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Highlights 

 A biosensing platform to concurrently detect CRP and PBMC from single blood sample 

 The microfluidic chip/disc and the readout units are integrated in a single platform 

 The entire assay procedure is automated from sample to answer 

 The biosensor needs low sample volume and low sample-to-answer time 

 It has potential characteristics to be implemented as an out-of-lab setting 

 

Abstract 

 

There is an increasing need for portable and low-cost diagnostic devices for detecting inflammatory/infectious diseases 

in a rapid and user-friendly fashion. Here, we present a lab-on-a-disc solution, which performs automated sample pre-

treatment and combinedly detects small molecules and counts cells in a whole blood sample with a volume of 8.75 µL 

with a sample to answer time of 14 min. It is used to detect two common inflammation/infection biomarkers, C-reactive 

protein (CRP) and peripheral blood mononuclear cell (PBMC) count. The whole blood sample was separated into 

plasma and PBMC fractions using density gradient centrifugation and centrifugo-pneumatic valving. On-disc CRP 

detection was performed in the extracted plasma using a CRP-antibody-functionalized magnetic nanobead (MNB)-

based agglutination assay and a Blu-ray-based optomagnetic detection unit. On-disc PBMC scanning and quantification 

was performed using an optical imaging unit. Both detection units were integrated on the centrifugal platform and the 

entire study was automated in order to ensure reliability of the assay and user-friendliness of the method. We measured 

the CRP level of subjects with different CRP levels and obtained approximately 73% PBMC extraction efficiency 

compared to hospital results. The concurrent/combined detection of these two common biomarkers in an automated 

A
CCEPTED

 M
A

N
U

SCRIP
T



2 

 

microfluidic platform with integrated detection units and with a low sample-to-answer time is a significant step forward 

towards a low-cost, out-of-lab, and portable tool to detect multiple biomarkers of significantly different nature 

(molecules and cells).  

 

Keywords: CRP, PBMC, centrifugal microfluidics, magnetic beads, optomagnetic readout, optical imaging 

 

Introduction 

 

CRP is a protein found in blood plasma and its level increases significantly in response to most inflammations. It is a 

widely used biomarker for detecting acute-phase inflammation, infection and tissue damage [1]-[3]. Additionally, an 

increase in plasma CRP level indicates a higher risk of myocardial infarction, atherosclerosis or other coronary diseases 

[4]. The median value of CRP in plasma from healthy adults is 0.8 mg/L [1], concentrations above 3 mg/L indicate a 

high risk of cardiovascular diseases [4] and in the case of infections, the level can rise to more than 500 mg/L [1].  

However, a CRP test is non-specific in nature [5]. Therefore, it is necessary to measure other relevant biomarkers along 

with CRP to perform a specific diagnosis or an advanced prognosis. One of such biomarkers is the white blood cell 

(WBC) count or peripheral blood mononuclear cell (PBMC) count, which are also known to increase in response to 

most inflammations or infections [6]-[7]. WBCs include five different cell types: lymphocytes, monocytes and 

granulocytes (eosinophil, basophil and neutrophil), where the former two mononuclear cells (lymphocytes and 

monocytes) are the PBMCs. The total WBC count, the PBMC count, and the count of each of the individual type of 

WBCs are markers for different diseases and medical conditions. In addition to inflammation/infections, elevated levels 

of WBCs have been associated with increased risk of mortality among patients with coronary heart disease or patients 

undergoing haemodialysis. Furthermore, type-2 diabetes, HIV, different types of cancer, immune system disorder and 

even hypertension have been reported to increase the WBC count [8]-[14].  

  

Studies have found positive correlations between the WBC or PBMC counts and different inflammatory biomarkers 

including CRP [10], [13] for most inflammations and certain bacterial infections such as pneumococcal pneumonia 

[15]. It has also been suggested that PBMCs themselves may participate in the production of CRP in blood [16], hence 

indicating a strong correlation between the PBMC count and CRP concentration for the prognosis of certain diseases. 

Furthermore, epidemiologic studies have shown that an elevated CRP level in apparently healthy individuals can be a 

marker of high potential risk of certain types of cancer and that a high CRP level in cancer patients indicates a risk of 

earlier death by cancer [17]. PBMCs have also been linked to cancer prognosis [18]. Thus, while CRP tests act as the 

first-line screening for various infectious and inflammatory diseases as well as cancer and cardiovascular conditions, 

combining CRP detection with WBC or PBMC count and further cell analysis may lead to an improved diagnosis and 

prognosis. 

