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EDITORIAL FOREWORD 
 
With recent technological advances in multiple research fields such as 
materials science, micro-/nano-technology, cellular and molecular biology, 
and bioengineering, much attention is shifting toward the development of 
new diagnostic tools that address needs not only for high sensitivity and 
specificity but fulfil economic, environmental, and rapid point-of-care needs 
for groups and individuals with constrained resources and, possibly, limited 
training. Miniaturized fluidics-based platforms that precisely manipulate 
tiny body fluid volumes can be used for medical or healthcare diagnosis in a 
rapid and accurate manner. These new diagnostic technologies are 
potentially applicable to different healthcare issues, since they are 
disposable, inexpensive, portable, and easy to use for the detection of 
human diseases (e.g., cancers or infectious diseases) – especially when they 
are manufactured based on low-cost materials such as paper. The purpose 
of this book is to bridge new diagnostic technologies and biology with 
medicine, focusing more on their applications for point-of-care diagnostics.  
The topics regarding point-of-care diagnostics in this book that we have 
addressed cover the overview of the point-of-care diagnostic devices, 
microfluidic diagnostic device and treatment for assisted reproductive 
technologies, new materials for making diagnostic devices, and cellphone- 
-based diagnostic devices. Here, we would like to express our deep 
appreciation to all authors. Without their full support, this book, including 
the review and original articles, would probably not be published on 
schedule. This book may not cover all topics in this emerging field – the 
development of practical tools and technologies for point-of-care 
diagnostics, but we firmly believe that our efforts have the potential to 
provide impetus to highly impactful innovations and challenging 
discussions in relevant academic and commercial communities. 
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1.1. INTRODUCTION 

1.1.1. History 
The idea of rapid diagnostic tests on body fluids dates back to ancient history. 
One of the earliest records of a urine- based diagnostic test for pregnancy can 
be found in ancient Egypt. In this test (found in the “Berlin Papyrus”), a 
potentially pregnant woman could urinate on wheat and barley seeds over the 
course of several days. The result of this test: “If neither grows, she’s not 
pregnant. If barley grows, it means a boy. If wheat grows, it means a girl” [1-3]. 
Hippocrates suggested that women who had missed their period should drink 
a solution of honey in water at bedtime. If they had abdominal distension and 
cramps, this would indicate the presence of a pregnancy [4]. 
Interest in urine as a rapid diagnostic medium continued through the Middle 
Ages. Physicians (such as the famous Avicenna) who claimed to diagnose 
different conditions from the colour of urine became known as “piss prophets” 
[5,6]. Another archaic example of a rapid diagnostic test was the practice of 
tasting a patient’s urine to detect the presence of glycosuria, which indicates 
diabetes mellitus [7]. If it tasted sweet, it showed that the patient had diabetes 
mellitus (mellitus literally means ‘sweet tasting’ or ‘honey’). Healers in 1500 
BC noticed that ants were drawn to the urine of patients who had a mysterious 
emaciating disease. In the 1600s, tasting the urine was the method to diagnose 
diabetes Sweet tasting urine=diabetes [8]. 
The first diagnostic test is thought to have been urine testing for diabetes. The 
earliest and most basic point-of-care (POC) test was dipstick urinalysis. The 
urine dipstick, developed in 1957, was the first true POC device. But it was not 
until the 1950’s that the majority of rapid diagnostic methods gained real 
predictive value. The roots of lateral flow technology go back to the discovery 
of the antibody-antigen immunoassay reaction by Yallow and Burson in the 
1960s [3]. Together with the principles of thin layer and paper 
chromatography, it made a breakthrough possible. Clearly, the main 
application driving the early development of rapid-test technology was the 
human pregnancy test, which followed the continual historical interest in urine 
testing for medical diagnostic purposes. This testing application made great 
strides in the 1970s, as a result of improvements in antibody generation 
technologies and significant gains in understanding of the biology and 
detection of human chorionic gonadotropin (hCG) [3].  
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1.1.2. Definition and standardisation 
POC testing (POCT) is defined as medical diagnostic testing performed outside 
the clinical laboratory and in close proximity to where the patient is receiving 
care [9]. POCT tests available at Capital Health include blood glucose, urine 
dipsticks, blood gases, chemistry, haematology, coagulation, cardiac markers, 
and pregnancy tests. 
POCT is defined as “clinical laboratory testing conducted close to the site of 
patient care, typically by clinical personnel whose primary training is not in 
the clinical laboratory sciences or by the patients themselves (self-testing). 
POCT refers to any testing performed outside of the traditional, core or central 
laboratory“ [10]. POCT is typically performed by non-laboratory personnel and 
the results are used for clinical decision making. POCT has a range of 
complexity and procedures that vary from manual methodologies to 
automated analysers. 
POCT devices are often ‘hand held’ or may be small portable analysers. POCT is 
generally more expensive than lab testing but is appropriate and cost effective 
in some clinical settings because testing is performed near the patient and 
informs immediate decisions for the clinical management of the patient [5,6]. 
According to this definition, there are many synonyms for this form of testing 
as presented in Table 1 [10]. 
 

Table 1. Synonyms for POCT 

POCT Home testing 
Ancillary testing Self-management 
Satellite testing Patient self-management 
Bedside testing Remote testing 

Near patient testing Physician’s office laboratories 
 

1.1.3. Obtaining diagnostic information 
Process in obtaining results comprises pre-analytical, analytical, and post-
analytical phase. Pre-analytical phase includes the phase from ordering the test 
till the moment of analyse on instrument. Analytical phase involves the 
preparation of the sample, analysis and quality control (QC) measures. Post-
analytical phase begins with further validation of the results with 
interpretation [11]. 
Detailed activities in certain phases are listed in Table 2. 
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Table 2. Activities involved in different phases of analytical procedure 

Identifying the correct test 
Determining proper conditions  

(fasting, time of the day, resting, posture, taking of drugs 
Request form with clinical data 

Taking the sample 
Labelling of the tubes 

Transport of the sample 
Preparation of the sample for instrument 

Analysis 
QC requirements 

Comparing the result against reference ranges 
Proceeding the result to the requesting personnel 

Interpreting the results (in the case of abnormal results) 
Interpretive comments 

 
POCT is an established part of clinical practice, in many instances offering the 
rapid and convenient provision of test results that can be of benefit to the 
patient [12]. It is, however, a significant risk management issue for the trust. 
Results obtained by non-specialist staff carry as much weight in patient 
management as results from sophisticated equipment in the care of 
professional laboratory staff. Incorrect results have the same health and legal 
implications, whatever their origin. 
There is some ambiguity concerning the term POCT and its predecessors, 
bedside testing, near patient testing, and less frequently, ancillary or 
decentralized testing. All were derived from the proximity of the laboratory 
test to the patient or central laboratory, but this distinction is relative and 
imprecise. POCT is often regarded as tests performed outside of a central 
laboratory, but this definition also is unsatisfactory because limited-service 
satellite laboratories staffed by laboratory personnel are considered clinical 
laboratories (or sometimes blood gas laboratories) but not POCT services, at 
least for accreditation and regulatory standards. Their location near the 
patient does not influence the accreditation standards they must meet. 
POCT is defined as »any test that is performed at the time at which the test 
result enables a decision to be made and an action taken that leads to an 
improved health outcome«. 
We need to break down the turnaround time (TAT), to see where the time was 
being spent. We broke down the TAT into seven steps, as presented in Figure 1 
[13]: 
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Figure 1. Step involved from doctor order of specific test to result from the laboratory 

 
This was the therapeutic turnaround time (T-TAT): from the time of the 
request to the time when therapeutic or patient management action was taken. 
We then look at the time for each step. In most cases, we can find the time for 
the verbal request (which would be entered into the computer after analysis), 
collection, transport (with the OR close to the laboratory), and reporting. The 
remainder of the TAT is spent in spinning the specimen down and performing 
the analysis. We know we need to look at all the steps of the T-TAT: those 
occurring outside the laboratory as well as those inside the laboratory to 
significantly reduce the TAT [14]. 
For regulatory purposes, satellite laboratories are generally considered 
extensions of the central laboratory service rather than a separate 
classification such as POCT. Therefore, the location at which a laboratory test is 
performed does not classify it one way or the other. It is even conceivable, 
given the following considerations, that POCT could be performed in a central 
laboratory.  

Request

Collection

Transport

Processing

Analysis

Reporting

Therapeutic 
action
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Yet another criterion for defining POCT – and possibly the most satisfactory 
definition from a regulatory perspective – is who performs the test. If 
laboratory personnel perform a test, then this test typically falls under the 
laboratory license, certificate, and accreditation, even if it is performed outside 
of the physical laboratory space and regardless of whether the test is waived or  
non-waived. On the other hand, waived or non-waived laboratory tests 
performed by non-laboratory personnel are nearly always subject to a 
different set of regulatory and accreditation standards, and these can be 
grouped neatly under the POCT umbrella. 
Therefore, POCT somewhat misleadingly suggests a location where the test is 
performed, but in fact the regulatory standards are primarily determined by 
who performs it. In practice it is highly unusual for non-laboratory personnel 
to perform any tests within the clinical laboratory, but the converse is 
relatively common. Clinical laboratory personnel often perform laboratory 
tests outside the central laboratory (e.g., Streptococcus A screening in an 
emergency department, sweat tests in a paediatric ward, urine drug screens in 
the human resources department, international normalized ratio in a 
coagulation clinic). Tests like these fall under the clinical laboratory 
improvement amendments (CLIA) certificate and, in states that issue them, the 
laboratory license. Consequently, POCT typically refers to waived or non-
waived laboratory tests performed at remote locations by non-laboratory 
personnel. 
Guidelines and/or standards for POCT have been issued by a number of 
organisations to assure patient safety and the quality of: 
• Following patient deaths, The Department of Health issued Hazard Notice 

(1989) to all Clinical providers of POCT, recommending Pathology 
involvement in managing POCT. 

• The Joint Working Group on Quality Assurance (JWGQA) has published 
guidelines, updated in January 1999, for the implementation of POCT, 
covering procurement, QC and assurance, health and safety, risk 
management, user training, equipment maintenance and clinical liaison: 
Near to patient or POCT guidelines issued by JWGQA to assist health 
service managers and staff in the procurement, installation use and 
monitoring of devices suitable for performing tests on blood, urine and 
stools (2000). 

• Clinical Pathology Accreditation (UK) Ltd, the national quality standards 
body for Pathology Laboratories, which includes new standards for POCT 
(both ISO 15189:2012 and ISO 22870:2006 apply to POCT). 

• The Medicines and Healthcare products Regulatory Agency (formerly The 
Medical Devices Agency), following professional consultation, has issued 
guidance on the management of POCT: Management and use of in vitro 
diagnostic (IVD) POCT devices (December 2013). 

http://onlinelibrary.wiley.com/doi/10.1046/j.1365-2257.2000.00060.x/pdf
http://www.cpa-uk.co.uk/
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/371800/In_vitro_diagnostic_point-of-care_test_devices.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/371800/In_vitro_diagnostic_point-of-care_test_devices.pdf
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The POCT policy has been designed to ensure that POCT at Homerton 
University Hospital Foundation Trust (HUHFT) complies with all such advice 
and guidance. 
 

1.1.4. Market growth of POCT 
POCT is one of the fastest growing aspects of clinical laboratory testing. It is 
estimated to be increasing by at least 10−12 % per year, with some areas 
increasing 30 % per year. In contrast, central laboratory testing has grown 
6−7 % per year. Various reports are available to document the growth of IVD 
markets including various categories such as POCT. While the numbers vary 
between reports, the total IVD market was believed to be worth 51 billion USD 
in 2011, of which approximately 15 billion USD was POCT. The latter is 
projected to show compound annual growth of 4 % to reach 18 billion USD by 
2016 [14-18].  
This examination of POCT focuses on the POC segments in important 
worldwide markets, such as the U.S., Japan, Europe, Asia and Rest-of-the-World 
(ROW). Of the total POCT market in 2011, 55 % of it was in the US, 30 % in 
Europe and 12 % in Asia. An extensive review of POCT in this report includes 
the market for clinical equipment and supplies, as well as the market for 
screening reagents and instruments for the analysis of individual components 
in blood, serum, urine and other body fluids. This report defines the dollar 
volume of sales, for both worldwide and U.S. markets, and it analyses the 
factors that influence the size and the growth of the individual market 
segments. Most of the companies known to be developing instruments and 
reagents for the clinical POCT market are examined in this study. Each 
company is discussed in depth with a section on the company history, the 
product line, a business and marketing analysis and a subjective commentary 
on the position of the company in its market.  
TriMark estimates that the professional global IVD testing market was valued 
at approximately 62 billion USD in 2015 and that the professional POCT 
market sub-segment was valued at 12.91 billion USD in 2015, or the equivalent 
of 19.4 % of the global IVD market [19,20]. Numbers expressed as % are 
graphically presented in Figure 2. 
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Figure 2. IVD market share in 2011 

The report provides a summary of the global POCT market divided into 
individual major market sub-segments, with market values for 2015 and 
market projections to 2018.  
North America held the largest market share of over 43 % in 2015 due to the 
presence of high disease prevalence levels in the region coupled with 
favourable government regulations and initiatives pertaining to the 
development of healthcare infrastructure [20]. Moreover, the presence of high 
awareness levels amongst the patients and the physicians pertaining to early 
disease diagnosis is supportive for the largest share of the region in the 
industrial revenue. 
The U.S. is recognized as the largest single country market for IVD and POCT 
products, but Europe represents the largest regional market for both of these. 
Germany is widely recognized as the largest single market for both IVD and 
POCT products within Europe [19,21].  
The Asia Pacific area is expected to be the most attractive regional market 
space, owing to the high presence of unmet medical needs and the constantly 
improving healthcare infrastructure, increasing medical awareness, and the 
rise in per capita income levels in developing economies of including India and 
China [20]. 
Asia (which includes Japan, China and India for the purposes of the report) 
represents a major market, but there are significant differences in growth rates 
for each of the individual countries. TriMark estimated that the Asian POCT 
market would exhibit an annual growth of 12.2 % between 2015 and 2018. 
Although the Japanese POCT market has slowed recently, in contrast, the 
emerging markets of India and China are exhibiting higher annual growth. The 
report also provides a summary of the Asian POCT market segmented by 
individual major market sub-segment with market values for 2015 and market 
projections until 2018 [19,22].  

POCT market in 2011

US

Europe

Asia

ROW
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Figure 3. U.S. POC diagnostics market for the period from 2013 to 2024 by product 

 
Blood glucose testing POC meters accounted for the largest share of over 40 % 
in 2015 due to the sheer volume of these tests marketed on account of their 
high usage.  
The POC cardiac marker testing segment is expected to witness relatively 
faster annual growth over the forecast period. The primary factor driving R&D 
in the segment is the fact that deaths related to cardiovascular disease have 
increased by over 40 % over the past two decades [20]. 
 

