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Abstract  

Point-of-Care (PoC) diagnostics is a term concerning 
diagnostic methods and devices that can be conducted at the 
patient side in a fast and easy manner. This means they can be 
used in a wide set of contexts from global pandemics to 
environments in which healthcare infrastructure is not properly 
established. This doctoral thesis concerns itself with several 
aspects of Point-of-Care diagnostics.  

In the first part, the actual use of PoC in low-income countries 
is analyzed and several bottlenecks are identified. For this, the 
whole value chain is examined, including the fundamental 
research, the market distribution and the end-user application 
of PoC diagnostics, in order to find the most important aspects 
contributing to its success or failure. Identified elements 
include problems with misguided research philosophies, 
problems with distribution and stock management as well as 
limited end-user trust. This part of the thesis unveils important 
aspects and design considerations that were essential for the 
consecutive chapters as it became evident that, for example, 3D 
printing can be a valuable tool for on-demand research and 
production of PoC devices in low-income countries.  

The third chapter concerns itself with the heat-transfer method, 
a proof-of-application for its use in diagnosis of urinary tract 
infections is established, using samples of several volunteers of 
different genders. The method is shown to work in clinically 
relevant ranges down to 104 CFU. Furthermore, it is shown that 
a fast sample analysis is necessary to guarantee correct 
diagnostics results. This shows that rapid PoC diagnosis on the 
spot is the best mode of action, especially in low-income 
countries where, as we showed in the first part, a proper cold 
chain is not necessarily guaranteed.  
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Figure 1 - Google searches for the search terms 'PCR' and 'Rapid Test', 

data acquired via Google-Trends 

 

One of the foci was of course the quantitative polymerase chain 
reaction (qPCR) test, the standard test used for detection of 
viral nucleic acids. While the development of the testing 
method was fast [4], the increase in testing facilities lagged 
behind as countries tried to drastically increase the capabilities 
of their molecular biology laboratories [5]. Even after an 
increase in testing capabilities, qPCR-testing still presented a 
huge challenge in terms of logistics and workforce. qPCR-tests 
are (mostly) bound to laboratories and take time. The 
Infrastructure for sample collection in testing-centers had to be 
established and manned, transport to- and analysis in- the 
laboratory by trained personnel had to be conducted and digital 
infrastructure to inform the patients of testing result had to be 
maintained. A megaproject for any country.  Laboratory-based 
tests however where not the only option and the benefits of 
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development of PoC devices over time; when first introduced 
PoC glucose meters had a weight of 1.2 kg [15], today small 
meters merely weigh 9 grams [15], and further developments 
created continuous blood glucose measurements which, while 
still invasive using a microneedle, measure the glucose levels 
continuously over the day and are connected to a smartphone 
[14]. Noninvasive techniques are also developed but are yet 
awaiting commercial application [14, 15]. The great success of 
PoC use in blood glucose measurements helped alleviate the 
suffering of millions of people, as diabetes is one of the biggest 
health problems in developed nations, with up to 450 million 
affected in 2019 and an estimate of 700 million in 2045 [14, 
16]. Diabetes care costs 245 billion US-dollar in the United 
States (2012), 43.2 billion Euro in Germany and 20.2 billion 
Euro in the UK (2010) the greatest share being inpatient-care 
costs [15]. Blood glucose meters on the other hand reached 
worldwide sales of 8.8 billion dollar in 2008, an compound 
annual growth rate of 12.5% since 1994 [17]. With this glucose 
meters account for 22% of the entire in-vitro diagnostic 
business  [17]. 

1.3 Elements of a (PoC-)Biosensor 
Those examples make it clear that PoC devices have large 
potential for personalized medicine, with biosensors forming 
the heart of many modern diagnostic PoC tools. Biosensors 
have been defined as devices that use biological or biomimetic 
recognition elements and can quantitatively or qualitatively 
recognize target analytes [18, 19]. They can be separated into 
several different compartments (Figure 2): The recognition 
layer, the transducer and the readout system. The recognition 
layer binds the target analytes, the transducer translates the 
information of a binding event (the recognition) into a 
quantifiable signal that will be recorded by the readout element. 
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Finally, an important addition to the biosensor system, 
especially for PoC use, is the sample management system, 
which provides an essential role for sample preparation, such 
as sample purification, matrix separation and reagent mixing as 
well as sample and reagent storage and transport to the sensor 
itself [20].  