 

In clinical laboratories, the CRP concentration is determined using a latex-enhanced immunoturbidimetric assay [19], 

[20]  on a human serum sample exposed to a number of sample pre-treatment steps. In the literature, different 

approaches to determine the CRP concentration in human serum have been presented including a magnetic bead-based 

agglutination assay [21]-[23], quantum dots and immunofiltration [24], quantum dots and immunochromatography [25], 

A
CCEPTED

 M
A

N
U

SCRIP
T



3 

 

electrochemical aptamer-based sandwich assay [26], SPR-based immunosensing using CRP antibodies 

[27], nanoparticle-enhanced SPR using aptamer-antibody sandwich assay [28] as well as fluorescence-based biosensing 

[29]. Furthermore, Gyros Protein Technologies (Sweden) uses microfluidic discs (Gyrolab CD) to integrate sample pre-

treatments minimizing manual interventions to quantify CRP using a nanoliter-scale sample volume. However, separate 

microfluidic discs are needed to detect different biomarkers and it does not combine an immunoassay with WBC count.  

WBC or PBMC counts are determined in standard clinical laboratories by manual or automatic counting. The manual 

counting is performed in a haemocytometer using standard microscopy. The automatic counting is commonly done by 

flow cytometry or automated image cytometry [30]. All these methods all require a number of complex and time-

consuming sample pre-treatment steps, including fluorescent labelling, staining and red blood cell (RBC) lysis prior to 

the actual counting. The widely available point-of-care device HemoCue-WBC (HemoCue AB) can perform WBC 

counting with high accuracy with no need for sample pre-treatment. However, as the device has no integrated optical 

imaging unit, it is not possible to investigate physical characteristics of the cells, study cell agglutination or to analyse 

their morphologic abnormalities. Furthermore, WBC count alone is insufficient for the diagnosis of a disease with full 

certainty. There are reports on cell analysis and counting in centrifugal microfluidics platform [31]-[33], but these 

studies lacked an integrated sample-to-answer platform for cell counting as well as fell short of demonstrating 

concurrent detection of other relevant biomarker(s) for prognosis of a disease. Similarly, Biosurfit’s (Portugal) Spinit® 

instrument uses surface plasmon resonance to perform an immunoassay and its integrated microscopy module counts 

WBCs on a microfluidic disc. However, separate microfluidic platforms/discs are needed to perform these two 

operations and thus it does not perform a combined detection/quantification of the two biomarkers from a single blood 

sample. Likewise Hemocue-WBC, the Spinit® instrument lacks the imaging display to investigate physical 

characteristics of cells. Thus, in spite of biosensors having achieved significant success in diagnostics [34], there is an 

unmet need for a portable and automated diagnostic tool that in a single microfluidic platform combines detection of 

relevant biomarkers with the WBC/PBMC count for advanced prognosis of inflammatory/infectious diseases. 

Here, as a first but significant step forward, we present an integrated platform to combinedly detect the concentration of 

CRP and quantify PBMCs directly from few microliters of human whole blood, where a single low-cost microfluidic 

disc is used as the experimental platform onto which all assay steps are integrated and automated. First, the density 

gradient centrifugation method [35] is used for on-disc plasma and PBMC separation. Then, the separates are 

transferred to distinct microfluidic chambers for further on-disc processing.  

The CRP in the plasma is detected using a sandwich agglutination assay employing magnetic nanobeads (MNBs) [23], 

[36]-[43]. To promote and accelerate agglutination of MNBs in the presence of CRP, we use a magnetic field 

incubation protocol [41], [44]. Agglomerates are detected using a Blu-ray based optomagnetic readout technique [39]-

[41], which measures the modulation of light transmitted through the sample in response to an applied oscillating 

magnetic field as function of the frequency of the magnetic field. The individual MNBs are superparamagnetic and 

substantially spherical and therefore show nominally no signal. Agglomerated MNBs have coupled magnetic and 

optical anisotropies and therefore show a signal at low frequencies where they can rotate and thereby modulate the 

intensity of transmitted light in response to the applied oscillating magnetic field. The on-disc PBMC counting is 

performed on the PBMC separate using an integrated optical imaging unit (oCelloScope, BioSense Aps) [40], [45], 
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which is an automated bright-field microscope that uses optical sectioning from confocal microscopy to create a volume 

image. This makes it possible to capture images of all cells in the sample. The PBMCs are identified and quantified 

using the instrumental software Uniexplorer 8.0, that employs an object-based image analysis algorithm to segment the 

cells based on their surface area.  