1.1.5. Required features of POCT devices 
One of the most important considerations for product developers who are 
thinking about the challenges for POC solutions is developing a strong 
collaboration between industry, clinicians, laboratorians and patients. 
Including all the stakeholders in development of new product requirements – 
ease of use, access, test menu, instrument features and performance, 
connectivity – can ensure that the changing ecosystem of POC is effectively 
incorporated. Product developers start with the needs of their users which to 
some extent depend on the clinical setting. The laboratory professional is not 
the typical user of POCT, but a group of people who don't have formal training 
to use it: clinicians, nurses, etc. Taking into account, then, better POCT devices 
are those that fulfil basic requirements: 

• simple to use, 
• reagents and consumables are robust in storage and usage, 
• results should be concordant with an established laboratory method. 



Point-of-care testing in laboratory medicine 

11 

The device and the associated reagents and consumables are safe to use 
[14,23,24]. 
 
Here are several additional recommendations to manufacturers:  

• minimize the number of parts and steps to obtain a result, 
• avoid a confusing product design, such as colour-coded swabs, which 

can affect accuracy, 
• eliminate manual specimen application with a metered dose 
• make the results easy to interpret, 
• make tests that withstand use, like cleaning with bleach or dropping. 

 
The most robust devices are those that enable the majority of the steps 
involved in performing an analysis. 
Operator considerations are not the only criterion for choosing an appropriate 
POCT device. Others are analytical performance (accuracy, precision and 
comparison to laboratory values), reagent requirements and cost. 
POCT methods are to a large extent based on those methods used in the 
laboratory. Devices are handheld, handheld with meter reading and benchtop. 
We can measure single analyte or combinations as listed in Table 3. Handheld 
devices are mainly for single analyte, while other two variants for more than 
one. 
A handheld device which is used in the largest number is dipstick for 
qualitative urine testing. This device is very simple to use but operator should 
pay attention to: 

• the need to cover the whole pad with the sample and, 
• the need to time the period between placing the sample on the pad and 

comparing the resulting colour to colour card [11]. 
 

 
Figure 4. Dipstick for urine testing 
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POC test can be any of the following (Table 3): 

Table 3. POCT for single and multiple analytes testing 

Pregnancy & Fertility Test kit Cardiac Marker Kit 
Blood Glucose Testing kit Blood Gas/Electrolyte Test Kit 

Cholesterol Test kit Saliva Test Kit 
Coagulation Hematology Test Kit 

Drug Abuse Test Kit Food Pathogen Test Kit 
Infectious disease Test Kit Allergy Test Kit 

Urine Test Kit Faecal Occult Test Kit 
Oncology Test Kit Miscellaneous Testing 

 
The POC market is growing due to advancement in technology and the demand 
for quick test results. Also the increase in the prevalence of infectious disease 
and lifestyle diseases like cardiac disease and diabetes, along with the aging 
population is increasing the demand for POC diagnostics. Awareness among 
people of the easy and convenient way to get faster test results is increasing 
the demand physicians also prefer POC their quick decision making when 
prescribing a disease-specific drug, which was previously unlikely when doctor 
started symptomatic treatment as the test procedure could take a long time. 
There is a tremendous demand for POC in the Americas region, and the 
increase in awareness in the Asia-Pacific region will lead to tremendous 
growth in the future as the highest population countries in Asia will drive it 
tremendously. The traditional method of clinical testing required skilled labour 
while POC required minimal training, thus reducing the costs of training and 
the time consumed to perform the test. The major restraint for POC test 
market is the unwillingness to change traditional treatment practice. 
 

1.1.6. Sites where POCT is measured 
The two most important areas where such tests are measured for immediate 
results in a POC setting are hospital emergency rooms and critical-care clinics 
[19]. The third place where these tests are frequently measured in what is 
characterized as a near-patient setting is in physicians' office labs (POLs). 
Other testing areas of interest for these analytes are satellite labs, critical-care 
units, neonatal intensive-care units (NICUs), intensive-care units (ICUs) and 
home testing locations. Home testing is not directly covered in this report 
except in cases when the products and companies in this market segment are 
also actively used in the hospital and physician's POC settings.  
In every setting (hospital, institution or medical clinic point-of-care testing), a 
written Point-of-Care Program/Policy is important since point-of-care testing 
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tends to expand rapidly and gets out of control unless guidelines or policies are 
in place [25]: 
A written POC program / policy is important since POCT tends to expand 
rapidly and can get out of control unless guidelines or policies are in place.  
The “Program / Policy” should clearly define:  

1. Who is responsible for each part of the program naming the key 
people? For example: 
a. Laboratory POC Coordinator: keep data base of testing personnel, 

coordinate the training of new personnel, choose testing methods, 
monitor QC and proficiency programs, provide ongoing coaching to 
testing personnel in response to daily monitoring, consulting on 
technical issues, and analysemeter/troubleshooting.  

b. Nurse Manager: enforce policies, schedule new employee training, 
take disciplinary action, if necessary, and schedule annual POC 
competency evaluation of staff.  

c. Education dept. (if it exists): new employee training and annual 
certification of testing personnel, support committee with agenda 
and minutes of meetings. Preferably training is done by those 
reviewing daily results and quality monitoring.  

d. Laboratory staff: new employee training, aid in the annual 
certification of testing personnel, download and/or review QC data, 
verify equipment function and maintenance.  

2. Where the testing will be performed and who will perform it?  
3. For what purpose each type of POCT will be used, i.e., screening, 

diagnosis, treatment?  
4. Who will chose the methodologies used, i.e., lab, Point of care 

Coordinator (POCC)?  
5. What method validation procedures will be performed prior to 

implementation and who will perform the validation? 
6. Reporting procedures.  
7. Staff training, continued competency programs and 

feedback/communication with the end users.  
8. Quality assurance monitoring protocols including QC protocols. 
9. Proficiency testing program. 
10. Obtain and maintain the appropriate licensure and compliance with 

regulations. 
11. Protocol for requesting new/additional services. 
12. Operational budget [13]. 
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Early POCT methods were mostly manual, with minimal or no QC and limited 
data management capabilities [26]. 
Modern POCT devices are greatly improved, but capturing the data required to 
document compliance remains a labour-intensive process. In addition, despite 
the rapid growth of POCT methods and use, POCT operators often have a 
limited understanding of the regulatory and accreditation requirements for 
licensure, training, procedures and documentation. Consequently, nurses and 
other providers often see POCT coordinators as police who indiscriminately 
enforce regulations that seem onerous at best and detrimental to patient care 
at worst. This is an unfamiliar and uncomfortable role for laboratory medicine 
professionals, who are highly trained to promote quality patient care and the 
efficient use of resources. In this brief review, we will discuss some POCT- 
-related regulatory issues in the hospital environment, and potential ways to 
satisfy those requirements [27]. 
Much of the research and development is aimed at bringing testing to 
underserved populations and developing nations. Even in patients who are at 
high risk, testing is limited by several factors: expense and location. Most 
testing takes place in centralized or regional laboratories. The WHO has 
developed guidelines for the development of diagnostics for low-resource 
settings – ASSURED (Figure 5) [18]: 
 

 
Figure5. WHO developed guidelines 

 
Technical advances are making POC testing more accurate, more robust, 
cheaper and easier. Changes in the clinical environment are prioritising 
shorter hospital stays and quicker patient turnaround and new therapies that 
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require rapid laboratory results are appearing in hospitals and outpatient 
clinics. Heavy promotion by industry due to favourable profit margins is also 
increasing the shift of care to the home setting. Not just blood glucose testing, 
but self-monitoring of anticoagulation can be used in conjunction with 
telemedicine to care for patients with chronic conditions. “With the 
development of miniaturized devices and wireless communication, the ways in 
which doctors can care for patients will change dramatically and the role the 
patients take in their own healthcare will increase. Healthcare will become 
more personalized through tailoring interventions to individual patients. The 
next decade will bring a new realm of precision and efficiency to the way 
information is transmitted and interpreted, and thus the way medicine is 
practiced. In the future, clinicians may be able to improve the regulation of diet 
in infants with inborn metabolism issues through bedside monitoring. 
Currently, the management of such diseases requires complex testing in a 
hospital setting. However, researchers are developing a chemical sensor using 
a small sample of blood from a finger stick, which changes colour in response 
to metabolic irregularities. When such abnormalities are found, the diet of the 
infant can be adjusted immediately to prevent adverse effects such as mental 
retardation.  
TriMark estimates that future growth will stem from emerging applications 
like genotyping for identifying drug-resistant strains; bioterrorism; testing 
applications within infectious diseases like Influenza and HIV; and disease 
diagnostics and prognostic assays for disease applications such asepsis, 
cardiovascular disease (CHF) and coagulation testing. The industry 
consolidation is significant, as larger players like Alere want to move into  
faster-growing markets to expand their product offerings and/or geographical 
reach. Larger, established diagnostic players like Roche are eager to build out 
and extend their molecular diagnostic franchises to cover POC technology and 
are willing to pay premium prices for good technology [19].  
Detailed charts with sales forecasts and marketshare data are included. For 
more information, visit: 
https://www.trimarkpublications.com/products/Point-of-Care-Diagnostic-
Testing-World-Markets.html. 
Improvements in technology and the resultant introduction of cost effective 
and high quality medical solutions aimed at achieving lab automation and 
miniaturization are anticipated to be an important driver in the global POC 
diagnostics. Moreover, increasing levels of patient awareness are expected to 
prove an imperative for the growth on account of the fact that patients, 
especially those suffering from long term diseases such as diabetes, are 
willingly participating in the shift towards the implementation of POC 
diagnostic practices [20]. 

https://www.trimarkpublications.com/products/Point-of-Care-Diagnostic-Testing-World-Markets.html
https://www.trimarkpublications.com/products/Point-of-Care-Diagnostic-Testing-World-Markets.html
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Additionally, healthcare practitioners have been observed to be increasingly 
more inclined towards using POC diagnostic medical devices and consumables, 
thereby resulting in a growing adoption and demand for POCT solutions. 
The development of information technology pertaining to healthcare systems 
plays an inevitable role in the development of the POC diagnostics market. The 
introduction of healthcare information systems such as electronic health 
records (EHR) has significantly increased the penetration rates of these tests 
as a combination of the afore mentioned, enabling considerable automation of 
diagnostics capabilities of any medical facility. 
The growing prevalence of the target diseases coupled with the rise in the 
geriatric population, which is more prone to disease and require home care 
and monitoring, will also impact the product demand considerably over the 
forecast period [28]. 
Beginning in the 1980s, POCT departed from conventional clinical laboratory 
medicine by decentralizing laboratory services. Deploying POCT devices 
created challenges for laboratory management, especially in ensuring the 
proper use of these devices. Today, POC coordinators use a variety of 
processes to maintain control of multiple devices and to monitor the 
regulatory compliance of many operators at locations scattered across 
healthcare enterprises. The confidence of all three parties (doctor, operator, 
patient) in the results depends on robustness of the method and competence of 
the operator. Operator should demonstrate the competence for performing 
tests, and therefore there must be an effective training program. The key 
elements are listed in Table 4: 
 

Table 4. Key elements of a training program 

Understanding the concept of text (pathophysiological, clinical requirements, action 
taken after performing the test, nature of the test) 

Patient preparation (biological variability, lifestyle, therapy, diurnal variation) 
Sample requirement and specimen collection 

Preparation of instrument 
Performance of test 

QC 
Documentation 

Reporting the result 
Interpretation of the result 

Health and safety issues (specimen collection, disposal of sample, cleaning of the instrument) 
 
Competence should be maintained with continuing education. Audit must 
include the review of analytical performance (QC, quality assurance data) [11]. 

http://www.grandviewresearch.com/industry-analysis/electronic-health-records-ehr-market
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1.1.7. The spectrum of POCT 
There is some ambiguity concerning the term POCT and its predecessors, 
bedside testing, near patient testing and, less frequently, ancillary or 
decentralized testing. All were derived from the proximity of the laboratory 
test to the patient or central laboratory, but this distinction is relative and 
imprecise. POCT is often regarded as covering tests performed outside a 
central laboratory, but this definition also is unsatisfactory since limited-
service satellite laboratories staffed by laboratory personnel are considered 
clinical laboratories (or sometimes blood gas laboratories) but not POCT 
services, at least for accreditation and regulatory purposes. Their location near 
the patient does not influence the accreditation standards they need to meet. 
For regulatory purposes, satellite laboratories are generally considered 
extensions of the central laboratory service, rather than a separate 
classification such as POCT. Therefore, the location where the laboratory test is 
performed does not classify it one way or another. It is even conceivable, given 
the following considerations, that POCT could be performed in a central 
laboratory.  

1.1.8. Maintaining compliance 
Regulatory oversight of POCT differs in several respects from that of other 
clinical laboratory services, and maintaining compliance with the agencies 
involved in POCT oversight can be a daunting task. Federal regulation of POCT 
is minimal and the only requirement for most tests in this category is that they 
must be performed according to the manufacturer’s instructions. However, 
states and accrediting agencies often impose additional requirements on POCT 
that healthcare facilities need to deal with. These requirements primarily focus 
on operator competency and verification that the procedures specified by the 
POCT manufacturer are strictly followed. 
Numerous POCT related publications are available to help organizations 
implement POCT. A list is not exhaustive: 

Clinical and Laboratory Standards Institute. POCT02-A: Implementation Guide of 
POCT01 for Health Care Providers; Approved Guideline, 2008 

National pathology accreditation advisory council. Guidelines for POCT (1st Ed. 2015) 
AACC – Monitoring POCT Compliance. FEB.1.2016 

RiliBÄK (Richtlinien der Bundesärztekammer).  
The term ‘RiliBÄK’ Guidelines ("Rili") of the German Federal Medical Council (BÄK) 

International Federation of Biomedical Laboratory Science (IFBLS) –  
The Guidelines for POCT and the EPBS Policy Statement. October 2009 

The European Association for Professions in Biomedical Science (EPBS) –  
The Guidelines for POCT and the EPBS Policy Statement. Zagreb 2015 

Association of Clinical Biochemists in Ireland – ACBI. Guidelines for Safe and Effective 
Management and Use of POCT in Primary and Community Care 
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States vary in the degrees to which they regulate POCT. For example, Florida – 
a state that licenses clinical laboratories and the technical personnel employed 
by them – has minimal regulations for waived tests but very strict 
requirements for non-waived laboratory tests performed by personnel without 
a clinical laboratory technician or technologist license. The Florida 
Administrative Code (FAC) specifies the qualifications necessary for non-
laboratory personnel performing non-waived tests, a category of laboratory 
testing the FAC refers to as alternate site testing. To perform alternate site 
laboratory tests in Florida, the employee must be a licensed healthcare 
professional under any one of several categories, including physician, dentist, 
physician’s assistant, nurse (registered nurse (RN), licensed practical nurse 
(LPN) or advanced registered nurse practitioner (ARNP)), respiratory 
therapist, etc. Thus, the principal regulatory requirement focuses on personnel 
qualifications, not the proximity of the test to the patient or the laboratory. 
However, the FAC imposes additional requirements that disqualify the vast 
majority of non-waived laboratory tests from being performed by non-
laboratory personnel regardless of their qualifications. The tests must use 
whole blood and must not require specimen manipulation, such as manual 
dilution or centrifugation. In addition, the instrument must be self-calibrating 
and equipped with failsafe mechanisms that prevent the results being reported 
in the case of calibration or QC failure. Therefore, even though non-waived 
testing is allowed at alternate sites, Florida law strictly limits the variety of 
non-waived tests that can be deployed in a POCT environment. 
As with clinical laboratories, compliance with state and federal requirements 
for POCT are ordinarily met through accreditation by organizations with 
deemed authority, such as the College of American Pathologists (CAP) 
Laboratory Accreditation Program or the Joint Commission. Although the 
accreditation standards recognized by these organizations meet the centre for 
medicare and medicaid services (CMS) and state requirements, they are not 
identical in all respects. Therefore, some hospitals may choose to have their 
clinical laboratories accredited by one organization, and their POCT program 
accredited by another [29]. 
CMS does not require all laboratory services to be accredited by the same 
organization as long as each clinical laboratory improvement amendments 
(CLIA) certificate is covered by a deemed authority, and in some respects the 
accreditation standards of one organization may be easier to satisfy in a 
particular setting than those of another. As a result, it is not unusual for a 
hospital to have its clinical laboratory services accredited by, for example, the 
CAP, while their POCT program is accredited by the Joint Commission. 
In general, POCT regulatory requirements focus on two areas: the training and 
competency of the personnel doing the testing, and verification of strict 
adherence to the manufacturer-specified procedure for each test. The latter 
focus is particularly important because waived or moderately complex 