 

 
Figure 2 - Schematic overview about the elements of a biosensor. 

 

1.3.1 The Recognition Layer 
The recognition layer consists of biological or biomimetic 
recognition elements, which are able to bind the target analyte. 
There is a wide variety of recognition elements available and 
the choice is mainly depended on the target analyte, and the 
requirements of sensitivity and specificity as well as the matrix 
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variety of different binding proteins. The phages are grown in 
bacteria and then extracted and exposed to the target-antigen, 
which is immobilized on a surface. The surface is washed 
consecutively, removing all phages with binding-sites that are 
unable to bind the target analyte. The phages capable to attach 
to the target are eluted in a later step and regrown in bacteria. 
This process is repeated until the binding-site with the highest 
affinity for the target is the only one remaining [29, 31]. The 
DNA-sequence of the found binding-site can then be 
implemented into an antibody sequence and the antibody 
expressed in bioreactors, alternatively the scvF can be 
produced in a bioreactor and used on their own. The benefit of 
this technique is that it directly connects the pheno- to the 
genotype and thus selection can easily be done via phenotype 
and the connected genotype exploited for further use [31].   

Enzymes  
This category uses the catalytic nature of enzymes to detect 
analytes, this is usually accomplished by using the target 
analyte as substrate for the enzyme while measuring a product 
of the catalytic reaction [21]. The biggest example in this group 
is also the most successful commercial example of biosensors 
and their point of care detection in general: glucose detection. 
Here either glucose oxidase or glucose dehydrogenase is used 
to start a signaling cascade that is typically monitored using an 
amperometric readout approach [14]. The benefit of enzymatic 
sensing lays in the wide availability of existing enzymes for 
biological relevant molecules. Similar to the glucose sensor 
based on glucose oxidase, several other oxidases can be used in 
the same way for detection of their specific substrate, such as 
lactate via lactate oxidase, alcohols via alcohol oxidases and so 
on [32]. Examples for the reactions occurring with these kinds 
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library of sequences is incubated with an immobilized target 
analyte. Some of the oligo-nucleotides are able to bind the 
target analyte and remain in the vessel upon washing, which 
removes all non-binding sequences. Now the sequences which 
were able to bind can be eluted and amplified via polymerase 
chain reaction (PCR), mutations can be induced and the 
oligonucleotides are allowed to bind the immobilized targets 
again. After washing, the sequences with decreased binding 
will be removed, while the ones with increased binding remain. 
This process can be repeated similarly to the bio-panning in 
phage display, to artificially evolve sequences with high 
binding affinity to the target analyte [37, 38]. Given that 
aptamers, similarly to Fab fragments are much smaller in 
comparison with antibodies (about 1-2 nm compared to about 
10-15 nm of antibodies) a higher density of binding sites on the 
surface can be achieved [21, 40].  

1.3.1.3 Biomimetic Receptor layers  

Biomimetics describes the use of technology to emulate nature 
[41]. In the form of receptor layers this means synthetic 
materials get used to replace the traditionally used biological 
receptors such as  antibodies and enzymes. Compared to them, 
biomimetic materials have a host of benefits. Biological 
elements evolved in nature to work in a very narrow range of 
physiological parameters. Most importantly the pH-range of 
the solution, which often has to closely resemble physiological 
ranges to prevent denaturation of the biological receptor 
elements [42]. Furthermore, biological receptors prohibit the 
use of organic solvents and are prone to degradation over time. 
This and the complex production procedure are downsides that 
can be overcome with the use of biomimetic receptors [42, 43].  
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Figure 4: MIP Polymerization 