 

Both detection units (optomagnetic reader and optical volume imaging) are integrated with the automated centrifugal 

platform facilitating a compact sample-to-answer device for detection of CRP and PBMC quantification directly on a 

single whole blood sample in a fast, reliable and user-friendly fashion while using a low-cost polymer microfluidic disc 

consumable. The design and the automated operation of the microfluidic disc to extract PBMCs and a certain amount of 

plasma to separate microfluidic chambers, the integration of the hardware of the two detection units along with the 

automated centrifugal microfluidic platform, the on-disc detection of CRP on the extracted plasma sample and on-disc 

PBMC counting from a single blood sample within a single experiment demonstrate the inherent advantages of the 

integrated biosensing platform to combinedly detect biomarkers of different sizes or nature.   

 

2. Experimental 

  

2. 1 Materials and chemicals 

 

The experimental platform of this study was a Poly(methylmethacrylate) (PMMA)-based microfluidic disc fabricated 

in-house. The blood samples (EDTA-treated), collected from healthy donors, were purchased from the Copenhagen 

University Hospital (Rigshospitalet). For efficient separation between the RBCs and the PBMC layer, a density gradient 

medium (Histopaque-1077, Sigma-Aldrich) was used during blood processing. The MNBs used in this study were 

carboxy-labelled particles (Millipore Estapor-Merck, Product number: M1-020/50) with an average diameter of 176 nm. 

These MNBs are nominally spherical and superparamagnetic and thus show no optomagnetic response when they are 

not agglomerated. The MNBs were functionalized with goat polyclonal CRP antibodies (Midland Bioproducts, USA, 

Product number: 73307) to enable the agglutination of the MNBs in presence of the CRP antigen in the blood plasma. 

We have used this affinity-purified CRP antibody because of its well-proven specificity to bind with CRP molecule 

[21]. CRP-free serum (Hytest Ltd., Turku, Finland) was used for sample dilution and negative control experiments. 10 

mM PBS (pH 7.4) buffer was prepared using MilliQ water for MNB suspension and blood dilution.  

 

2.2 Functionalization of magnetic nanobeads with CRP antibodies 

 
The magnetic nanobeads (MNBs) were functionalized with CRP antibodies following a previously described protocol 

[41]. This protocol defines an anti-fouling surface architecture over the MNBs utilizing bio-orthogonal click chemistry 

to minimize the formation of non-specific aggregates under the influence of complex biological fluids. Thus, a 

monolayer of blocking proteins - human serum albumin HSA (Sigma Aldrich, A9511) was firstly immobilized on the 

MNBs by means of carbodiimide chemistry. 50 mg of HSA was added to 500 μL of MNB sample at a bead 

concentration of 5% (w/v) followed by overnight incubation. The MNBs were then washed three times and resuspended 

in 500 μL of PBS buffer with 0.1% Pluronic F-127 (PBSP). Next, 1.25 mg of NHS-PEG4-N3 (ClickChemistryTools, 

A
CCEPTED

 M
A

N
U

SCRIP
T



5 

 

AZ103-25) linker was added to a sample of 500 μL HSA-coated MNBs and incubated at room temperature for 1 hour. 

The MNB solution was then washed three times with PBSP and resuspended at a final volume of 500 μL. This ensured 

the amine-reactive linker to covalently bind to HSA which facilitated the introduction of azide (N3
) moieties on the 

MNB surface.  

 

To functionalize the azide-linked MNBs with the antibodies, azide-complementary moieties were needed to be added to 

the antibodies. Hence, the goat polyclonal CRP antibodies were buffer exchanged to PBS followed by adding a 20-fold 

molar excess of azide-complementary NHS-PEG4-DBCO (ClickChemistryTools, A134-10) linker to the antibodies and 

was incubated for 1 hour at room temperature. Click reaction was performed between the coated MNBs and the 

antibodies at 37°C for 3 hours to ensure the functionalization of MNBs with the antibodies through the bonding 

between azide moiety and azide-complementary DBCO. After the reaction, the MNB solution was washed three times 

with PBSP and finally resuspended at a volume of 500 μL for performing the experiments.  