Point-of-care testing in laboratory medicine 

19 

laboratory methods, both of which can be performed by non-laboratory 
personnel under certain circumstances, become highly complex if used in a 
way that deviates from the FDA-approved manufacturer’s protocol. Highly 
complex laboratory tests, by federal law, can only be performed by personnel 
meeting the qualifications specified in CLIA Subpart M, and additional 
educational and licensure requirements may be imposed by some states. 
Since the high complexity essentially eliminates a laboratory test from 
consideration for POCT, it is critically important that supervision of POCT in a 
healthcare institution includes verification that testing procedures do not 
deviate from the manufacturer’s instructions. 
POCT device manufacturers have responded to the challenge of monitoring the 
use of these instruments by designing features such as access control and 
electronic communication with a laboratory information system (LIS) or other 
network system. This communication allows the LIS to download QC and 
patient results. However, POCT coordinators still need a dedicated resource for 
managing their POCT programs. The use of connectivity via a data 
management system can significantly improve efficiency when managing 
various aspects of compliance. With the adoption of POCT1-A communication 
protocols, data systems evolved from vendor-specific to vendor-neutral 
platforms. Although there may be some functional limitations for specific 
devices, vendor-neutral platforms offer POCT coordinators the flexibility to 
connect devices from multiple manufacturers, providing better support for the 
compliance elements of the program. 
 

1.1.9. POCT compliance essentials 

1.1.9.1. Device management 
Device management is a key as central laboratory tests continue their 
migration to POCT platforms. POCT devices can be set up and configured 
remotely from a single central location with software updates manually or 
automatically downloaded to the devices. In addition, the data management 
system serves as a repository for testing locations, instrument serial numbers, 
instrument service history and software versions. The data management 
system also tracks the status of the connected devices so that communication 
and connectivity issues can be addressed promptly. 

1.1.9.2. Quality control (QC) 
QC is required for all waived and non-waived tests. The QC limits and 
frequency intervals can be configured in the device or managed remotely with 
the data management system. This prevents an operator from using the 
instrument once the QC interval has been exceeded or if the result is not within 
acceptable limits. The QC results for each device and operator can also be 
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reviewed and evaluated by laboratory personnel, which is a requirement for 
most laboratory accreditation programs. The data system also captures and 
stores comments describing corrective action for unacceptable QC results. 
Some data management systems allow QC import into other software 
programs for peer comparison, as well as the capture of manual QC results for 
tests such as faecal occult blood. 

1.1.9.3. Operator management 
Operator management refers to controlling access to POCT devices and 
tracking the authorization of all operators, with alerts when certifications have 
expired (see 1.1.9.4. Competency management). Access to a POCT device can 
be authorized via operator list downloads when the instrument queries the 
data management system to determine whether an operator is currently 
certified. If an operator with expired certification attempts to use the POCT 
device, he or she will be locked out, preventing use. Some data management 
systems notify operators when they are approaching the expiration date of 
their access to a device. 

1.1.9.4. Competency management 
Data managements systems enable POCT coordinators to track the dates on 
which operator competencies were completed for original certification, 
recertification, QC performance, patient results and reporting. This increases 
efficiency, especially when paired with other learning management systems 
(LMS) such as Healthstream. Although both systems currently require some 
manual input and maintenance of data, the ability to interface the data 
management system with the LMS may be on the horizon. Currently, data 
management systems include the ability to generate reports that show initial 
training, 6 month, and yearly competencies, all of which are required elements 
under waived and non-waived testing standards. Many systems also offer the 
automatic recertification of operators. 

1.1.9.5. Data monitoring 
In order to comply with the accreditation standards, POCT coordinators 
monitor data from activities such as correlation testing, linearity and analytical 
measurement range verification, proficiency testing, calibration and patient 
identification. Data systems can automatically capture this data and document 
it for review. This data also can be entered by hand from manual tests (e.g. 
faecal occult blood, dipstick urine, pregnancy tests), although compliance with 
these POCT standards that does not involve interfaced instruments is difficult 
to verify. While instrument platforms exist for each of the previously 
mentioned tests, they are more commonly performed manually. 
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1.1.9.6. Inventory management 
Data systems are also essential for managing consumables for POCT devices. 
These tools include reports showing usage and device workload that 
laboratorians can use to establish the frequency and size of supply orders, 
potentially reducing costs by eliminating the waste of expired reagents and 
controls. Reagent and control lot numbers, as well as established QC ranges, 
can be entered into the data system and uploaded to the POCT devices. In 
addition, alarms can be set to alert the POCT coordinator when new lots are in 
use that may require validation. Many POCT devices include barcode scanning 
capabilities that allow reagents and controls to be scanned by operators to 
verify the current lot number and prevent the use of expired or unvalidated 
reagents. The current lot numbers may reside in the data management system. 

1.1.9.7. Monitoring device status 
Remote monitoring enables a POCT coordinator to determine the status of any 
connected devices. Inoperable devices can be identified immediately and 
either removed from service or repaired. For example, many POCT devices 
have a data buffer that, when exceeded, prevents the device from being used 
until the buffer is cleared. This type of error can be detected by the data 
management system and dealt with promptly by testing or supervisory 
personnel. By configuring alerts, the data system may also give coordinators 
the ability to investigate and resolve issues before they become critical. 

1.1.9.8. Remote access 
Remote access enables POCT data management from a computer anywhere 
within or outside of the organization, based on how the system is configured. 
With the adoption of mobile devices such as tablets and smartphones, web-
based data management applications can be accessed from virtually anywhere 
to exchange information and manage systems, including the ability to send 
remote commands to the devices in some cases. 

1.1.9.9. Conclusion 
Regulatory oversight of POCT focuses primarily on ensuring the proper 
training and competency of the personnel performing these tests, as well as 
verifying that the tests are being conducted according to manufacturer 
instructions. Supervision of a POCT program requires attention to these and 
other aspects of laboratory tests performed by non-laboratory personnel. 
Connectivity via data management platforms has provided an elegant solution 
to the challenge of managing these regulatory and compliance aspects of a 
large POCT program. 
With the widespread implementation of wireless networks, and the built-in 
WiFi capabilities of most modern analytical devices, data management systems 
for POCT will eventually support a seamless network of POCT devices 
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deployed throughout a healthcare facility, perhaps fundamentally changing our 
notion of a clinical laboratory is. 
As more and more laboratory services move outside our traditional 
workspace, laboratory medicine professionals face increasing responsibilities 
to ensure the quality and integrity of laboratory services throughout the entire 
facility. We have outlined just a few of the regulatory and accreditation issues 
that accompany the supervision of a POCT program [29,30]. 
Considerable advances in POCT devices stem from innovations in cellphone 
(CP)-based technologies, paper-based assays (PBAs), lab-on-a-chip (LOC) 
platforms, novel assay formats, and strategies for long-term reagent storage. 
Various commercial CP platforms have emerged to provide cost-effective 
mobile healthcare and personalized medicine. Such assay formats, as well as 
low-cost PBAs and LOC-based assays, are paving the way towards robust, 
automated, simplified, and cost-effective POCT [32]. Strategies have also been 
devised to stabilize reagent storage and usage at ambient temperature. 
Nevertheless, the successful commercialization and widespread 
implementation of such clinically viable technologies remain subject to several 
challenges and pending issues. 

1.1.10. Trends 
Recent advances in emerging technologies (i.e., CP-based technologies, PBAs, 
and LOC platforms) are paving the way for next-generation POCT. 
Advances in novel assay formats and strategies for long-term reagent storage 
are the prerequisites for emerging POCT technologies. 
Current and future analytes for POCT comprise small-molecule metabolites, 
proteins, cardiac biomarkers and cells. 
One emerging future trend is centred on miniaturized, fully automated, and 
network-enabled CP-based POCT technologies integrated with PBAs and/or 
LOC platforms. 

1.1.11. Future developments for POCT 
Given the rate of technological advancement and the potential benefits to 
efficiency and quality of care offered by POCT, it seems likely that the 
prevalence of POCT in healthcare will continue to grow in the future. 
Government initiatives, along with a high incidence of time-sensitive medical 
conditions, already provide strong incentives for the expansion of POCT in 
hospitals and emergency departments. In the surrounding community, 
financial incentives and trends toward increased patient involvement in their 
own care (empowerment of the patient) will likely continue to drive the 
expansion of POCT outside hospital centres. When POCT enters the 
community, issues concerning management and oversight, training, quality 
assurance, and documentation are all significantly amplified [32]. In the UK 
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there are various pressures, not least from the government, to move pathology 
testing closer to the patient (i.e. general practices, pharmacies, supermarkets, 
etc.). This initiative raises many questions about clinical governance, clinician 
‘buy-in’, and patient confidence/participation that have yet to be addressed. 
Indeed, the purported benefits versus risks have not substantively been 
assessed. Comprehensive needs analysis is warranted to assess what POCT is 
required in the community by clinicians and the public, as well as how best to 
meet those needs. Pathology and POCT staff are best positioned to assist in this 
process and should work closely and sensitively with their counterparts in the 
surrounding community – general practitioners, nurses, pharmacists, 
healthcare assistants to ensure a quality level consistent with hospital-based 
centralized laboratories. 

1.2. CONCLUSIONS 
POCT is not a replacement for conventional laboratory testing but rather a 
supplement to it. POCT results which are used for diagnosis or critical patient 
management decisions, or which give unexpected results should be confirmed 
by hospital laboratories to ensure accurate diagnosis and to facilitate correct 
patient management decisions. 
The development and adoption of POC systems continues to increase, in part 
due to expanding test menus, lower costs and advances in data management 
infrastructure. 
The POC market is growing due to advancements in technology and the 
demand for quick test results. In addition, the increase in the prevalence of 
infectious disease and lifestyle diseases like cardiac disease and diabetes along 
with the aging population, is increasing the demand for POC diagnostics. 
Awareness among people of the easy and convenient way to get faster test 
results is increasing the demand and physicians also prefer POC for their quick 
decision making when prescribing a disease-specific drug, which was 
previously unlikely when doctor started symptomatic treatment as the test 
procedure could take a long time. There is a tremendous demand for POC in 
the Americas region, and the increase in awareness in the Asia-Pacific region 
will lead to tremendous growth in the future as the highest population 
countries in Asia will drive it tremendously. The traditional method of clinical 
testing required skilled labour while POC required minimal training, thus 
reducing the costs of training and the time consumed to perform the test. The 
major restraint for POCT market is the unwillingness to change traditional 
treatment practice [17] [http://www.medgadget.com/2016/03/global-
industry-analysis-on-point-of-care-test-market-2016-2022.html]. 
Technological advances have made it possible to conduct many laboratory 
tests at, or near, the POC. These POCT devices give physicians rapid access to 
test results, allowing greater quality and efficiency in medical care [33]. The 
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increased availability of POCT devices for more commonly performed routine 
tests would improve efficiency further. In the absence of any immediate health 
risk, physicians will probably wait to review all the results before reaching any 
patient management decision. Without universal POCT, prolonged 
turnarounds for laboratory transit and processing will continue to be the 
limiting stage in medical decision-making. As technological innovation 
provides more comprehensive POCT options for CBC, pregnancy testing, 
infectious disease, cancer screening, and other frequently ordered tests, near-
patient testing will become increasingly integrated into the traditional 
healthcare structure. The role and responsibilities of laboratory personnel will 
likely need reviewing and reworking as testing migrates away from the lab 
bench and closer to the bedside. Coordination with the central laboratory 
regarding quality assurance and regulatory matters will be crucial as 
technology allows the more efficient allocation of testing resources. Outside 
the hospital setting, POCT provides laboratory quality services to 
underserviced areas and general practitioners. Near-immediate test results 
allow patients and doctors to evaluate progress, review results, and establish 
treatment regimens in a single visit. This simple change can result in improved 
disease management, treatment adherence, and patient satisfaction. However, 
without the presence of an in-house laboratory, having measures in place to 
ensure adequate levels of quality assurance in POCT becomes critically 
important. As POCT continues to become an integral part of healthcare 
management, expansive quality assurance and training protocols should be 
established to ensure maximal benefits to patient care and efficiency in any 
setting. 
The POCT has become an integral part of day today testing including home 
healthcare and by healthcare providers. The POCT is essential to provide the 
patient with quick and accurate treatment, thus avoiding the various side 
effects caused by prescribed drugs. The POC market is well established in the 
developed countries, which has the world's largest market share. However, 
developing countries such as those in the Asia-Pacific area have a huge 
potential due to the high population and increasing awareness of POC. The 
market is majorly driven by demand and awareness of the quick and easy 
results. 
The success of a potential shift away from curative medicine, to predictive, 
personalized, and preemptive medicine could rely on the development of 
portable diagnostic and monitoring devices for POCT [34,35]. 
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1.2.1. Yesterday 
In the earliest days of medicine, healthcare was similar to POC in that it was 
delivered in the patient’s home through physician house visits.  
As medical discoveries were made and new technologies developed, care then 
shifted to specialized hospitals with an emphasis on curative medicine.  
Large centralized laboratories were established, with cost-savings realized 
through the development of automated systems for analysing patient samples.  
POC devices were used on a limited basis in the hospital for rapid analysis in 
intensive care units and for simple home testing, such as with pregnancy test 
kits.  

