor array.

Fig. 4. QCM sensor array responses toward mixed-standards containing LDL-C
and HDL-C in 10mM PBS.

Fig. 5. Sensor characteristics obtained for LDL-C (A) and HDL-C (B).
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3. Results and discussion

3.1. Identification and characterization of lipoprotein fractions

Purity and identity of each lipoprotein fraction comparable to li-
poprotein ladder in normal human serum was evaluated using 0.5%
agarose gel electrophoresis. Fig. 2 shows the electrophoretic patterns
(in sample wells 1 to 5) of the fractions containing human serum al-
bumin (HSA), VLDL, LDL, and HDL, as well as human serum. Lipo-
protein ladders from human serum pattern are clearly visible in the fifth
sample well. The band migrating fastest towards the anode contains
HDL, followed by VLDL, and LDL at alpha1, prebeta, and bata regions,
respectively. In contrast to this, HSA (negative control) in the first well
does not appear in any band, because it remains unstained by lipid dye.
Obviously, VLDL, LDL, and HDL fractions at sample wells 2–4 migrate
as a single band to alpha1, prebeta, and bata regions. Hence, all frac-
tions contain high-purity VLDL, LDL, and HDL, respectively.

3.2. Selectivity

Fig. 3 displays the selectivity pattern of the lipoprotein QCM array
toward different standard solutions, namely: HDL-C, LDL-C, and HDL-
C/LDL-C mix in 10mM PBS, pH7.4 at 200mg/dL for each lipoprotein,
respectively. When exposing the sensor array to the HDL standard,
HDL-MIP-coated electrode leads to frequency signals of −780 Hz that

Fig. 6. Repeatability test.

Fig. 7. Reproducibility test.
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correspond to mass loading. In contrast to this, LDL-MIP and NIP yield
positive frequency shifts of 320, and 360 Hz, respectively. After flushing
HDL out of the measuring system the frequency increases to baseline
revealing full reversibility. Similarly, LDL solution (200mg/dL LDL-C)
leads to frequency shift only on the LDL-MIP side (Δf=-2290Hz). HDL-
MIP and NIP (again) showed positive frequency signal of 150 and
760 Hz, respectively. This is complemented by the signals resulting
from HDL-C/LDL-C mixed solution: The sensor array reveals negative
signals on both electrodes, i.e. HDL-MIP and LDL-MIP at -680, and
−1940Hz, respectively; NIP still shows positive signal at 424 Hz. All

these results reveal high selectivity of the imprints on the array.

3.3. Dose-response studies

Fig. 4 summarizes the sensor array outcomes when exposed to the
mixed standard solutions containing different amount of LDL-C and
HDL-C (see Table 3). LDL-MIP and HDL-MIP reveal a decrease in re-
sonance frequency corresponding to increased mass on the electrodes
followed the Sauerbrey relation [27] in general. LDL-MIP leads to ne-
gative frequency signals in a range of -236 to −3418 Hz, HDL-MIP to
-48 to -848 Hz. In contrast to these, the NIP-coated electrode yields
slightly positive frequency shifts in a range of 19–262 Hz due to non-
Sauerbrey behavior: This has been observed in the case of weak inter-
actions between biospecies; e.g. yeast [28], bacteria, viruses, or lipo-
proteins, and flat (NIP) surfaces lacking geometrically fitting cavities
[29,30]. Fig. 5 presents the corresponding linear sensor characteristics
with a correlation coefficient (R2) at 0.9856 of LDL-MIP (Fig. 5A) and
0.9807 of HDL-MIP (Fig. 5B). Therefore, the array is useful to quantify
these two species simultaneously. In addition, all signals are perfectly
reversible when flushing the surface with mixed 10% aqueous solution
of acetic acid and 0.1% SDS, followed by DW, confirming that the
sensor array can be regenerated. Hence, the array system is practicable
for multiple times according to long-term stability of MIPs.

The limits of detection (LOD) and quantification (LOQ) of the sensor
array are calculated from the signal to noise ratio, corresponding to 3
and 10 times the noise level, respectively. At 25mg/dL LDL-C, the LDL-
MIP response is 236 Hz at a noise signal of 10 Hz leading to LOD and
LOQ of 3 and 11mg/dL LDL-C, respectively. In parallel, at 12.5mg/dL
HDL-C, the HDL-MIP response is 48 Hz at a noise signal of 10 Hz leading
to LOD and LOQ of 8 and 26mg/dL HDL-C, respectively. Therefore, this
sensing array responds to LDL-C and HDL-C concentrations simulta-
neously of 3–400mg/dL and 8–200mg/dL, respectively. These detec-
tion ranges are slightly narrower than those obtained for individual
LDL-C (4–400mg/dL) and HDL-C (2–250mg/dL) sensors [21,22], re-
spectively. The reason for this most probably is the smaller diameter of
individual electrodes of the sensor array (4mm) compared to dual-
electrode QCM (5mm), which somewhat reduces sensitivity. Never-
theless, the dynamic ranges of the sensor array for both LDL-C and HDL-
C also correspond to the required clinical concentration range as shown
in Table 1.