 

2.3 Microfluidic disc fabrication 

 

All experiments were performed using a PMMA-based microfluidic disc onto which the entire assay from sample 

preparation to CRP detection and PBMC quantification was integrated. Each disc consisted of six repeating operational 

units enabling six simultaneous experiments (Fig. 1a). The disc was fabricated through bonding of three different 

PMMA layers and one PSA (pressure sensitive adhesive) layer (Fig. 1b). The top PMMA layer (thickness 0.6 mm) 

consisting of vent and load holes was thermally bonded to the middle PMMA layer (thickness 1.2 mm) housing 

microfluidic channels and chambers using a thermal bonding press (PW 10 H, P/O/Weber GmbH, Germany). The 

thermal bonding of the PMMA layers housing microchannels eliminated the need for using PSA for bonding and 

ensured fabrication reproducibility; because patterning narrow microchannels in PSA layer followed by peeling them 

(sticky microchannels) off from the layer is challenging and time-consuming as well as it introduces fabrication 

tolerances. For thermal bonding, the two layers were aligned together on an aluminium plate (thickness: 1 mm) and 

bonded with 14 kN force at 85°C temperature for 10 min. The holes and the chambers were laser-cut and the channels 

were laser-ablated using a CO2 laser (Epilog Mini 18, 30W, Epilog, USA). Next, a PSA layer (AR7840, Adhesives 

Research Ltd, Ireland; thickness: 86 µm) accommodating the microfluidic chambers with an additional chamber for 

accommodating the PBMCs was used to bond the top and middle layers to the base PMMA layer. This cell counting 

(CC) chamber was defined in the thin PSA layer to ensure a monolayer distribution of the PBMCs (resembling the CC 

chamber of a standard haemocytometer) for the optical scanning. The total fabrication time for a single disc was 

approximately 35 min. 

 

2.4 Experimental procedure 

A custom-built integrated experimental platform was used for the study. The setup consisted of a microfluidic disc 

attached to a closed-loop motor (No. 273756, Maxxon Motor, Switzerland) for centrifugation, blood-processing and 

disc-positioning, a pair of cylindrical (7 mm, thickness: 2 mm) permanent magnets (B = 60 mT at the centre) to 

perform on-disc magnetic incubation [40], [41], a Blu-ray based optomagnetic unit to detect CRP concentration using 
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MNB-based agglutination assay and an optical imaging unit for automated scanning and quantification of the PBMCs 

(Fig. 2a). The entire study was automated in order to facilitate reproducibility and user-friendliness of the assay. The 

complete experimental procedure is shown in the Supplementary Movie.  

After mounting the disc, 35 µL of density gradient media (DGM) (Histopaque-1077, Sigma-Aldrich) was loaded into 

the loading chamber of an operational unit (Fig. 2b) of the disc followed by centrifugation at 25 Hz to guide the DGM 

to the blood processing chamber (Figs. 2c-i). Next, 8.75 µL of EDTA-treated human whole blood was diluted in PBS 

buffer with a volume ratio 1:4 for effective isolation of PBMCs. The diluted blood sample (35 µL) was loaded using 

high-speed centrifugation (45 Hz) with a low acceleration (2.5 Hz/s) rate causing the blood to first overlay on the DGM 

(Fig. 2c-ii) followed by stratification into plasma, a PBMC layer and RBCs within 4 minutes (Fig. 2c-iii). The 

mononuclear cells (PBMCs) consisting of 40% of the total WBCs were less dense than the DGM and therefore formed 

a layer at the plasma-DGM interface. The RBCs being aggregated by the polysucrose (present in the DGM) sedimented 

at the bottom of the blood-processing chamber along with the other parts of WBCs (i.e. granulocytes). 
 

The air inside the blood-processing chamber was compressed when the DGM and the blood entered the processing 

chamber followed by the high-speed centrifugation. Thus, after the blood-component stratification, decreasing the 

centrifugation speed to 10 Hz with a low de-acceleration rate (2.5 Hz/s) caused the compressed air to expand gradually 

pushing the PBMC layer, plasma and some DGM into the cell counting (CC) and plasma-holding (PH) chambers via 

the upper siphon (Figs. 2c-iv). The basic mechanism of this centrifugo-pneumatic valving can be found in [46]. The 

inlet of the upper siphon was positioned so that it extracted approximately 34 µL from the blood processing chamber.  