1.2.2. Today 
The emphasis of care is shifting toward the prevention and early detection of 
disease, as well as the management of multiple chronic conditions.  
POCT gives immediate results in non-laboratory settings to support more 
patient-centred approaches to healthcare delivery.  
The NIH supports the development of sensor, microsystem and low-cost 
imaging technologies for POCT. These instruments combine multiple analytical 
functions into self-contained, portable devices that can be used by non-
specialists to detect and diagnose disease, also enabling the selection of 
optimal therapies through patient screening and monitoring a patient’s 
response to the chosen treatment.  
Sensor technologies enable the rapid analysis of blood samples for several 
critical care assays, including blood chemistry, electrolytes, blood gases, and 
haematology.  
Biosensors are used clinically for toxicology and drug screens, measurement of 
blood cells and blood coagulations, bedside diagnosis of heart disease through 
the detection of cardiac markers in the blood, and glucose self-testing.  
Current developments in POCT are addressing the challenges of the diagnosis 
and treatment of cancer, stroke, and cardiac patients.  
Circulating tumour cells (CTCs) that spread, or metastasize, from a primary 
malignant tumour to distant organs are responsible for 90 % of cancer-related 
deaths, a number that exceeds 500,000 every year in the United States alone. 
The early detection of cancer might be possible through the capture and 
analysis of CTCs. In addition, the ability to capture and analyse CTCs in 
peripheral blood may be used in the development of therapeutic strategies that 
can be tailored to the individual patient and can monitor an individual’s 
responses to cancer therapies. 
Researchers supported by NIBIB have developed a unique microfluidic device 
capable of the efficient separation of CTCs from whole blood. This technology 
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has wide implications both for advancing cancer biology research and for the 
clinical management of cancer, including detection, diagnosis, and monitoring.  

1.2.3. Tomorrow 
With the development of miniaturized devices and wireless communication, 
how doctors care for patients will change dramatically and the role patients 
take in their own healthcare will increase. Healthcare will become more 
personalized through tailoring interventions to individual patients.  
The next decade will bring a new realm of precision and efficiency to the way 
information is transmitted and interpreted and thus the way medicine is 
practiced. In the future, clinicians may be able to improve the regulation of diet 
in infants with inborn metabolism issues through bedside monitoring. 
Currently, management of such diseases requires complex testing in a hospital 
setting. However, researchers are developing a chemical sensor, using a small 
sample of blood from a finger stick, which changes colour in response to 
metabolic irregularities. When such abnormalities are found, the diet of the 
infant can be adjusted immediately to prevent adverse effects such as mental 
retardation.  
Low-cost diagnostic imaging devices can be used at the point-of-patient care 
for disadvantaged and under-served populations in the U.S. and in the 
developing world. The development of low-cost imaging devices could make 
affordable diagnostic imaging more widely available, particularly in remote or 
rural communities and small hospitals that do not have ready access to these 
technologies.  
A new method using an optical probe for cervical cancer detection and 
treatment could significantly reduce the mortality rate worldwide. Combining 
a small optical imaging device with a treatment modality could provide both 
diagnosis and treatment of cervical cancer at the same time [36,37]. 
Several key challenges that must be addressed are bioanalytical performance, 
the miniaturization of microfluidic devices, material safety and disposal, 
changing CP specifications, data security and ownership, big data, and health 
economics feasibility.  
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2.1. INTRODUCTION 
A communicable disease is an infection spread from person to person or from 
people to animals and vice versa. The infection is transmitted through air, 
through direct contact with blood, faeces or other bodily fluids of an infected 
individual or indirectly through a vector [1]. Based on the agent causing the 
disease (including bacteria, viruses and parasites), there are nine broad 
classifications of communicable diseases: viral diseases (dengue, Ebola, human 
immunodeficiency virus (HIV) and Zika), rickettsial diseases (rickettsial pox, 
rocky mountain spotted fever, trench fever), mycoplasmal diseases 
(mycoplasma pneumonia), chlamydial diseases (trachoma), bacterial diseases 
(typhoid, pneumonia, cholera, tuberculosis), spirochaetal diseases (syphilis), 
protozoan diseases (malaria, amoebiasis, diarrhoea, kala-azar), helminthic 
diseases (ascariasis) and fungal diseases (ringworm or tinea) [2]. Among these, 
viral and protozoan diseases are infections that are extremely widespread. 
Viral diseases are caused by invasion of the human body by viruses 
(microorganisms) [3]. There are a variety of viruses that cause various viral 
diseases. Viral diseases show several types of symptoms with varied 
characteristics whose severity depends on the type of infection. They typically 
last for long periods of time inside the body, hence antibiotics alone are not 
sufficient for treating them [1,4]. Protozoa are one-celled microorganisms that 
may be free-living or parasitic in nature, causing diseases in humans. Protozoa 
multiply very rapidly once they enter the human body, causing serious threats 
to human life. Infections can be transmitted from one body to another through 
various routes such as the faecal–oral route, through direct contact between 
people or by an arthropod vector (e.g. the bite of a mosquito or sand fly). 
Protozoan diseases such as malaria, trypanosomiasis, toxoplasmosis and 
cryptosporidiosis pose severe danger to humans and have been responsible for 
more than a million deaths annually worldwide [5]. 
Communicable diseases mostly spread in developing countries like African 
countries, India, Bangladesh, etc. Due to a lack of proper diagnostic and 
treatment facilities, these diseases are the cause for over 95 % of the deaths in 
these countries [6]. Insufficient skilled personnel, poor emergency medical 
care facilities, limited infrastructure, few resources and poor economic 
conditions are some of the reasons responsible for the poor healthcare 
services in these countries. Owing to this, timely and rapid diagnosis of 
diseases like malaria, dengue, Ebola, etc. is imperative. A major challenge and 
opportunity for the research community is to develop rapid diagnostic tools 
that can help in prevention of such diseases. The World Health Organization 
(WHO) has established a set of guidelines for the development of rapid 
diagnostic tools, i.e. ASSURED (affordable, sensitive, specific, user-friendly, 
rapid and robust, equipment-free and deliverable to users). 
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Paper-based lateral flow assays are suitable for point-of-care (POC) rapid 
diagnosis of diseases. Paper-based rapid diagnostic tests (RDTs) have several 
advantages: they are thin, lightweight, disposable, can be easily modified 
chemically, are compatible with many bioassays and have no requirement for 
extra instrumentation in diagnosis. 
This chapter initially elaborates on the theoretical basics and various 
fabrication techniques of paper-based microfluidic platforms. Dengue, Ebola, 
malaria, HIV infection and Zika are some of the disease entities that have been 
reported to have high fatality rates. Delayed diagnosis of such diseases 
presents the disease in a more acute and problematic way for case 
management. In the later section, a detailed review of the various paper-based 
microfluidic platforms developed for the diagnosis of the above diseases is 
provided. 

2.2. BASICS OF PAPER-BASED MICROFLUIDIC PLATFORMS 
In this section an attempt has been made to explain the theoretical basics of 
paper-based microfluidic platforms by investigating capillary-driven flows that 
are generally observed in paper matrices with varying pore size distributions. 
Also, various fabrication techniques which are involved in the realization of 
such paper-based platforms are discussed at length. The section concludes 
with the basic working principles of paper-based platforms including the 
different detection methodologies. 

2.2.1. Theoretical basics 
Lateral flow assays are performed using paper strips made of nitrocellulose 
membrane. The fluid flows through the strip under capillary action. When a 
paper strip is dipped in a liquid reservoir, a pressure gradient is created at the 
interface of the dry and the wet side of the paper. This pressure difference is 
the fundamental driving force for the capillary flow [7,8]. 
Fluid flow through a uniform cross section of the paper strip. In a uniform 
cross-sectional area of the paper strip (Figure 1), the capillary suction pressure 
is given by [9]: 

𝑃𝑃c = 2𝛾𝛾cos 𝜃𝜃
𝑟𝑟a

  (1) 

where 𝛾𝛾 is the interfacial surface tension, 𝜃𝜃 is the contact angle of the liquid 
with the paper strip and 𝑟𝑟a  is the average pore radius. 
The pressure difference over the wetted region of the paper strip of a certain 
length l is given as: 

∆𝑃𝑃 = 𝑃𝑃(𝑙𝑙) − 𝑃𝑃(0) 
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∆𝑃𝑃 =  𝑃𝑃atm −  𝑃𝑃c −  𝑃𝑃atm  

 ⇒ ∆𝑃𝑃 = −𝑃𝑃c = −2𝛾𝛾cos𝜃𝜃
𝑟𝑟a

 (2) 

The negative sign in equation (2) implies that the pressure decreases with the 
distance as the fluid moves in a given direction. 
 

 
Figure 1. Schematic of fluid flow through paper strip (uniform cross section) 

 
The rate of movement of the liquid front in a homogeneous porous medium of 
uniform dimensions is governed by Darcy’s law as follows: 

𝑢𝑢� = 𝑘𝑘i∆𝑃𝑃
𝜇𝜇𝐿𝐿w

 (3) 

where 𝑘𝑘i = 𝑘𝑘
∅

 is the interstitial permeability of the paper strip, ∅ is the porosity 
of the medium, 𝜇𝜇 is the fluid viscosity, 𝐿𝐿w  is the length of the wetted region of 
the paper and ∆𝑃𝑃 is the pressure difference over the wetted region. 
In the case of capillary-driven flow, the pressure difference is dependent on 
time, i.e. the fluid flow is unsteady uniform [10]. The position of the fluid front 
with respect to time can be modelled by the Lucas–Washburn equation [11]. 
For 1-D fluid flow, equation (3) can be written as 

𝑑𝑑𝑙𝑙
𝑑𝑑𝑑𝑑

=
𝑘𝑘i∆𝑃𝑃
𝜇𝜇𝑙𝑙

 

⇒ 𝑙𝑙. 𝑑𝑑𝑙𝑙 = 𝑘𝑘∆𝑃𝑃
∅𝜇𝜇

𝑑𝑑𝑑𝑑 (4) 
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Integrating equation (4) we have: 

∫ 𝑙𝑙.𝑑𝑑𝑙𝑙𝑙𝑙=𝑙𝑙(𝑑𝑑)
𝑙𝑙=0 = 𝑘𝑘∆𝑃𝑃

∅𝜇𝜇 ∫ 𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑=0  (5) 

⇒ 𝑙𝑙(𝑑𝑑) = �𝑘𝑘∆𝑃𝑃
∅𝜇𝜇 √𝑑𝑑 (6) 

On substituting the value of ∆𝑃𝑃 from equation (2) we get: 

⇒ 𝑙𝑙(𝑑𝑑) = 2�𝑘𝑘𝛾𝛾cos𝜃𝜃
∅𝑟𝑟a

√𝑑𝑑 (7) 

Fluid flow through a varying cross section of the paper strip. Darcy’s law 
and the Lucas–Washburn equation are not valid in the case of fluid flow 
through an area of varying cross section. Considering fluid flow in a paper strip 
with a sudden change in its cross section, as shown in Figure 2(a), where the 
fluid flows from section 1 (uniform cross section) to section 2 (varying cross 
section), when the liquid front reaches the plane AA, it encounters a sudden 
increase in the number of pores to be filled by it (i.e. a continuous increase in 
the available bed volume). 
 

 
Figure 2. Schematic of paper strips with varying cross section.  

(a) rectangular with fan, (b) circular section 
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The volumetric fluid flow rate for the fan portion of the paper strip shown in 
Figure 2(a) is given as [12]: 

𝑄𝑄 = 𝑘𝑘∆𝑃𝑃

𝜇𝜇 ∫ 𝐴𝐴(𝑥𝑥)
𝑙𝑙𝑓𝑓=(𝐿𝐿−𝑙𝑙)
𝑙𝑙

 (8) 

where 𝐴𝐴(𝑥𝑥) is the area of the varying cross section, l is the length of section 1, 
𝑙𝑙f  is the length of section 2 and L is the total length of the paper strip. 
Also, the volumetric flow rate for a circular paper strip (Figure 2(b)) can be 
predicted by the following relationship [13,14]: 

𝑄𝑄 = 2𝜋𝜋𝜋𝜋ℎ𝛾𝛾ℎeq cos 𝜃𝜃

3𝜇𝜇 𝑙𝑙𝑙𝑙�2𝑟𝑟
𝑏𝑏 �

2  (9) 

where h is the thickness of the paper, r is the wicking radius, b is the initial 
diameter of the fluid droplet, heq is the equivalent thickness of the radial 
capillary, θ is the wetting angle between the liquid sample and the cellulose 
fibres and K is the parameter for moisture content in the paper. 

2.2.2. Fabrication techniques 
A number of fabrication techniques have been explored by researchers to 
fabricate paper-based detection devices. They can be divided into two broad 
categories: devices made by cutting into desired shapes and sizes and devices 
made by creating hydrophobic barriers on the paper strip to manipulate the 
direction of the fluid. Paper-based devices are generally fabricated by cutting, 
since it is chemical-free, inexpensive and a single-step process. Scissors and 
paper cutters are the general way of cutting paper, but they are prone to 
uneven cutting due to manual handling [15]. Instead, CO2 laser beam 
machining is used for precise and selective cutting of paper strips [16]. There 
are several advantages associated with the cutting process such as rapid 
fabrication, no requirement for additional material for creating hydrophobic 
barriers and control of fluid flow by cutting the paper strips into optimized 
shapes. As a replacement for cutting, patterns are made on a paper device by 
depositing hydrophobic materials to define the shape (i.e. width and length) of 
the device. The conventional methods used for creating hydrophobic barriers 
are inkjet printing [17-19], wax printing [20,21], flexographic printing [22], 
photolithography [23], wax dipping [24], plasma treatment [19,25], screen-
printing of poly(dimethylsiloxane) (PDMS) [15], lacquer spraying [26] and 
using a permanent marker [27]. The details of these fabrication methods have 
been studied comprehensively by several researchers [11,28,29]. The selection 
of fabrication methodology is primarily dependent on the nature of the 
reagents used and the resolution required by the device [11]. 
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2.2.3. Working principle of a paper-based microfluidic device 
In recent years, numerous techniques have been used for detection of 
biochemical assays on paper-based devices such as colorimetric, 
electrochemical, fluorescence, chemiluminescence, electrochemiluminescence, 
etc. [28,30]. Colorimetric detection is one of the most widely accepted 
detection techniques for diagnostics. It is based on observation of a change in 
colouration by the naked eye so that no extra instrumentation is required to 
perform the test. 
Colorimetric paper-based microfluidic devices. Colorimetric detection is an 
extensively used technique for the diagnosis of communicable diseases using 
paper-based platforms. In a typical colorimetric detection assay, five major 
zones are present: sample pad, conjugate pad, test line, control line and 
absorbent pad (Figure 3). Human blood, plasma or serum is loaded onto the 
sample pad after which it migrates to the conjugate pad (CP). On the CP, 
conjugates of nanoparticle (NP) and antibody (Ab) (e.g. gold/silver NP–Ab) are 
pipetted and dried. It has been reported that the colour of the nanoparticles is 
dependent upon their size/shape, e.g. the colour of silver nanoparticles 
(AgNPs) changes from yellow to green with an increase in their diameter [31]. 
Therefore, on conjugation of NPs with Abs, the mean hydrodynamic size of the 
NPs increases and exhibits a change in colour. When the sample liquid reaches 
the CP, the antigens present in the sample bind with the conjugated NP–Ab to 
form NP–Ab/antigen complexes. These complexes move ahead towards the 
test line by capillary action through a nitrocellulose membrane. The test line 
contains immobilized antigen on it. If the antigen is present in the sample then 
there are no unoccupied antibodies left (ones that are conjugated to the 
nanoparticles) and there will be no colour change at the test line, whereas if 
antigens aren’t present in the sample, the antigens embedded on the test line 
immobilize on the antibodies resulting in a colour change at the test line. The 
control line is loaded with secondary antibodies specific to the antibodies 
conjugated to the NPs. Here, the conjugated NP–Ab binds with secondary 
antibodies to demonstrate a colour change (in both cases when antigen is 
present in the sample or not). The change in colour at the control line confirms 
the successful completion of the colorimetric assay. The role of the absorbent 
pad is to soak up the extra liquid. Similarly, detection can also be performed by 
embedding antibodies on the test line instead of antigens. After the NP–
Ab/antigen complexes reach the test line, if an antigen is present in the sample 
then the antibodies on the test line conjugate with the complex making a 
sandwich structure (antibody–antigen–antibody). A colour change can then be 
observed at the test line. Whereas, if antigens aren’t present in the sample, no 
sandwich structure is formed resulting in no colour change at the test line. 
Accordingly, depending on the entity embedded on the test line 
(antigen/antibody) a change in colour can signify a negative or a positive 
result. 
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Figure 3. Schematic of a paper device based on a colorimetric assay 

 

2.3. PAPER-BASED MICROFLUIDIC PLATFORMS FOR 
DIAGNOSIS OF COMMUNICABLE DISEASES 

Paper is a ubiquitous material that has proved to be promising for developing 
microfluidic platforms for the detection of communicable diseases. It offers 
simple and cheap technology that is easy to use, requires minute amounts of 
sample and can be easily disposed of through incineration. Extensive research 
is being carried out in this field owing to these unique properties of paper. This 
section reviews the various paper-based platforms fabricated to date for 
detection of several communicable diseases. In addition to that, the advantages 
and gaps that still need to be tackled are highlighted as well. 