SIPs 
Similarly to MIPs, SIPs can also be produced using 
polymerization of a monomer but where MIPs are employed 
for small molecules, SIPs are better suited for large molecules 
like proteins and even whole biological cells. SIPs show a clear 
benefit with those analytes as it is much easier to remove the 
template, which are in the case of SIPs, as the name suggests, 
located on the surface of the polymer, thus removing the 
template and rebinding the analyte becomes easier [43]. SIPs 
can be manufactured in different ways, most commonly used 
are self-assembly techniques, molding techniques and micro-
contact imprinting, as seen in Figure 5. Self-assembled SIPs are 
fabricated similarly to the classical MIPs, as the template is 
placed in solution together with monomers and cross-linkers. 
During the polymerization, the monomers self-assemble 
around the template. Templates at the surface can then be 
removed, leaving cavities open for rebinding, however some of 
the template may end up in the bulk material where removal is 
not possible. Self-assembly methods have been used for 
templates such as enzymes [43, 48, 49] and self-assembled 
monolayers have been used for example for other proteins and 
virions [42, 43, 50]. Self-assembly can be supported by adding 
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[68]. Optical transducers use the characteristics of light such as 
intensity, wavelength and refraction. Electrochemical sensors 
on the other hand sense based on characteristics such as 
electrical current or the resistance thereof. Lastly, physical 
sensors use physical properties of the analyte such as the mass 
in quartz-crystal microbalances (QCM) or thermal resistance in 
the heat-transfer method (HTM). 

1.3.2.1 Optical Transducers  

Colorimetry 
Colorimetric readout systems are the most common systems 
due to their use in lateral flow assays such as pregnancy tests. 
In colorimetric systems a color change is either detected via 
observation without any instrument, which is the case in most 
lateral flow assays or via instrumentation, this could for 
example be a smartphone camera with appropriate software, 
allowing for a semi-quantitative readout [69, 70].  

As briefly mentioned before, lateral flow assays work with a 
nitrocellulose membrane for sample-transport, the liquid 
sample is added onto a sample-pad and is transported via 
capillary forces into a conjugation pad, here labelled detection-
antibodies bind to the target-analyte (Figure 6 Step 1.). The 
detection-antibodies are usually tagged with colloidal gold, 
which turns a clearly visible red color when it gets concentrated 
on a small area. While gold is the most common tag, it is by far 
the only one, to improve sensitivity the antibodies can also be 
tagged for example with enzymatic labels or fluorophores (vide 
infra) [8]. The analyte, which is now attached to a detection 
antibody, moves further along the stripe to the test-area (Figure 
6 Step 2.). Here the recognition-element is immobilized. If the 
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Figure 6 - A lateral flow assay in normal (a.) and sandwich configuration 
(b.). The target analyte gets transported through the device by capillary 
forces in the nitro-cellulose membrane. 1. Target and detection-antibody 
conjugate at the conjugation pad. 2. Target binds to the recognition element. 
3. Detection-antibody binds to the control-recognition-elements.  

 

While lateral flow assays are an example of a colorimetric 
detection via concentrating of colloidal gold, there are other 
methods of colorimetric systems, one example is the use of 
simple reactions which yield a color or enzymes which catalyze 
a colorless substrate into a dye. This was first used as PoC 
devices in straightforward dipstick tests. Dipstick tests are 
widely available for example for urin analysis, the Chemstrip 
by Roche or the Multistix 10SG by Siemens Healthcare being 
examples [76]. Here for example glucose can be detected via 
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immobilized glucose oxidase and a chromogen. The glucose 
oxidase (GO) oxidizes the glucose to gluconolactone and 
hydrogen peroxide, the latter then drives the reaction of the 
chromogen with horse-radish peroxidase (HRP) to water and a 
visible dye [76] as shown in Figure 7. Protein detection can be 
achieved via tetrabromphenole blue which turns from yellow 
to blue in presence of protein due to the formation of a protein 
dye complex [76, 77].  White blood cells can be detected via 
the esterase contained in granulocytes which catalyze  a 
reaction with pyrrole carbonic acid ester to produce a dye [76]. 
Several common biochemical assays can be deployed in this 
way combining them on a paper substrate as a multiplex PoC 
dipstick tests [78]. While usually they are only qualitative or 
semi-quantitative, the use of optical sensors, for example in 
smartphones can help to develop colorimetric PoC tests that 
can measure in a quantitative fashion [79]. 
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antibodies, are widely used, not only for biosensing, but to 
selectively mark certain parts of, for example cells in order to 
locate certain proteins [83]. Fluorescent based transducers are 
more complex than the colorimetric or electrochemical sensors 
but they show benefits when it comes to continuous monitoring 
or use in difficult matrices and real time analysis [84].  