The de-acceleration was paused at 10 Hz for 30 s to enable PBMCs to flow down from the PH chamber to the CC 

chamber. Thus, the CC chamber was filled with 26 µL of liquid with PBMCs and the PH chamber held approximately 8 

µL of plasma.  Due to the large difference between the heights of the PH chamber (height: 1.28 mm) and the CC 

chamber (height: 86 µm), the plasma in the PH chamber experienced an increased pressure at the junction between the 

two chambers [47]. In addition, when the liquid entered the CC chamber it entrapped and compressed the air inside the 

chamber. Thus, when the centrifugation speed was reduced from 10 Hz to 2.5 Hz, the pressure on the plasma at the 

junction was reduced and the compressed air expanded, which subsequently enabled the plasma in the PH chamber to 

prime the lower siphon and enter the plasma chamber (Fig. 2c-v). The CC chamber thus provides double-advantage to 

the assay i.e. assists in centrifugo-pneumatic pumping and allows monolayer distribution of the cells. Finally, the 

PBMCs with some amount of plasma and DGM stayed in the CC chamber and approximately 8 µL of plasma remained 

in the plasma chamber.  

After that, 22 µL of CRP antibody-functionalized MNBs (suspended in PBS buffer) was added to the plasma chamber 

followed by 3 min of magnetic incubation using the permanent magnets to enhance agglutination between antibody-

functionalized MNBs and CRP as well as homogenous mixing of the plasma and MNBs. The magnetic incubation 

protocol consisted of repeated cycles of two steps: stationary incubation between the permanent magnets for 5 s to 

enhance cluster formation, followed by 3 s of high-speed (20 Hz) shaking (half-circle rotation in clockwise and anti-

clockwise direction) to break the unspecific MNB clusters and facilitate mixing. Further details of the magnetic 

incubation protocol can be found in [41]. Following the magnetic incubation, the plasma chamber was positioned under 

the optomagnetic unit by the motor-control software to detect the concentration of CRP in the sample by the 

optomagnetic readout method. Then, the CC chamber was positioned between the light source and camera of the optical 

A
CCEPTED

 M
A

N
U

SCRIP
T



7 

 

imaging unit to image all cells present in the chamber. The software associated with the optical imaging unit controlled 

the stage movement of the imaging unit as well as the obtained images were segmented and the PBMCs were quantified 

using the instrument software. The entire experiment from sample loading to detection took approximately 14 min.  

 

3. Results and Discussion 

  

3.1 CRP detection using optomagnetic readout 

 

We used the optomagnetic reader unit to detect the concentrations of CRP in blood samples from three individual 

subjects. The CRP levels in the blood samples were initially analysed at Hvidovre hospital (Copenhagen, Denmark) by 

a standard method using latex particle-based agglutination assay [48]. From the standard clinical measurement, the CRP 

levels of Subject 1, Subject 2 and Subject 3 were found as 1.0 mg/L, 2.7 mg/L and 1.6 mg/L, respectively. To verify the 

specificity of the MNB-based assay, three sub-samples corresponding to different CRP concentrations of each 

individual sample were prepared on-disc. The sub-samples were made by extracting three different volumes (8 µL, 6 µL 

and 4 µL) of plasma to the plasma chamber followed by addition of CRP-free serum (except 8 µL sample) to obtain a 

constant total volume of 8 µL of each sub-samples while varying only the sample concentration. The extraction of 

different amounts of plasma samples to the plasma chamber was ensured by varying the initial loading volume (31 µL–

35 µL) of blood sample. This approach facilitated the measurement of CRP antigen on the same sample at different 

plasma concentrations. Control experiments were carried out on CRP-free serum.  

Mixing of CRP antibody-functionalized MNBs with the extracted plasma sample followed by magnetic incubation led 

to the formation of CRP-bridged MNB clusters (Fig. 3). The signal obtained by the optomagnetic unit vs. frequency of 

the applied magnetic field reflects the hydrodynamic size of the MNB clusters. Details of the optomagnetic readout 

method can be found in [39]-[41]. In brief, the optomagnetic unit consists of three basic functional sub-units: a Blu-ray-

based optical pickup unit emitting light at 405 nm wavelength, a photodetector, and a pair of electromagnets to generate 

AC magnetic field which induces rotation of the MNB clusters as they are magnetically anisotropic. The intensity of 

transmitted light is modulated by the rotation of the MNB clusters as the clusters also have an optical anisotropy, which 

is linked to the magnetic anisotropy. As this signal modulation depends only on the magnitude but not the sign of the 

applied magnetic field, the signal due to MNB clusters is detected in the second harmonic of the photodetector signal 

with respect to the field excitation. For a sinusoidal applied magnetic field, it can be shown that the relevant component 

is the in-phase second harmonic signal, 𝑉2′ that shows a peak at a frequency related to the Brownian relaxation 

frequency of the MNB cluster, which is inversely proportional to the hydrodynamic volume of the cluster [39]-[41]. 