2.3.1. Dengue 
Dengue is one of the most life-threatening vector-borne viral diseases, 
spreading rapidly all over the world. It occurs mainly in tropical and 
subtropical regions, mostly in urban and semi-urban areas [32]. It is spread 
primarily in the Pacific, Southeast Asia and the Americas. In India, the number 
of patients infected with dengue fever has been growing rapidly (Figure 4). 



Chapter 2 

38 

India contributes around 19 % of the total dengue cases in South-East Asia 
Region (SEAR) countries [33]. 
Dengue is a flavivirus that belongs to the family Flaviviridae. Dengue virus 
(DENV) is a small RNA (single-stranded, spherical in shape with a diameter 
around 50 nm) virus. The virus contains a membrane bilayer (derived from the 
host) and a single copy of the RNA genome. Three structural proteins are 
encoded by 11 kb nucleotides: the capsid (C), membrane (M) and envelope (E) 
glycoproteins and there are seven non-structural proteins (NS1, NS2A, NS2B, 
NS3, NS4A, NS4B and NS5) [32,34,35]. There are four distinct but antigenically 
related serotypes of the virus that causes dengue, viz. DENV1, DENV2, DENV3 
and DENV4 [36]. Infection by any of these serotypes may cause illnesses in 
individuals, encompassing classical dengue fever (DF), fatal dengue 
haemorrhagic fever (DHF) and dengue shock syndrome (DSS) [36-39]. Fever, 
headache, weakness, rash and body aches are common symptoms of classical 
DF. DHF is a severe form of DF that tends to affect children under the age of 
ten. Severe pain in the abdomen, bleeding from the nose and the mouth, 
frequent vomiting and restlessness are symptoms of DHF. DSS is characterized 
by plasma leakage that may appear as tiny blood spots or large blood patches 
on the skin. 
 

 
Figure 4. Dengue cases in India. Source: National Vector Borne Disease Control 

Programme, New Delhi, India. 

 
Causative agent. DF is a viral disease caused in humans by a bite from an 
infected female mosquito (either Aedes aegypti or A. albopictus). A. aegypti, a 
principal vector of dengue, is an aggressive biter (bites generally in the early 
morning or evening). It lives in dark indoor areas, e.g. closets, bathrooms and 
under beds. A. albopictus, the second mosquito species also known as the Asian 
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tiger mosquito, lives in rainwater storage areas. This mosquito can survive in 
cold temperatures unlike A. aegypti. When these mosquitoes bite humans, the 
virus incubates for 3−14 days before the first symptoms appear. 
Paper-based microfluidic platforms for its diagnosis. Generally, DENV is 
diagnosed using several approaches such as virus detection (cell culture, 
immunofluorescence), viral RNA detection, antigen detection (NS1-based 
assays, immunohistochemistry), dengue antibody detection (hemagglutination 
inhibition, enzyme-linked immunosorbent assay (ELISA), complement fixation 
test), nucleic acid detection (real-time reverse transcription polymerase chain 
reaction (RT-PCR)) and serological methods (IgM- and IgG-based assays) 
[37,39]. These laboratory-based diagnostic methods are highly specific and 
essential for precise diagnosis of dengue infection, but they are expensive and 
need highly clean labs and expert human skills to perform. Therefore, paper-
based RDTs can be useful as dengue diagnostic tools in rural areas or areas 
with inadequate resources. Paper-based devices are largely based on either 
antigen detection or antibody detection. In a typical paper-based dengue 
detection system, when an infected blood sample containing either non-
structural protein 1 (NS1) or dengue IgM or IgG is added to the sample pad, it 
combines with conjugated gold NP–Ab (specific) on the CP and forms 
antibody–antigen complexes. These complexes are captured by the respective 
secondary antibodies embedded on the test line resulting in a colour change at 
the test line. 
In the past several years, paper-based lateral flow assays have been used for 
screening of dengue patients. A stacking flow platform has been developed by 
Zhang et al. [40] for detection of dengue-specific IgG in salivary fluid. The 
stacking flow device comprises a test strip (made of nitrocellulose membrane), 
a sample pad (made of glass fibre), an absorbent pad (made of cellulose) and a 
flow regulator. A schematic diagram of the stacking lateral flow immunoassay 
is shown in Figure 5. The flow regulator (made by stacking two paper strips 
over each other) is used for the proper mixing of reagents and ensuring 
uniform fluid flow through the strip. The glass fibre sample pad helps reduce 
interference by removing non-desirable salivary substances. As a result, the 
gold nanoparticles adhere to the specific antibody–antigen only, improving the 
device sensitivity. This device is able to detect dengue IgG within 20 min with a 
limit of detection of 20 ng mL−1. 
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Figure 5. Schematic of a stacking flow immunoassay. Reprinted with permission from 

Zhang et al. [40]. ©2016 Royal Society of Chemistry. 

 
Lo et al. [35] developed an in vitro diagnostic device for nucleic acid detection 
of dengue virus serotype-2 (DENV2) RNA. The device combines a paper-based 
diagnostic platform with reverse transcription loop-mediated isothermal 
amplification (RT-LAMP). Nucleic acid amplification is done using LAMP to 
achieve high specificity and sensitivity which helps in accurate detection of 
DENV. A paper-based strip containing 96-well plates is printed via simple wax 
printing, thereby forming individual test zones. The detection of DENV2 RNA is 
carried out in two steps: firstly, DENV2 RNA is reverse transcribed and 
amplified via RT-LAMP for 1 h (single-stranded RNA converted into double-
stranded DNA). In the second step, fluorescent measurement of the RT-LAMP 
products is carried out using DENV2-specific fluorescent probes in paper-
based test zones. A schematic diagram of the detection methodology is shown 
in Figure 6. The detection time of this device is reported as 100 min. 
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Figure 6. Schematic of a paper-based device fabrication and detection procedure for 

detection of DENV2. Reprinted with permission from Lo et al. [35]. ©2016 Royal 
Society of Chemistry. 

 
Yager et al. [41] reported a two-dimensional paper network for detection of 
IgM and IgG antigens. The paper device was made by the origami method (i.e. 
folding of paper segments). Reagent flow through the paper strip is controlled 
by placing dissolvable sugar barriers. It was reported that addition of sucrose 
to the nitrocellulose membrane results in a reduction of flow rate. In order to 
improve the screening of dengue disease in remote locations, a dengue 
detection image processing algorithm has been developed and embedded in 
smartphones [42]. This technique was developed to help patients transfer the 
results from the device to the Centre for Disease Control (CDC) for further 
analysis to aid patients’ online monitoring. A schematic diagram of the hybrid 
dengue diagnostic system is shown in Figure 7. 
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Figure 7. Schematic of a mobile dengue detection system 

There are several commercial dengue detection kit manufacturers available in 
the Indian market such as SD Bioline, Accuquik, Shree Shyam Bio-medicals, 
Oscar Medicare Pvt. Ltd., Mediclone Biotech Pvt. Ltd., etc. The main concerns of 
these available devices are low sensitivity and specificity. Wang et al. [39] 
performed numerous tests on the SD Bioline commercial kit using human 
blood samples. The sensitivity of these kits was found to be approximately 
88.65 %. Despite the efforts made in the development of rapid detection kits 
for dengue, some issues still need to be resolved, e.g. device sensitivity, 
simultaneous detection of multiple viral fevers, device robustness and 
fabrication cost. 

2.3.2. Ebola 
Ebola is a viral haemorrhagic fever which is a highly infectious and deadly 
disease, first discovered in 1976 in Zaire. It is an animal-borne virus hosted 
predominantly in fruit bats [43]. Direct contact with blood or body fluids (i.e. 
saliva, urine, semen, etc.) of an infected person is the means by which the virus 
spreads in humans [44]. The virus incubates for a period of around 2−21 days. 
Initial indications of the symptoms include fever, fatigue, myalgia and 
neurological manifestations. It is then followed by nausea, vomiting, diarrhoea, 
impairment of liver and kidney function and internal bleeding [45]. 
Causative agent. It is caused by the genus Ebolavirus belonging to the 
Filoviridae family. There are five primary species of Ebolavirus, namely Taï 
Forest ebolavirus, Bundibugyo ebolavirus, Zaire ebolavirus, Sudan ebolavirus and 
Reston ebolavirus. The first four species are known to cause infections in 
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humans, whereas the fifth virus has caused infections among nonhuman 
primates [45]. 
Paper-based microfluidic platforms for its diagnosis. Ebola is generally 
diagnosed using RT-PCR [46], antibody-capture ELISA [47], antigen-capture 
detection tests and virus isolation through cell culture. Despite the fact that 
these methods are highly sensitive and specific, they suffer from issues like 
poor portability, being highly time consuming and requiring laboratory 
equipment. Major outbreaks of Ebola can be managed by using rapid, specific 
and highly sensitive portable sensing systems operable in low-resource areas, 
e.g. paper-based assays. 
Pardee et al. have developed an in vitro paper-based diagnostic platform for 
Ebola virus (EBOV) [48]. The sensor detects the virus by utilizing synthetic 
gene circuits coupled with visual detection using colorimetric outputs. The 
gene networks embedded onto the paper platform respond to small molecules 
and synthetic RNA. Sudan and Zaire strains were used to test the specificity of 
the developed assay and it was found to have sensitivity at a concentration of 
30 nM trigger RNA for both strains. The technology demonstrates successful 
detection of EBOV by exploiting gene circuits, genetic switches and 
programmable in vitro diagnostics. Using multi-coloured AgNPs Yen et al. have 
developed a low-cost paper-based platform for multiplexed pathogen 
detection [31]. The assay is capable of detecting DENV, EBOV and yellow fever 
virus (YFV) simultaneously. AgNPs of varying sizes and triangular shape are 
conjugated with antibodies binding to specific biomarkers only, thus using the 
colour of the nanoparticle to distinguish between the three pathogens. 
Conjugation of orange, red and green AgNPs to anti-YFV NS1 monoclonal 
antibody, anti-EBOV GP monoclonal antibody and anti-DENV NS1 monoclonal 
antibody, respectively, is performed. Figure 8 shows a schematic of the 
designed lateral flow assay and the three pathogens being distinguished on it. 
First, the three conjugated antibodies are loaded onto the paper on three 
individual detection lines, and the green, red and orange signals are observed 
at the detection line where the respective antibodies are immobilized (Figure 8 
(a)). Next, all three antibodies for the three diseases are mixed in equimolar 
concentrations and printed as a single detection line on the test strip. The 
detection line shows the presence of YFV, EBOV and DENV by turning orange, 
red or green according to the pathogen present in the human serum 
(Figure 8(b)). 
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Figure 8. Multiplexed detection using AgNPs. (a) Colours form corresponding to the 
antigen present in the sample, (b) mixed antibodies printed onto a single test line. 
Different colours exhibited: YFV: orange; EBOV: red; DENV: green. Reprinted with 

permission from Yen et al. [31]. ©2016 Royal Society of Chemistry. 

 
The limit of detection of the assay is reported to be as low as 150 ng mL−1. The 
device demonstrates no cross-contamination, high specificity and high 
sensitivity towards the three pathogens. An antigen rapid test kit has been 
manufactured by Corgenix Medical Corporation, USA for detection of EBOV 
VP40 antigen. It is an immunochromatographic dipstick immunoassay capable 
of detection using the whole blood, serum or plasma of an individual [49]. The 
sample is added to the sample pad then the dipstick is inserted into a tube 
containing sample buffer to initiate sample flow. The antigens present in the 
sample form immune complexes on coming into contact with the antibodies 
conjugated to gold nanoparticles. A change in colour to pink-red confirms the 
presence of EBOV in the sample. The fabricated device gives a result within 
15 min and shows sensitivity and specificity of 91.8 % and 84.6 %, 
respectively. 