Figure 8 shows different approaches that use fluorescently 
marked antibodies. All work by binding or replacing 
fluorophores from the surface. In a sandwich assay the target 
of interest is captured on the surface by an immobilized 
antibody and then labeled by a second fluorescently labelled 
antibody. In turn the fluorescence intensity at the surface 
increases and unbound antibodies can be washed away [84, 85]. 
Competitive and displacement assays on the other hand are 
indirect and can be used for example when the target-analyte is 
too small to have binding sites for more than one antibody [84].  
In an competitive assay a target-analyte is pre-immobilized on 
the surface, when labelled antibodies as well as  a sample is 
added, the target-analytes inside the sample will compete with 
the immobilized target for the antibodies and thus fewer 
antibodies will attach to the immobilized target, which can be 
monitored as decrease of fluorescent on the surface. Another 
option is the displacement assay in which a recognition-
antibody is immobilized and a labelled target is added to the 
solution to adhere to the antibody. When a positive sample is 
added the target from the sample displaces the labeled target, 
resulting in reduced fluorescence [84].   
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Figure 9 - Different approaches for nucleic acid fluorescent probes 

 

Ribo- and Toehold-Switches 
Ribo-switches and toehold-switches are examples of even more 
complex readout methods using (often, but not necessarily 
always) fluorescence. Here RNA sequences are used, which 



Introduction 

26 
 

self-align and form a loop that blocks their ribosome binding-
site. Upon hybridization with the analyte DNA the ribosome 
binding-site is freed. This can be used with a cell-free 
expression system, which contains all the necessary enzymes 
and materials for protein expression. As soon as the ribosome 
binding-site is freed, the RNA can be translated into a reporter-
protein such as green-fluorescent protein (GFP) which can then 
be used for optical readout. The benefit of using DNA and RNA 
for diagnostics is that they can be easily amplified, allowing for 
lower limits of detection [36, 94, 95]. Figure 10 illustrates the 
process.   

 
Figure 10 - The working mechanism of a toehold switch 
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electrochemical amperometric transducer and an example of 
the occurring reaction is given in Figure 12. Blood is acquired 
via a lancet and a finger-prick and capillary-force is used to 
suck the droplet into the strip and transport it to the electrodes. 
The enzymes catalyze the glucose in the sample and start a 
signaling cascade leading to an electrical current on the 
electrodes of the sensor. Enzymes used are most often Glucose 
Oxygenase and Glucose-dehydrogenase [14, 15, 110, 111]. 

 

 
Figure 12 - Setup of a amperometric glucose sensor 
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The displayed system is a glucose meter of the second 
generation. While the enzyme glucose oxidase is oxidizing 
glucose to gluconolactone it reduces a cofactor (often FAD or 
PQQ) which then in turn reduces a mediator that hands the 
electrons to the electrode where the current is measured [112]. 
Compared to this second generation sensor, the first generation 
used H2O2 produced by the cofactor to transfer the electrons to 
the sensor, which required oxygen. Third generation glucose 
sensors use the cofactor itself to transfer the electrons to the 
electrode [112, 113]. While this is a relative simple example of 
an amperometric readout, where the voltage is held constant, 
different variations exist. For example, cyclic voltammetry is 
similar to normal amperometry as the monitored factor is the 
electrical current. However contrary to normal amperometry, 
the voltage is not held constant but is varied. For this the 
voltage is increased in a fixed rate from a starting voltage. If 
the electron transfer resistance changes and redox reactions 
occur, a change in current is visible [96, 114, 115].  

1.3.2.3 Mass Transducers  

A wide range of transducers can be put under the umbrella term 
of mass transducers. Usually they are connected to physical 
properties related to the mass, such as inertia or thermal 
resistance of the analyte.  

Acoustic 
Well-known examples of mass-sensitive transducers are 
quartz-crystal-microbalances, which use piezoelectric quartz-
crystals. If an electric current is applied on the crystal, it starts 
resonating, the resonance frequency is dependent on the mass 
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attached to the crystal. If the mass increases, for example by 
analyte binding on the receptor layer, the resonance frequency 
decreases in a linear fashion. For usage in liquids and with non-
rigid analytes, it is more complex as the viscoelastic properties 
also have to be accounted for [96, 116]. One of the main 
benefits of QCM systems are their high dynamic range, 
enabling their use from small molecules up to cellular targets 
[96, 117, 118].  