Moreover, to compensate for possible variation of the intensity of the light emitted by the laser, all measurements were 

normalized by the zero’th harmonic signal, 𝑉0. Thus, when no MNB clusters are formed, nominally no optomagnetic 

signal is observed and upon formation of MNB clusters a peak in the 𝑉2′/𝑉0 signal is observed at a position which is 

related to the inverse hydrodynamic size of the clusters and with a magnitude proportional to the number of MNB 

clusters. 

We performed triplicate measurements for each sub-sample where the 8 µL, 6 µL and 4 µL of extracted plasma 

correspond to respectively 100%, 75% and 50% of the known CRP values. Fig. 4a, b and c show the 𝑉2′/𝑉0 spectra for 
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the three subjects. These results indicate that a higher CRP concentration caused an increase of the peak value of the 

signal. A dose-response curve (Fig. 4d) was obtained by measuring the average 𝑉2′/𝑉0 value at f = 2.6 to 7.5 Hz, which 

corresponds to the spectral data points sensitive to different sizes of MNB-clusters.  

 

The dose-response curves (Fig 4d) corresponding to Subject 1 and Subject 3 showed a linear dependence on the volume 

of extracted plasma from the subjects and for the investigated samples, the slope of the optomagnetic signal vs. volume 

of extracted plasma was higher for the samples with higher CRP concentration. Fig. 4e shows the average optomagnetic 

signal vs. the independently measured CRP concentration for the undiluted 8 L samples as well as for CRP free serum. 

A close to linear dependence is observed, although with a significant offset due to unspecific particle clustering. The 

latter makes it difficult to realize the true potential of the method and its optimization is a topic for future work. The 

dashed line shows the signal from the CRP-free serum plus three times its standard deviation, which corresponds to an 

estimated limit of detection (or concentration resolution) of about 30 µg/L.  

 

In future work, the assay needs to be optimized to reduce the unspecific particle clustering and to explore the dose-

response curve at a larger range of CRP concentrations. Potentially, the assay sensitivity may be increased by use of 

small recombinant antibodies as these possess more capture sites resulting in detection of the presence of biomolecules 

in minute concentrations [49].   

 

3.2 PBMC segmentation and quantification 

The segmentation and quantification of the mononuclear cells (PBMCs) were performed using the optical imaging unit 

together with the instrument software Uniexplorer 8.0. Due to centrifugation, the cells were randomly distributed at the 

bottom-half of the CC chamber, which was verified by scanning the entire CC chamber. Thus, the bottom-half of the 

CC chamber was the designated scanning window (surface area: 164 mm2) for cell imaging, which was scanned and 

defined by Uniexplorer for all experiments to ensure reproducibility of the scanning positions. As the CC chamber was 

about the thickness of 86 µm, the PBMCs were distributed in a monolayer, which facilitated the software to capture all 

the PBMCs within a single focal plane.  

Due to the presence of some amount of plasma in the CC chamber and due to RBC contamination during PBMC 

extraction, many platelets and some RBCs were visible in the raw images (Fig. 5a). However, due to much smaller size 

(2 µm) of the platelets compared to the PBMCs (7-30 µm), the platelets could be eliminated based on the 2D surface 

area of the cells. However, due to size-overlapping of RBCs (6-8 µm) and small lymphocytes (7-8 µm), some RBCs 

were still visible in the segmented images (Fig. 5b). Based on the bioconcave shapes of the RBCs, they were identified 

and eliminated from the segmented images resulting in only PBMCs to remain for counting. Thus, from the number of 

segmented images provided by software, we obtained a total PBMC count (Fig. 5c). 