2.3.3. Malaria 
Malaria is a life-threatening blood disease caused by the bite of an infected 
Anopheles mosquito vector. There are five types of Plasmodium parasite that 
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infect humans, Plasmodium falciparum, P. ovale, P. vivax, P. knowlesi and P. 
malariae [50]. P. falciparum and P. vivax pose the greatest threat to humans 
worldwide. 
Causative agent. Malaria is also a parasitic disease. After inoculation into a 
human by a female Anopheles mosquito, the parasite reaches the liver via the 
bloodstream, where it matures. Subsequently, the parasites infect the red 
blood cells (RBCs) in several ways, like destroying the RBCs and increasing the 
viscosity of the cells. Malaria is caused by five species of parasite belonging to 
the Plasmodium genus, of which P. falciparum is the most widespread and fatal 
[51]. P. falciparum is responsible for changing the shape of an RBC from a 
double biconcave disc into a spherical shape, developing a knob-like structure 
and finally making it lose its deformability. This results in obstruction of 
oxygen transport through blood circulation, i.e. capillary blockage [52]. 
Paper-based microfluidic platforms for its diagnosis. In a broad way, malaria is 
diagnosed by two methods, i.e. clinical suspicion and detection of parasites in 
whole blood (parasitological diagnosis) [50]. Although malaria may have 
varying signs and symptoms, the common clinical suspicion of malaria 
symptoms is a history of fever. The specificity of clinical diagnosis is very low 
hence it is suitable only for uncomplicated malaria. Since the epidemiology of 
malaria is changing continuously and it is becoming life-threatening in some 
cases, diagnosis of malaria with very high specificity and sensitivity is 
required. Parasitological diagnostic methods can fulfil the requirement of 
urgent and highly sensitive malaria diagnosis. RDTs and light microscopy are 
the most widely used methods for parasitological diagnosis. The main 
advantages of diagnosing malaria using light microscopy are speciation and 
quantification of parasites, detection of other causes of fever, measurement of 
the response to treatment of malaria, etc. [50]. However, light microscopy can 
be only used inside a laboratory and requires highly skilled people for 
experimentation. In many underdeveloped or undeveloped countries, most 
malaria patients are treated in rural areas (outside of a proper health centre) 
with no available resources. The use of light microscopy is not feasible in those 
cases. Therefore, RDTs may be the preferred choice there. The sensitivity and 
specificity of RDTs depend on various environmental parameters such as 
humidity, temperature, etc. Researchers have been continuously improving the 
methodologies of RDTs to eliminate such dependencies. Malaria RDTs detect 
specific antigens or parasite-produced proteins in infected blood. There is a 
significant colour change on the paper strip if there is a presence of antigens in 
the blood [53]. The rapid detection kits available can detect P. falciparum, P. 
vivax, P. ovale and P. malariae. 
Over the past few decades, a variety of paper-based devices have been 
developed for the diagnosis of malaria parasites [50,51,54-62]. An automated 
two-dimensional paper device has been fabricated for the detection of 
Plasmodium falciparum histidine-rich protein 2 (PfHRP2) [54]. The paper 
device is made in two parts. In the first part, a nitrocellulose paper strip of 
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optimized size and shape is placed, while in the second part, a CP, buffer pad 
and gold enhancement reagent pad are placed. A complete kit is made by 
folding both of these parts (Figure 9). A CO2 laser beam machine is used to cut 
all the components into the desired shapes. An antibody to PfHRP2 is 
patterned at the test line and an anti-mouse antibody is printed at the control 
line on the paper strip. Also, a conjugated solution of a second antibody to 
PfHRP2 and gold nanoparticles is printed on the CP. A piezoelectric inkjet 
printer is used to print these patterns on paper. Gold enhancement (GE) 
reagent is used for amplification of the signal. The limit of detection of the 
device for detection of P. falciparum is 2.9 ± 1.2 ng mL−1. 
 

 
Figure 9. Two-dimensional paper network for detection of P.f., (a) two-dimensional 

lateral flow strip, (b) Original pink color signal at test line if GE reagent is not used, (c) 
dark purple signal at test line when GE reagent is used. Reprinted with permission 
from E. Fu et al. [54], Two-dimensional paper network format that enables simple 
multistep assays for use in low-resource settings in the context of malaria antigen 
detection, Anal. Chem. 84 (2012) 4574–4579. ©2016 American Chemical Society. 

In order to reduce the limit of detection, a hybrid paper-based diagnostic 
device has been fabricated for the detection of a malaria biomarker, 
Plasmodium lactate dehydrogenase (pLDH) [59]. pLDH is a glycolytic enzyme 
which forms in the asexual stages of malaria parasites. The device is comprised 
of two systems, i.e. a lateral flow immunoassay (LFA) and a micellar aqueous 
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two-phase system (ATPS). The device is capable of simultaneous concentration 
and detection of pLDH in both phosphate-buffered saline (PBS) and fetal 
bovine serum (FBS). The same protocol is used for the detection of pLDH in 
both systems with the exception of using a different volumetric ratio of 
chemicals in the preparation of ATPS. A known amount of ATPS and anti-
pLDH–gold nanoparticles are mixed in a test tube and then a known 
concentration of pLDH is added to it. This solution is incubated for 5 min for 
phase separation as well as capturing of pLDH by gold nanoparticles. The LFA 
strip is then dipped vertically into the sample solution. The solution starts 
flowing through the paper strip by capillary action and reaches the test line 
where the colour band is formed. A schematic diagram of the paper-based 
detection device is shown in Figure 10. 
 

 
Figure 10. Schematic of a single-step paper-based detection device  

for malaria pLDH detection 

 
Deraney et al. [63] reported a patterned paper immunoassay for detection of 
two malaria antigens, malaria HRP2 and malaria pLDH. They developed a 
three-dimensional paper-based microfluidic device (Figure 11) capable of 
detecting both malaria antigens with high sensitivity which can also 
distinguish between the two malaria species. 
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Figure 11. Schematic of a three-dimensional paper-based device used for detection of 

malaria antigens. Reprinted with permission from Deraney et al. ©2016 American 
Chemical Society. 

 
For the purpose of amplification and detection of malaria, a self-sealing paper 
and plastic system has been fabricated [64]. The detection of Plasmodium is 
based on nucleic acid tests. The primary function of the developed paper and 
plastic device is to amplify the DNA sequence using recombinase polymerase 
amplification (RPA), dilute the resultant amplified product repeatedly and 
detect Plasmodium DNA using a paper-based assay. In order to carry out these 
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functions, a sequence of specific reagent-loaded paper pads is used (Figure 12). 
The amplification function is carried out on an RPA pad (made of Whatman 
filter paper grade 1), the dilution process is carried out in four steps using four 
different pads (made of blotter paper) and the detection of Plasmodium DNA is 
carried out on a lateral flow strip. The developed device is user-friendly and 
the total time taken for detection of malaria virus is reported to be 1 h. 
 

 
Figure 12. Schematic of a paper and plastic amplification and detection device. 

Reprinted with permission from Cordray et al. [64], ©2015 Cordray and Richards-
Kortum. 

Although paper-based immunoassays are widely used for colorimetric 
diagnostic tests for malaria, the sometimes unreliable appearance of colour on 
the strip makes it very difficult to interpret the result. To overcome this 
problem, Lathwal and Sikes [65] developed an advanced colorimetric method 
to detect the malaria biomarker PfHRP2. The colorimetric signal of the 
fabricated paper-based device is amplified by a photoinitiated polymerization 
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reaction. The images of the amplified results are captured with a cellphone for 
RGB colour analysis and calculation of the limit of detection. 
Inexpensive personal paper-based diagnostic devices can aid in providing 
early warnings for massive outbreaks of malaria. They can be used as initial 
screening tools to give a rapid readout within 10 min or less. Some of the 
inadequacies such as low sensitivity and specificity, dependence on 
environmental factors, etc. still need to be addressed in order to enable these 
devices to be used on a mass scale. 

2.3.4. HIV infection 
HIV infection is a viral disease caused by the human immunodeficiency virus 
(HIV). An HIV infection may further lead to the development of acquired 
immunodeficiency syndrome (AIDS). HIV begets a progressive deterioration of 
the immune system by predominantly affecting the CD4 cells (T cells), allowing 
infections and cancers to thrive within the body. It can spread via bodily fluids 
like semen, vaginal fluid, pre-seminal fluid, breast milk or blood. Transmission 
occurs through sexual intercourse or by sharing needles or syringes [66]. The 
source of this virus is a breed of chimpanzee found in Central Africa [67]. The 
infection has three stages: acute HIV infection (display of flu-like symptoms), 
clinical latency (HIV stays dormant producing very low levels) and AIDS 
(severely damaged immune system, with a life expectancy of 3 years). No 
effective cure exists for HIV infection to date, but with technological and 
medical advancements the virus can be suppressed for long periods of time. 
Causative agent. HIV belongs to the genus Lentivirus from the Retroviridae 
family of viruses. It gets transmitted as a single-stranded enveloped RNA virus, 
but converts into double-stranded DNA utilizing a reverse transcriptase upon 
entry into the cell. HIV-1 and HIV-2 are the two types of HIV that have been 
characterized. HIV-1 is the chief vector of the majority of infections, whereas 
HIV-2, owing to its poor transmission capability, doesn’t cause many infections 
[68]. The virus incubates for 2−4 weeks, after which symptoms like body rash, 
fever, sore throat and severe headaches start to surface. The number of CD4 
cells drops drastically in the third stage (AIDS), accompanied by chills, fever, 
swollen lymph glands, weakness and weight loss. 
Paper-based microfluidic platforms for its diagnosis. An integrated paper-
based molecular diagnostic device for sensitive nucleic acid (NA) detection of 
HIV has been developed by Liu [69]. The device uses whole blood as the 
sample and performs an on-chip plasma separation within 5 min using a highly 
efficient plasma generation membrane. Subsequently, using a lyophilization 
process, the chemical components for NA amplification are embedded onto a 
nitrocellulose (NC) membrane. As a result, florescence intensity readout of the 
NC membrane is taken after 20 min of NA amplification. A limit of detection of 
10 copies has been reported for this device. Zhao and Liu have developed a 
portable paper-based microfluidic platform for the detection of HIV in human 
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serum [70]. The platform has the capability to perform indirect ELISA 
simultaneously on eight samples within 20 min. An electrochemical 
immunoassay array and handheld potentiostat based on a microcontroller unit 
are used for taking readings. The platform also integrates a wireless 
communication module in its design for easy transfer of results to aid patients 
in remote areas. The sensitivity of the device using mouse serum samples is 
reported to be 300 pg mL−1. 
Electrical sensing using printed graphene-modified electrodes on a cellulose 
paper has been done by Safavieh et al. for the detection of HIV-1 [71]. A 
schematic of the microchip illustrating the virus capture process and its lysis is 
given in Figure 13. The effect of surface chemistry is investigated by 
immobilizing anti-gp120 antibodies on the cellulose pads, with and without 
streptavidin. The microchip uses an HIV-spiked sample and after 30 min 
impedance/capacitance spectroscopy is carried out using an LCR meter for 
frequencies in the range of 1−10 kHz. Streptavidin-coated chips show better 
sensitivity by demonstrating a five times increase in the capacitance value. 

 
Figure 13. Schematic of virus capture and on-chip detection. (A) Fabricated paper 

microchip, (B) paper substrate immobilized with anti-gp120 Ab, (C) virus captured on 
the paper chip, (D) lysis of captured viruses. Reprinted with permission from 

Safavieh et al. [71]. ©2016 SPIE. 

Rohrman and Richards-Kortum have fabricated a paper and plastic device for 
carrying out isothermal, enzymatic amplification of HIV DNA [72]. The device 
exploits RPA for NA amplification of HIV (Figure 14). Different materials such 
as cellulose, glass fibre, Fusion 5, etc. were experimentally tested to select the 
optimal substrate for RPA. Glass fibre exhibited the least noise and maximum 
product and was hence chosen for developing the device. 



Chapter 2 

52 

 

 
Figure 14. Schematic of paper and plastic device for RPA of HIV DNA. (A) Components 

of the device, (B) assembly of the device, (C) device operation. Reprinted with 
permission from Rohrman et al. [72]. ©Royal Society of Chemistry. 

Next, commercially available lateral flow assays were used to detect the 
products of RPA. Gold nanoparticles were conjugated to anti-FAM antibodies, 
immobilized on a CP and anti-biotin antibodies on the test line. The device can 
amplify 10 copies of HIV with a detection time of 15 min. 
Lateral flow assays have dominated rapid diagnosis of HIV infection. Their 
compactness and portability makes them accessible to patients in remote areas 
with few resources, but they are still in their early stages and challenges like 
scaling up, commercialization, etc. have yet to be addressed. 

2.3.5. Zika 
Zika is a viral disease first identified in Uganda in 1947 in rhesus monkeys and 
in 1952 in humans. It spread as an epidemic in early 2015, leading the WHO to 
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declare it a public health emergency. Its potential to cause fetal 
neurodevelopmental issues [73,74] and Guillain–Barré syndrome [75] has 
made it indispensable to develop effective, rapid and low-cost diagnostic 
platforms. Such field-based diagnostic platforms can help mitigate the need for 
laboratory testing. 
Causative agent. Zika is spread by the bite of infected A. aegypti and A. 
albopictus mosquitoes. The virus belongs to the Flaviviridae family, the same as 
dengue, yellow fever, chikungunya, etc. The symptoms of the virus are typically 
visible within 2−7 days. The symptoms include fever, muscle and joint pain, 
headache, conjunctivitis, etc. 
Paper-based microfluidic platforms for its diagnosis. Recently, a novel 
portable, low-cost paper-based diagnostic platform for Zika virus has been 
developed by researchers [76]. The technique utilizes viremic plasma for 
detection and is capable of providing results within 3 h with sensitivity in the 
femtomolar (fM) range. The device follows a workflow involving sensor 
development, Zika virus detection and strain identification (Figure 15). 
 

 
Figure 15. Schematic representation of the device workflow 

 
The sensor development stage involves assembly of the sequence-specific 
toehold switch-based sensors followed by their embedding onto paper. The 
amplification and sensor design process has been automated using in silico 
algorithms enabling the system to test eight Zika sensors in 7 h. These paper-
based platforms are then freeze-dried along with a cell-free transcription and 
translation system. The assays are then deployed in the field for detection 
purposes. Zika virus detection is performed by rehydrating the paper platform 
with a serum sample, and monitoring a colour change from yellow to purple. 
The fabricated sensor was found to be specific for Zika virus by testing it 
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against substantially similar dengue genome sequences. The sensor 
accommodates isothermal nucleic acid sequence-based amplification (NASBA) 
for sensitivity improvement. The last stage of the sensor focuses on 
discrimination of Zika strains against other identical genomes using a  
NASBA-CRISPR (clustered regularly interspaced short palindromic repeats) 
cleavage assay. The assay has been validated to distinguish between dengue 
and Zika sequences and American and African Zika strains. The sensor 
validation was done in steps by utilizing live Zika virus, i.e. Uganda strain MR 
766. Subsequently, active Zika virus was spiked at a concentration of 10 fM 
into a human blood serum sample and successfully tested using the sensor. 
The final validation of the sensor was done by using viremic macaque plasma 
infected with Zika virus. The plasma was diluted, heated and then amplified via 
NASBA. Strong activation of the sensor was observed. 
Paper-based detection platforms show promise for vector control of Zika virus. 
However, extensive research is required to assess the validity of such 
developed techniques on affected human samples, to further improve the 
sensitivity and achieve much faster detection rates. 