Surface Acoustic Waves (SAW) devices are closely related to 
QCM devices, but instead of using a bulk acoustic wave, like 
the QCM, they use, like their name already suggests, an 
acoustic wave on the surface of the device. SAW use 
interdigital electrodes (ITD) that are built on top of a 
piezoelectric material and are used as sender and receiver. One 
electrode converts an electric- into an acoustic wave, which 
travels to the receiver, which converts the acoustic wave back 
into an electrical signal. The amplitude as well as the velocity 
of the wave is dependent on the mass bound on the surface as 
well as the conductivity of the medium and viscoelastic 
changes [96, 119]. Figure 13 illustrate both, QCM and SAW 
devices.  

 

 
Figure 13 - Overview over the parts of a QCM (left) and a SAW (right) device 
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Figure 16 - Soft lithography of the microfluidic channels: The finished mold 
is used (1.) and covered with liquid PDMS (2.), which is consecutively cured 
taking on the shape of the mold (3.). The PDMS is then plasma-bonded to a 
substrate to seal the channels (4.).  

 

PDMS has ideal properties for microfluidic devices and 
therefore it is not surprising that it is one of the most used 
materials in microfluidics [136, 160]. The material is cheap and 
easy to mold, it is optically transparent and gas permeable as 
well as biocompatible [154, 161]. As a result, PDMS is an ideal 
material for biomedical research, such as cell-culture and 
biochemical assays [133, 161, 162]. Due to its elasticity the 
fabrication of integrated pumps and valves is possible [159, 
163]. Exemplary of this is the quake valve, which consists of a 
control-channel perpendicular above or below of the fluid 
carrying channel. Application of air pressure in the control-
channel will deform it, leading to a bulge that blocks the fluid 
channel [159]. Such valves can be placed next to each other and 
activated in succession to create a peristaltic pump [159]. 
Another example for a valve and pumping system that uses the 
elasticity of PDMS is the adaption of a braille display, where 
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into the thermoplastic. Comparable to injection molding, hot 
embossing has its strength in the scalability of the method, and 
therefore found wide application in commercial microfluidic 
manufacturing [135, 169]. Both methods are demonstrated in 
Figure 17. Hot-embossing can be up-scaled further to hot-roller 
embossing, in which the mold is a cylindrical roll that imprints 
consecutively on a long film in a roll-to-roll manufacturing 
process [170]. One of the biggest downsides of both techniques 
is the mold fabrication, which is expensive and time consuming 
and thus only feasible for a high number of produced parts, 
which excludes the method for fast prototyping, which is the 
specialty of PDMS soft lithography [135, 171].  

Sealing the surface, and therefore creating the closed channels 
from the open surface-facing channels, is an essential and often 
problematic step in microfluidic manufacturing [172]. In 
techniques like injection molding or hot embossing, this can be 
achieved by adding a second thermoplastic sheet and bonding 
it via, for example, ultrasonic welding or thermo-bonding [135, 
172]. This is easily achieved if the substrate has a flat surface, 
however for molded parts with topographical surfaces, this can 
be problematic and a second molded piece fitting the geometry 
of the substrate has to be fabricated. This can be avoided by the 
use of topographical vacuum sealing as introduced in Chapter 
6.  
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Figure 17 - Schematics of injection molding (left) and hot embossing (right) 
for microfluidic fabrication 

 

Laminate 
Another straightforward and cleanroom-free way to fabricate 
microfluidic devices is lamination and lab-on-a-foil 
technology. Here the microfluidic channels are cut into a thin 
substrate which is then bonded to other foils which seal the top 
and bottom [135], as is exemplified in Figure 18. While the cut 
layer is mostly made out of plastic or tape, the outer bonding 
layers can also be constructed out of glass [173]. Laminate 
microfluidic devices present several benefits, the construction 
process is one of the easiest in microfluidics, as a simple 
xerography knife-cutter [157] or laser cutter [174] can be used 
to cut channels inside the foil. 

Often used layers are glass as cover layers, adhesive tapes - due 
to the inherent bonding, and polymers such as polycarbonate 
and PMMA [135, 157]. The used materials are transparent 
adding another benefit to laminated microfluidics. To bond the 
layers adhesives can be used, which is beneficial as the fluid 
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