                                                    

Fig. 5d demonstrates the PBMC count/µL of samples from three different healthy subjects. The PBMCs of the three 

subjects were measured with SYSMEX using flow cytometry at Rigshospitalet. From the standard clinical 

measurement, the PBMC counts of Subject 1, Subject 2 and Subject 3 were found as 1640, 2200 and 2240 cells/µl of 

blood, respectively. Comparing to the hospital data, it shows that our method can extract 73± 2% of the total PBMCs. 
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All experiments were performed in triplicate. The small error bars from the triplicate measurements demonstrate the 

reproducibility of the PBMC layer extraction and quantification approach. Although the extraction efficiency falls 27% 

below the hospital data, the high reproducibility of the method for all the three subjects demonstrates its potential to be 

a reference PBMC counter.  

A possible reason for the lower extraction efficiency compared to the hospital data could be that during the PBMC 

extraction from the blood processing chamber, a small amount of PBMCs tend to stay back in the chamber. This 

phenomenon has also been experienced by Kinahan et al. [50] where an on-disc DGM-based centrifugation method was 

used for plasma and PBMC separation followed by out-of-disc extraction for further processing and quantification of 

the PBMCs. However, in that study, it was demonstrated that a significant amount of PBMCs remained in the blood 

processing chamber resulting in an extraction efficiency of 34% compared to benchmark hospital data. Our method 

showed much higher efficiency, probably because of pre-dilution of the blood at a higher ratio (1:4) than the ratio (1:1) 

used in [50] causing better cell isolation as well as preventing cell aggregation. However, in future work different 

dilution factors could be investigated in order to obtain detailed understanding on the relationship between dilution 

factor and PBMC extraction efficiency. In addition, the manual extraction of WBCs from the disc used in [50] might 

have caused loss of cells whereas on-disc quantification in our approach demonstrates lower cell loss due to the 

integration and automation of the process. Another potential cause of the 27% lower efficiency of our approach 

compared to hospital data might be the limitation of the DGM method for PBMC extraction as reported in [51]. 

However, Moen et al. [32] demonstrated a DGM-based centrifugation approach where the WBCs, after centrifugation, 

were trapped inside a trough-like section in the blood processing chamber. The on-disc imaging of the trapped WBCs 

inside the blood processing chamber using an external microscope resulted in 95% total WBC count. But, as their study 

lacked detection of CRP or other relevant biomarkers, they did not need to utilize centrifugo-pneumatic pumping to 

extract plasma and PBMC to separate chambers through siphons, which in our case the pumping caused some PBMCs 

to lag behind in the blood processing chamber causing less PBMC count. Thus, we were faced with this particular 

limitation while combining the detection or quantification of these two biomarkers. Furthermore, in some cases, few 

PBMCs were observed to be at a close proximity or aggregating with each other which caused, e.g., two aggregated 

PBMCs to be counted as one due to the limitation of the segmentation algorithm and thus, reducing the number of 

PBMCs segmented. We are currently investigating different microfluidic approaches, while integrating necessary 

purification steps, as well as further developing the segmentation algorithm to address this issue and thereby increase 

the efficiency of total PBMC extraction and quantification. 

 

Conclusion 

 

We have presented a biosensing platform with integrated optical and optomagnetic sensors to detect the CRP 

concentration and to quantify PBMC from a single human whole blood sample in a quick, automated and user-friendly 

fashion while using a single microfluidic disc. The integration of the sensors as well as the fully-integrated lab-on-a-

disc assay shows potential to be a compact instrument for use in out-of-lab setting for medical diagnostics. This 

biosensing platform can be further applied to detect various biomarkers using MNB-based agglutination assay in 

combination with WBC/PBMC quantification, for example, diagnosing infectious diseases such as tuberculosis or 
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medical conditions like myocardial infarctions. A significant addition to future studies could be detection of Troponin I 

along with CRP by splitting the extracted plasma into two different subsamples on the disc. Apart from medical 

diagnostics, it can also be used in food safety and environmental monitoring applications by utilizing the microfluidics 

for sample processing, the optomagnetic unit for detection of small molecules and the optical imaging unit for detecting 

presence and/or growth of microbes.  