2.4. SUMMARY 
Over the last decade, the domain of paper-based diagnostics has expanded 
immensely. Their low cost, portability, ease of use and flexibility make them 
promising for the development of rapid diagnostic assays. In view of the 
technological advancements made in this field, it is possible to envision the 
utility of paper-based POC diagnostic devices for rapid and accurate diagnosis 
of several diseases on a mass scale. However, many important issues need to 
be considered to realize the commercialization of these devices such as their 
stability, accurate quantification, specificity and selectivity. Given the progress 
made, it can be established that the future of disease diagnostics using paper-
based platforms presents a lot of potential. 
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3.1. INTRODUCTION  

3.1.1. Overview of cellphone-based diagnostics 
Advances in information and communications technology (ICT) and 
complementary metal oxide semiconductor (CMOS) fabrication expand 
cellphone functionality in areas ranging from mere communication to 
entertainment to medicine. A cellphone is fundamentally equipped with a high- 
-resolution camera, a robust microprocessor, a reliable radio frequency (RF) 
module for wireless connectivity, real-time geo-tagging, secure data 
management, and the capacity for data science interfacing (e.g., cloud 
computing and big data analysis) [1-2]. According to GSMA Intelligence 
statistics, there were as many as 4.7 billion unique global cellphone 
subscribers and 7.6 billion global subscriber identity module (SIM) 
connections in 2014 [3]. Smartphone connections will increase by 2.6 billion 
by 2020 [4]. There were 185 million smartphone connections as of mid-2015 
in India, and this number may grow to over half a billion by 2020 [5]. In 2011, 
70 % of global cellphones were used in developing countries [6]. Cellphones 
have become ubiquitous compact electronic devices because of their 
affordability and ease of production. 
Telemedicine aims to provide accessible, cost-effective, and easily used health 
care services to eliminate geographical barriers and increase access to health 
care systems in industrial and third-world countries [7]. Telemedicine refers to 
“using ICT to obtain valid information for diagnosis, treatment and prevention 
of disease and injuries, research and evaluation, and for the continuing 
education of health care providers, all in the interests of advancing the health 
of individuals and their communities” [7]. Presently, point-of-care testing 
(POCT) emphasizes the seamless integration of cellphones and diagnostics, as 
well as the development of reliable analytical platforms and analysis 
methodologies, in response to personal healthcare services [8]. Cellphone-
based devices (CBDs) coupled with facile wearable devices or portable devices 
to monitor heart rate and perform electrocardiography, measure blood 
pressure, or perform ultrasound and provide ultrasound imagery are already 
commercially available [9-11]. Notably, cellphone cameras, which are highly 
suitable for optical applications, have enhanced telemedicine methodology by 
providing high quality optical recording and analysis and transmitting results 
via wireless connectivity for remote storage and additional analysis [12]. 
Collected information enables healthcare related organizations to easily trace, 
monitor, and manage diseases at a global scale, make comprehensive personal 
medicine plans, and even predict future trends by using a potentially massive 
data collection network [7,13]. Over the past decade, CBDs have been 
demonstrated in medicine, environmental analysis, and food inspection 
through the following applications: i) microscopy; ii) immunoassays; iii) lateral 
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flow assays; iv) electrochemical sensing; v) flow cytometry; vi) surface 
plasmon resonance-based sensing; and, vii) colorimetric assays [1,14]. 
 

3.1.2. Benefits of cellphone devices, microfluidics, and biosensors 
Most consumer electronic devices provide an easy route for researchers to 
develop new sensing applications using cellphones, scanners, and disc players 
on the basis of their powerful capabilities and accessibility [15-23]. Cellphones 
especially outweigh over others in terms of their convenience in myriad 
situations in mundane life. It is no wonder that researchers have pursued their 
use as compelling measurement devices for examination, data collection, and 
transmission in and from remote and resource-limited settings [24-27]. When 
it comes to health care exploration, cellphones may bridge existing gaps 
between patients and timely, affordable healthcare, especially in more remote 
regions. The current trend related cellphone-deprived applications is focused 
on result recording and interpretation, and/or transmission from test-strip 
style diagnostic tools or other miniature test methodologies.  
Microfluidics and biosensors keep abreast the development of lab-on-chip 
(LOC) or point-of-care (POC) diagnostic devices that can provide lab-quality 
test results on the spot or for filed use. Their main contribution to  
cellphone-based diagnostics is that LOCs can process samples with little 
human intervention and reach testing outcomes at hand. These technologies 
have been investigated since the 1980s, but recent improvements in the 
availability of clinical diagnostics have spurred research for cellphone-based 
LOCs. Other than their widespread use for diabetes testing, biosensors have 
not yet reached projected analytical usage or sales estimates. The vast arrays 
of commercial opportunities for their use is, however, likely to inspire a 
substantial upswing in relevant research and commercial use pending 
technological breakthroughs. One of the advantages of biosensor technology is 
the capacity for detecting unlabeled analytes. When combined with 
microfluidic technologies for sample processing and reagent addition, more 
advanced LOCs may be realized, and research into developing such devices 
may grow from academic to clinical laboratory testing, and, hopefully, practical 
clinical applications. Molecular-based tests, decentralization of outpatient 
testing, and increased availability of reliable self-testing devices are providing 
impetus for greater miniaturization that will likely lead to a new generation of 
devices, commonly referred to as “chips” or lab-on-chip technology. LOC 
methodology refers to the use of any and all testing devices that involve any 
combination of multiplexed biosensors, microfluidics, or microarrays. Devices 
have been developed to miniaturize many kinds of diagnostic technologies, 
such as nucleic acid amplification and detection, critical care analytes, 
immunoassays, and more, however, most of the current LOC products do not 
perform complete sample-to-result testing. While there are some  
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cellphone-based devices developed for POC applications, few LOC products 
have had much commercial success. Advancement in LOC technology is vital to 
the future success of cellphone-enabled testing, specifically if the goal is to 
significantly advance the state of healthcare in remote areas and engage 
consumers in personal, self-care programs. For full-scale commercialization of 
cellphone-enabled tests, LOC mechanics, accuracy, and precision, as well as 
economic feasibility, must be validated. 

3.2. CELLPHONE-BASED MICROSCOPY 
Cellphone cameras feature the prominent development of CBDs in optical 
sensing. CMOS image sensors mainly consist of a pixel sensor array (detection 
wavelengths: 380–1100 nm) and optical filters, and are primarily used for 
capturing images under the visible spectrum and in the presence of ultraviolet 
(UV) and infrared (IR) filters [27]. Color information is processed by band-pass 
filters that transmit either blue, green, or red light on the pixel array; Bayer 
mosaic, a repetitive 2 × 2 grid with one red filter, two green filters, and one blue 
filter per four pixels, is a typical pattern of color filters in CMOS image sensors 
[28]. CMOS image sensors can achieve more than 40 megapixel image 
resolution [27]. 
 

3.2.1. Cellphone-based bright-field microscopy 
The development of cellphone-based microscopy is intertwined with advances 
in lens attachment-based microscopy and lens-free holographic microscopy 
[27,29]. In 2009, Prof. Fletcher’s group at UC Berkeley demonstrated the 
prototype of cellphone-based microscopy with a light lens attachment 
(~ 15 cm long) that could be used for global health applications (Figure 1A) 
[29].  
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Figure 1. Bright-field microscopy on mobile phones microscopy layout schematic, 

prototype, and sample images 

 
Their platform provided a spatial resolution of ~1.2 mm over a field-of-view 
(FOV) of ~0.025 mm2 and was available for imaging thick/thin smears of 
Giemsa-stained malaria-infected blood and sickle-cell anemia blood in bright- 
-field microscopy. This system exploited the powerful computational capability 
of a cellphone for automatic cell counting. Since then, they have dedicated their 
efforts to the development of practical cellphone-based microscopy, something 
they call “CellScope” [30]. CellScope devices were designed for imaging 
granulocyte and red blood cells and performed high degrees of sensitivity and 
specificity in clinical Schistosoma haematobium infection diagnosis and  
blood-borne filarial parasites inspection (e.g., Loa loa) (Figure 2) [24,30,31]. 
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Figure 2. A Diagram of the magnifying optics and illumination added to A multi-phone 

mobile microscope to create a transmission light microscope 

 
In other developments, Prof. Ozcan’s group at UCLA presented the first 
cellphone-based lens-free holographic microscopy (without an additional  
lens-based attachment) in 2010 (Figure 1B) [32]. This 38 gram lens-free 
platform, composed of battery, light-emitting diodes (LEDs), and an aperture 
(100 μm), could be mounted on the front of a cellphone camera as an optical 
sensor without additional optical components. Emitted incoherent LED light 
passed through the aperture and scattered and refracted from each  
micro-sample after traveling in air a distance of ~4 cm to coherently interfere 
with background light. Consequently, holographic images were formed on the 
sensors of a cellphone according to dimensions, 3D morphologies, sub-cellular 
elements, and refractive indexes of samples. Notably, its large aperture 
enhanced light transmission by several orders of magnitude and decreased 
misalignment error. Spatial resolution of this system with different CMOS 
sensors ranged from < 1–2.2 μm. This system successfully imaged  
micro-particles, red blood cells, white blood cells, platelets, and a waterborne 
parasite (Giardia lamblia). In addition, this group proposed the technology of 
lens-free incoherent holograpy to reach a large FOV over high spatial 
resolution [33]. This incoherent holographic microscope (~ 46 g) had 
dimensions of approximately 4.2 × 4.2 × 5.8 cm and offered spatial resolutions 
of 1–2.2 μm over a FOV of ~ 24 mm2. Superior imaging results in this system 
were associated with suppressing coherent speckle noise and inhibiting 
undesired multiple reflection interference effects on the detected holograms. 
Based on these accumulated successes, CMOS, chip-based, lens-free 
holographic microscopy has advanced to wide-field super-resolution 
microscopes, or gigapixel nanoscopes, which were successfully used to analyze 
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sperm, red blood cells, a malaria parasite (Plasmodium falciparum), nanotube 
measurement, and even perform a Papanicolaou (Pap) test [34-38]. In 
additional research, a cellphone camera coupled with a fiber-optic array 
exhibited unique cellphone-based computational microscopy (Contact Scope) 
[39]. Contact Scope highlighted the capability of multi-frame imaging resulting 
from subtle image scanning (1–2 degrees for single scanning) and a special 
shift-and-add algorithm installed on a cellphone for merging images. 
Taking a more simplistic approach, one recent manuscript provides the details 
on how a cellphone-based 350x microscope or visible-light spectrometer could 
be built using a ball lens and a collimating tube [40]. The ball lens described 
was used to image Wright-Giemsa-stained blood smears and unstained 
peripheral blood smears that were automatically analyzed using a CellC 
program, and the spectrometer was capable of measuring material 
transmission spectrums. Ball lens-based microscopy has also been applied in 
soil-transmitted helminth infection analysis [41], but such systems are not 
capable of providing a high spatial resolution over a large FOV. Cellphone- 
-based microscopy with a reversed camera lens significantly ameliorated this 
disadvantage by eliminating optical ball lens system aberrations [42]. In 
addition to designing cellphone-based microscopy systems with traditional 
optical lenses, water and poly(dimethylsiloxane) (PDMS) droplets might be 
employed as alternative lenses [43,44]. Prof. Prakash and his group 
successfully completed an exceptionally novel effort to create an extremely 
low-cost and compact microscope by developing an origami-based foldscope 
that, coupled with a cellphone, could be used for parasite disease 
investigations (Figure 3) [45]. 
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Figure 3. Schematic of an assembled Foldscope illustrating panning, and  

cross-sectional view illustrating flexure-based focusing 

 
This foldscope was assembled from a flat sheet of paper in less than 10 min 
and was capable of greater than 2,000× magnification with submicron 
resolution, weighed less than 8.8 g (equal to the weight of two nickels), could 
be loaded in a pocket (70 × 20 × 2 mm3), required no external power, and 
remained functional even after it was dropped from a 3-story building or 
stepped on. While cellphones have been successfully used for a variety of 
diagnostics, it is notably impressive that they have also been used as ocular 
imaging devices [46,47]. Corneal CellScope devices, for instance, have been 
used for retinal examination, corneal abrasions, and ulcers diagnosis in clinical 
studies. 
 

3.2.2. Cellphone-based fluorescent microscopy 
Beyond the array of bright-field microscopy applications that cellphones have 
been found suitable for, using them for fluorescence microscopy provided 
pivotal impetus for research focus on cellphone-based diagnostics. Fluorescent 
probes / assays have long allowed researchers to specifically track 
bioindicators and track biomarker levels, especially in extremely low 
concentration. Pioneering work in cellphone-based microscopy (Figure 1A) 
also demonstrated the capacity to perform M. tuberculosis-infected sputum 
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diagnosis with a fluorescence assay [29]. Nevertheless, associated low FOV 
impeded the observation for relatively large volumes of samples (i.e., > 0.1 mL). 
Researchers have since proposed a more compact optical attachment 
(3.5 × 5.5 × 2.4 cm) that achieves a FOV of ~ 81 mm2 with a spatial resolution of 
~ 20 μm [48] (Figure 4).  
 

 
Figure 4. Schematic diagram and prototype of the designed optical attachment for 
wide-field fluorescent imaging on a cell-phone. And Cell phone-based fluorescence 

imaging of individual NPs and viruses. 

 
With post-processing image software, spatial resolution of captured 
fluorescent images can be lowered to ~ 10 μm. This platform allowed blood, 
urine, sputum, or water analysis, including the examination of white blood 
cells from whole blood samples and Giardia Lamblia cysts inspection from 
water samples. Additionally, CellScope devices can be adopted into a 
fluorescent imaging system for clinical tuberculosis (TB) diagnosis [49-51]. 
Recently, a miniaturized fluorescence microscope coupled with a CMOS sensor 
system has been applied to sophisticated neuroscience research [52]. This 
device successfully measured cerebellar microcirculation across different 
locomotor behaviors in active mice and simultaneously tracked more than 200 
of Ca2+ spiking Purkinje neurons across nine cerebellar microzones (Figure 5). 
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Figure 5. Cerebellar microcirculatory dynamics in freely behaving mice and Purkinje 

neurons' Ca2+ spiking dynamics during motor behavior 

 
With the rise of microfluidic technologies, cellphone-based fluorescent 
microscopy continues to keep pace, from a conjoined research perspective, 
with microfluidic application developments [53]. In addition to bacteria and 
parasite detection, hand-held cellphone-based fluorescent devices have 
demonstrated the capacity to image objects at nanoscale, i.e., viruses and single 
nanoparticles in microfluidic platforms (Figure 6) [27]. 
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Figure 6. Photographs and schematics of our cellphone-based  

fluorescence microscope 

 
For simple cell behavior research, a USB microscope-based microfluidic 
chemotaxis analysis system was designed to investigate cell migration in 
microfluidic devices [54]. Considering a cost-effective way to analyze biological 
information, a quantum dot barcode cellphone-based device has been 
developed to diagnose virus-infected patients (Figure 7) [55]. 
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Figure 7. Overview of the smartphone device utilizing QD barcodes that captures the 

image of four different QD barcodes arrayed on the surface of the chip and the image of 
the smartphone device. 

 
This system used DNA probes modified on the surface of microbeads to 
capture target DNA sequences produced by isothermal amplification. Quantum 
dots was then designed to indicate the detection outcomes. The advantage of 
this system was capable of simultaneously analyzing multiple infectious 
pathogens (e.g., HIV, hepatitis B or C, and influenza viruses) in less than one 
hour. 