3.4. Repeatability, reproducibility, and stability

Fig. 6 summarizes the sensor array responses, mean values, and
standard deviation (SD) of sensor array measurements using mixed
standards containing LDL-C and HDL-C at high, normal, and low levels.
Coefficients of variation (CVs) of all mixed-standards were 2–17%. CVs
of clinical homogeneous enzymatic assays have typically been reported
at 0.25–1.43% for LDL-C measurement [31] and 1.8–3.1% for HDL-C
measurement [4]. These values are significantly lower than those of our
sensor array are. In parts this can be traced back to the fact that the
former are optimized, validated, and commercially available methods
using highly standardized enzyme and antibody-based assays. How-
ever, our sensor array measures LDL-C and HDL-C directly achieving
rapid results within 7min without the need for sample pretreatment
and thus constitutes a powerful screening method.

Fig. 7 shows the sensor responses of four sensor arrays, obtaining
the difference frequency response due to the performance variable of
each prepared electrode. The CVs were 3.59% and 18.56% for re-
spective LDL-C and HDL-C assessments, achieving remarkable re-
producibility of this sensor array. However, in practice, it is possible to
calibrate each sensor individually, which of course increases precision
of the results.

For testing stability of the sensor, we regenerated LDL-MIP and
HDL-MIP several times using 10% aqueous solution of acetic acid, fol-
lowed by 0.1% SDS solution, and deionized water for 9 times in the

Fig. 8. Storage stability test.

Fig. 9. Comparison of sensor array data (x-axis) to the homogeneous enzymatic
colorimetric assay of spiked mixed-standards sample (y-axis).
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repeatability experiment (Fig. 6). This indicated the sensor array is
appreciably stable for lipoproteins assessments. Fig. 8 shows the fre-
quency shifts of the sensor array towards mixed-standards solutions as a
function of storage time until up to 60 days. These measurements did
not reveal significant changes in frequency shifts: Sensor signals are
90–100% and 89–99%, respectively, for LDL-C and HDL-C. Hence,
systems demonstrated long-term storage stability.

3.5. Validation of sensor array and principal component analysis

Finally, we carried out an intra-assay test by comparing the sensor
responses obtained from spiked samples with the homogeneous enzy-
matic colorimetric assay. Fig. 9 shows that the sensor array results and
the values obtained by the clinical standard method correspond very
well to each other with the correlation coefficient at R2= 0.9839 and
0.9809 for LDL-C and HDL-C assessments, respectively.

Fig. 10 shows the multivariate response data of sensor array using
principal component analysis (PCA). Herein, three-element sensor
array, namely LDL-MIP, HDL-MIP, and NIP were tested with the 22
mixed-standards samples summarized in Table 3, including varying the
ratio of LDL-C, HDL-C, VLDL-C, and HSA. It results a matrix of fre-
quency shifts containing 3 receptors and 22 analytes. The first two
principal components contain all statistically significant data obtained
by array measurements, namely 98% of overall variance (93.10% in
PC1, 4.74% in PC2). In the PCA map shown in Fig. 10, each dot re-
presents the sensor response pattern of an individual mixed-standards
sample. One can easily classify four groups comprising the samples
containing only LDL (green dots), or HDL (red dots), respectively,
samples containing both LDL and HDL (blue dots), and samples without
LDL and HDL (non-imprinted analytes; orange dot). First of all, samples
containing only one of the two template species are classified correctly.
It seems that PC1 is mainly determined by LDL, and PC2 by HDL. All
data of the mixtures lies in between those two points. The “non-tem-
plates” VLDL and HSA led to sensor signals that separated from all
others. Clear separation of the four clusters demonstrates its potential
for simultaneous analysis of the two analytes.

4. Conclusions

A QCM sensor array composed of two molecularly imprinted

polymers plus a reference non-imprinted polymer was utilized to de-
termine the concentrations of LDL and HDL in blood serum simulta-
neously. Effective imprinting led to individual sensors with comparably
high selectivity toward each lipoprotein class. This sensor array allowed
for quantifying LDL and HDL (in terms of LDL-C and HDL-C con-
centrations) simultaneously within 7min; It covers the respective
clinically relevant ranges for both analytes. Therefore, this sensor array
provides a way to develop nonfasting blood testing equipment with
high performance for clinical purposes: it measures LDL and HDL di-
rectly in a “one shot” approach, reveals minimal interference effects of
other lipoproteins that can be found in nonfasting serum, and does not
require total cholesterol and triglycerides measurements needed for the
indirect method. Comparing to the conventional enzymatic assay, li-
poproteins array sensing provides the desirable benefits for practical
applications with simple operation without sample pretreatment, rapid
detection, long stability of MIPs, and cost-eff ;ectiveness.
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