In this study, the major factors that led to the combined detection or quantification of CRP and PBMC are: (i) the 

microfluidic design involving siphon-based two-step centrifugo-pneumatic valving process to extract PBMCs and 

certain amount of plasma from few microliters of blood into separate microfluidic chambers, (ii) the hardware 

integration of the two detection units along with the automated centrifugal microfluidic platform and (iii) the 

development of MNB-based assay to detect CRP in biological fluid using the integrated optomagnetic reader unit as 

well as the fabrication of the microfluidic disc involving a thin CC chamber facilitating on-disc capturing of all PBMCs 

distributed in a monolayer using the optical imaging unit. Furthermore, the magnetic incubation process enhanced the 

agglutination process, decreasing the assay time for CRP detection. Using the blood samples from three individual 

subjects with different CRP levels, the study demonstrated increment of optomagnetic signal peaks with increasing CRP 

concentration. However, for the diluted sub-samples, subject-to-subject variation was experienced for the corresponding 

values of the optomagnetic signal peaks. Our future work aims to optimize the MNB-based assay to minimize the 

subject-to-subject variation to enable a quantitative analysis with a well-established limit of detection and dynamic 

range of the agglutination assay while using a higher number of clinical samples. The on-disc PBMC segmentation and 

quantification process also made the study much user-friendly and automated while facilitating a short sample-to-

answer time. Currently, we are investigating different microfluidic approaches to increase the PBMC extraction 

efficiency while making the cell segmentation and quantification procedure a single-step process by developing 

advanced cell-segmentation algorithm to contribute to further automation and efficiency of the PBMC quantification. 

Furthermore, through the addition of further sample processing steps, we target to achieve 3 parts or 5 parts differential 

WBC segmentation and quantification using the integrated microfluidic platform. There is also high potential for this 

biosensing platform to detect multiple biomarkers which can be achieved by splitting the extracted plasma on-disc into 

several samples followed by separately adding several specific antibody-functionalized MNBs into the metered samples 

leading to the quantification of multiple biomolecules in plasma along with total WBC count.  
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Figure captions 

 

     

 

Fig. 1: (a) Schematic of the microfluidic disc with six repeating functional units. (b) Schematic of the four different layers of the disc. 

The top two PMMA layers were thermally bonded and subsequently bonded to the bottom layer using a structured PSA layer. 
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Fig. 2: (a) Experimental platform with the two integrated detector units. (b) A unit of the microfluidic disc demonstrating different 

chambers and channels; Fc refers to centrifugal force (c) Sequential experimental images from sample loading to stratification and 

addition of MNBs to the extracted plasma: (i) Loading of DGM (ii) Overlaying of blood on DGM (iii) stratification into RBCs, 

PBMCs and plasma due to centrifugation, (iv) Extraction of blood plasma and PBMC layer from the blood processing chamber after 

priming of upper siphon, (v) Transfer of plasma to the plasma chamber after lower siphon priming, (vi) Addition of MNBs to the 

extracted plasma for further processing.         

 

 
 

Fig. 3: The left panel of the image demonstrates the mixing and random distribution of antibody-functionalized MNBs and CRP 

antigen. The right panel illustrates that magnetic incubation facilitates the formation of CRP-bridged MNB clusters. 
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Fig. 4. (a), (b) and (c) Normalized in-phase optomagnetic signal, 𝑉2′/𝑉0, vs. frequency of the applied magnetic field indicating CRP 

concentrations of Subject 1, Subject 2 and Subject 3, respectively, for different amounts of extracted plasma. 8 µL of extracted 

plasma refers to the CRP concentration of 1.0 mg/L, 2.7 mg/L and 1.6 mg/L for Subjects 1-3, respectively. (d) Average values of 𝑉2′/𝑉0 at f = 2.6 Hz to 7.5 Hz vs. relative amount of extracted plasma demonstrating the difference between the CRP level of the 

subjects. Error bars represent the standard deviation on the mean (SDOM) obtained from triplicate measurements. (e) Corresponding 

average values of optomagnetic signal (2.6-7.5 Hz) vs. measured CRP concentration for undiluted 8 µL plasma samples. The black 

dotted line represents the mean blank signal plus the 3 times its standard deviation, which is used to estimate the concentration 

resolution.  
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Fig. 5 (a) An experimental image of a part of the CC chamber on the microfluidic disc scanned by the oCelloScope. The red circles 

indicate the contamination of RBCs in the pool of PBMCs and platelets (blue-circled). (b) RBC contamination (red squares) after 1st 

image segmentation step. (c) A view of the segmented PBMCs after final image segmentation which are quantified by Uniexplorer. 

(d) PBMC quantification from three different subjects demonstrating measurements obtained by oCelloScope and compared with the 

hospital data (obtained by SYSMEX measurement). Error bars represent the SDOM obtained from triplicate measurements.            
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