3.3. IMMUNOASSAY 
Since the creation of the radioimmunoassay (RIA) in 1950s, immunoassay 
applications have been employed in laboratory or analytical settings (e.g., 
vaccine efficacy screening) [56]. In this process, antibodies recognize antigen 
epitopes via non-covalent binding, which provides immunoassays with high 
degrees of selectivity and superior sensitivity. In addition, immunoassays 
easily adapt to arrays of reporter systems when employing antibodies with 
different chemical tags, such as fluorescence and chemiluminescence 
indicators or enzymes for colorimetric indication systems [57]. Among the 
immunoassays currently being explored and developed, sandwich assays, 
competitive assays, and antigen down assays are common approaches. The 
powerful analytical capabilities of such assays and the high degree of approach 
flexibility has partly driven the development of diverse CBDs for biochemical 
detection. 
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Cellphone cameras are frequently high enough in quality that they can be used 
for a variety of scientific assays that would otherwise require costly 
equipment, such as a spectrophotometric plate reader, commonly used for 
conventional immunoassays. This use had been successfully demonstrated to 
detect C-reactive protein (CRP) via ELISA [58]. The LODs of CRP analysis 
recorded by a cellphone and a spectrophotometric plate reader were 
0.026 ± 0.002 μg mL−1 and 0.007 ± 0.001 μg mL−1, respectively. Note that CRP 
level over 3 μg mL−1 indicates high cardiovascular disease (CVD) risk. This 
simple method resulted in qualified performance in CVD risk assessment and 
comparable analytical outcomes to standard instrumentation. Moreover, by 
adding a dark hood and a base holder assembly, direct ELISA with HRP for CRP 
analysis reached a dynamic range, limit of quantitation (LOQ), EC50, LOD of 
0.114 – 7.300 ng mL−1, 0.114 ng mL−1, 0.198 ng mL−1, and 0.973 ng mL−1, 
respectively [59]. With advances in microfluidics, CMD design development 
has also advanced to record the variety of immunoassay results capable with 
microfluidic devices. This has been demonstrated via analysis of human 
Immunoglobulin G (IgG) on chips via a process that analyzed signal intensities 
of gold nanoparticles, in combination with silver staining, to determine 
proportional IgG concentrations [60]. Moreover, CMD design using microchip 
ELISA has been used to detect ovarian cancer marker [human epididymis 
protein 4 (HE4)], a process that underscores the potential for CMD-based 
microfluidic devices for POC diagnostics [61]. Following a set of operation 
steps (including running an analytically based cellphone application), this chip 
demonstrated a sensitivity of 89.5 % and a specificity of 90 % for clinical HE4 
detection. CMDs have also been used for prostate cancer diagnosis. In this 
research, a portable cellphone-based colorimetric and fluorescence system 
was used to quantify prostate specific antigen (PSA) (Figure 8A) [62].  
 

 
Figure 8. (A) A micro capillary film (MCF) platform for prostate specific antigen (PSA) 
detection. i)the setting of a MCFphone device; and, ii) A MCFphone colorimetric image 

of sample and are reference strips coated with 2,3-diaminophenazine (DAP) and  
o-phenylenediamine dihydrochloride. (B) Diagram of a plug-and-play microfluidic 

ELISA chip designed to analyze the presence of BDE-47  
(2,20,4,40-tetrabromodiphenyl ether).  
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This system was integrated with a fluoropolymer microfluidic device to 
implement an ELISA-based PSA analytical procedure specifically in whole 
blood. Notably, the process took only 13 min for colorimetric analysis or 
22 min for fluorescence analysis. Further advancements in the use of CMDs 
have employed microfluidic-like glass-based capillary arrays in combination 
with a compact cellphone attachment to quantify Escherichia coli (E. coli) levels 
in liquid samples [63]. This system leveraged a type of quantum dot (emission 
at 625 nm) to report detection results, and demonstrated an LOD of  
~ 5–10 cfu mL−1 in buffer solutions. For some cases, microfluidic-based 
immunoassays encounter long processing time for blocking treatments in the 
presence of complex device patterns. A lateral hydrogel-deprived chip for a 
barcode sandwich immunoassay presented a hepatitis C viral (HCV) in 1 h 
using low power electrophoresis [64]. In an effort to manage global health or 
understand causes of diseases thoroughly, the influences of environmental 
contaminants or food hazards must not be neglected. Severe air pollution, for 
example, is linked to respiratory tract infections and chronic obstructive 
pulmonary disease, and contaminated food and water has often induced 
diarrheal diseases [65]. A plug-and-play microfluidic ELISA chip was designed 
to analyze the presence of BDE-47 (2,20,4,40-tetrabromodiphenyl ether) [66]. 
Studies showed that long-term exposure to BDE-47, a common type of 
polybrominated diphenyl ethers (PBDEs) as flame retardant in consumer 
products, significantly deteriorated cognitive function and motor behavior in 
infants (Figure 8B) [67]. This device design employed an easily used USB-
interface that could be attached to a mobile platform to control the analytical 
procedure without additional laborious effort, and with a linear range of  
10−3–10−4 μg mL−1.  
The typical lateral flow assay (LFA) format first appeared in 1988; its 
development is credited to the Unipath laboratory [68]. LFA-related products 
have blossomed in diverse biochemical aspects (e.g., home pregnancy test, 
infectious disease test strips) and has always kept a keen focus on the 
advantages of light weight, facile manipulation, short testing periods, and low 
cost, as compared to traditional ELISA. In response to computer screen  
photo-assisted technique (CSPT), cellphones have been considered an 
available substitute to conventional complex settings [69]. An N-terminal 
proBNP (NT’’’-proBNP) test coupled with a cellphone was capable of 
determining NT-proBNP concentration by high dynamic range (HDR) image 
acquisition [69]. For thyroid stimulating hormone (TSH) diagnosis, 
conventional LFA rarely achieve the detection criteria for hyperthyroidism 
analysis (TSH levels < 0.4 mIU L−1) [70]. One cellphone-based TSH diagnostic 
platform focused on the influence of Mie scatter and substantially decreased 
light scatter associated with nitrocellulose membrane use; this approach 
significantly improved sensitivity and reproducibility and lowered the LOD to 
0.31 mIU L−1 [70]. 



Chapter 3 

74 

3.4. CELLPHONE-BASED SENSING 
The advantages of cellphone-based sensing go beyond microscopy. The 
capacity to capture high quality color images and video provides opportunities 
for additional imaging analysis that is valuable for POC settings. Cellphone- 
-based sensing platforms can detect and analyze a wide range of inorganic and 
organic targets, including cells. CMDs, especially those that work in tandem 
with lab-on-a-chip technologies facilitate cost-effective, field-portable, and 
rapid sample processing to achieve high specificity and sensitivity including 
the sensing of biomarkers (Figure 9) [71,72]. 
 

 
Figure 9. Various schematic diagrams of the designed optical attachment for 

optofluidic fluorescent imaging cytometry on a cell phone are illustrated. The picture 
of the optofluidic fluorescent imaging cytometer on a cell phone. 

 

3.4.1. Cytometric analysis 
Cellphone-based imaging and counting of microorganisms, such as E. coli and 
Giardia lamblia have also been demonstrated within the food and health safety 
[26,32,73]. In previous studies, custom designed disposable water sample 
cassettes were used to collect fluorescently labeled Giardia cysts (e.g.,  
10–20 mL) (Figure 10) [26].  
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Figure 10. Mobile phone based platform for automatic detection and counting of 

Giardia cysts using machine learning that adapted by permission of  
The Royal Society of Chemistry. 

 
Another advantage of cellphone-based combination studies is the detection 
and quantification of individual cells or microorganisms for specific and 
sensitive detection of many pathogens in various fluids. D’Ambrosio et al. 
recently produced a compact bright-field video microscope using a cellphone 
that could capture the “wriggling” motion of Loa loa (L. loa) microfilariae (mf) 
parasites (∼ 200 μm in length) in whole blood [24].Compact and cost-effective 
flow cytometry on a cellphone for rapid blood analysis has also been 
implemented [74,75]. In a recent cytometry approaches, the measurement 
components of leukocyte counts (using fluorescence), erythrocyte counts 
(using bright-field), and hemoglobin density (based on absorbance 
quantification) have been added to the growing list of cellphone-based 
diagnostic devices [75]. In addition to these, cellphone based imaging of 
fluorescent single nanoparticles and viruses [human cytomegalovirus (HCMV)] 
has also been recently reported [75].  
Indirect cytometric analysis on cellphones has been illustrated using different 
assays and optical sensing mechanisms. Park et al. detected Salmonella using 
Mie scattering from immune-agglutinated submicron particles on multichannel 
paper microfluidics [76,77]. Further, Kadlec et al. used a cellphone based 
system, an iPhoto-meter, to evaluate antimicrobial resistance of by quantifying 
the growth of E. coli in urinary tract infection [78] (Figure 11). 
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Figure 11. Photographs of the cell phone-based microphotometric system 

(iPhotometer) for rapid antimicrobial susceptibility testing at the POC 

 

3.4.2. Sensing of DNA 
From the dissertation above, DNA biomarkers can be recognized through 
cellphones using different sensing mechanisms. In order to detect the low copy 
number of target DNA molecules, DNA amplification is a key point to consider 
in cellphone sensing platforms to strengthen the signal intensity. These 
approaches include polymerase chain reaction (PCR) and loop-mediated 
isothermal amplification (LAMP). Promising studies have been reported in this 
field recently.  
Examples of DNA biomarker sensing include the following:  

1. Lee et al. reported a cellphone-based portable PCR device for the 
amplification and detection of hepatitis B virus (HBV) plasmid that 
eliminated the need for thermal cycling control [79]. 

2. Selck et al. demonstrated a cellphone-based fluorescence imaging 
device for quantifying digital reverse-transcription loop mediated 
amplification  
(RT-LAMP) on a chip to detect RNA molecules of human 
immunodeficiency virus (Figure 12) [80]. The authors demonstrated 
fluorescence readout and dLAMP validity under different lighting 
conditions and reaction temperatures.  
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Figure 12. Sensing of DNA biomarkers with mobile phone devices 

 
DNA molecules can also be detected using cellphone devices without using 
amplification steps. Examples of this include the following: 

1. Zhang et al. developed a cellphone-based DNA microarray reader for 
capturing a transmission image under white illumination of LED [81]. 
The microarray slide worked with multiplexed ssDNA probes, and 
enhanced target DNA sequence by magnetic bead-attached ssDNA 
probes.  

2. Huang and Ugaz developed a label-free DNA detection method based 
on the electrochemical dissolution activity of chromium and monitored 
by a cellphone (Figure 13) [82]. 
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Figure 13. Imaging and sizing of single DNA molecules on a mobile phone 

 
3. Veigas et al. demonstrated a paper-based gold nanoparticle (Au NP) 

colorimetric assay using a cellphone to detect mycobacterium TB 
complex DNA [83]. This approach relied on salt-induced color change 
as Au NPs were functionalized with single-stranded probe DNA. Similar 
research using smartphone-based technology in combination with 
microfluidic chips has been done by the Mancuso group. They detected 
Kaposi’s sarcoma-associated herpesvirus (KSHV) DNA concentrations 
with an Au NP-based colorimetric assay [84].  

4. Noor and Krull reported on a DNA diagnostic platform (Figure 14) 
using a paper-based fluorescence resonance energy transfer (FRET) 
sensor and an iPhone or iPad for fluorescence detection [85]. 
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Figure 14. Cellphone assisted DNA diagnostic platform  

by incorporating a paper based FRET sensor 

 

3.4.3. Sensing of proteins and other biomarkers 
Small biological molecules and proteins can be detected by cellphone 
diagnostic platforms as biomarkers, such as antibody based recognition assays. 
ELISA is a common biochemical assay to generate colorimetric or fluorescent 
signals using microfluidic chips that leverage the sandwich structure of 
immobilized capturing antibody, targeting antigen / biomarker, and  
enzyme-conjugated secondary antibodies. In some well-known studies, a 
special cellphone attachment was developed to image a 96-well plate with 
constant sensitivity (Figure 15) [86].  
 

 
Figure 15. Sensing of protein and other biomarkers with mobile phone devices. 

Cellphone based ELISA reader for POC applications and performance comparison with 
a conventional benchtop plate reader.  
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Additional examples of sensing proteins and other biomarkers include the 
following:  

1. Vashist et al. also demonstrated a cellphone-based 96-well ELISA 
reader that could hold both the plate and cellphone [59].  

2. Chen et al. also developed a smart phone-interfaced microfluidic ELISA 
platform to detect a food contaminant [87].  

3. Wang et al. reported a diagnostic device that combined a cellphone 
fluorescence reader with a droplet-based ELISA assay to analyze HIV 
p24 capsid protein [88]. 

Another advantage of cellphone assays is that they can control microfluidic 
performance by adjusting electrodes in microfluidic pumps using voltage input 
control from the cellphone. In a well-known example of this, LFA tests 
including those for TB, malaria, and HIV have been demonstrated using an 
android phone- or iPhone-based rapid-diagnostic-test (RDT) reader [89] 
(Figure 16).  
 

 
Figure 16. Different views of our smart RDT reader prototype installed on an Android 
phone (Samsung Galaxy S II). Schematic diagrams of the designed optical RDT reader 
attachment are shown. It utilizes three LED arrays with diffusers to ensure uniform 
illumination of the tests which are loaded to the attachment with customized trays. 
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Fluorescent LFA enhances sensitivity and dynamic range. It has been used to 
diagnose multibacillary leprosy and food contamination induced by aflatoxin 
and combined specific immunochromatographic strips with cellphone 
diagnostic devices [90,91]. Using different smartphone accessories and test 
strips, one can monitor pH in sweat or cholesterol in saliva and vitamin D 
levels in blood samples [92-93]. 
The conjugation of paper based devices with cellphone imaging systems has 
many potential applications and can be engineered into complex forms to lead 
complicated biomarker detection assays. In addition, there is a variety of 
optical sensing and measurement techniques for biomarker detection using 
cellphone platforms. In some recent and well-known examples, Martinez et al. 
demonstrated the quantification of paper-based microfluidic assays using 
camera phones as a proof of concept (Figure 17) [94].  
 

 
Figure 17. General strategy for performing inexpensive bioassays in remote locations 

and for exchanging the results of the tests with offsite technicians 

 
Gallegos et al. used a cellphone camera as a spectrometer for label-free 
biodetection on a photonic crystal [95], wherein sensing of a protein 
monolayer adsorbed onto the photonic crystal was successfully demonstrated. 
In this approach, an external broadband light source was used to provide light 
to the system via a pinhole that dispersed the wavelength components on the 
cellphone cameras CMOS sensor array. 
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3.4.4. Sensing of small analytes and molecules 
Small analytes and molecules have also been detected using cellphone 
platforms as valuable analytic measurement tools [96-99]. The following are 
some examples of this:  

1. Sicard et al. carried out colorimetric tests on paper-based sensors to 
sense organophosphate pesticides [100]. The cellphone-based imaging 
system and processing algorithms made analyte quantification possible 
under different conditions of illumination.  

2. Colorimetric sensing of mercury is very important for water quality 
and environmental monitoring applications. El Kaoutit et al. advanced 
colorimetric substrates for detection of mercury(II) (Hg2+) ions in 
water samples [101]. These substrates was detected for Hg2+ 
quantification in the millimolar to nanomolar range with cellphone 
imaging system, but there were still some variability regarding user 
operation limits and illumination effects.  

3. Sumriddetchkajorn et al. combined a cellphone system with a rapid 
colorimetric test to monitor and quantify chlorine in water samples 
[102].  

4. Employing the principle cellphone use to quantify colorimetric results 
of a paper-based test. Lopez-Ruiz et al. demonstrated the simultaneous 
measurement of pH and nitrite concentration in water samples. From 
these studies above, cellphone-based sensing platform was utilized to 
create a spatiotemporal map of mercury contamination for water 
quality monitoring applications [103]. 

3.5. CELLPHONE-BASED DIAGNOSTICS TOOLS 
Cellphone based imaging and sensing platforms are valuable tools for POC 
diagnostics because of their field-portability, cost-effectiveness, and ease of 
use. As mentioned above, cellphones-based devices can sense biomarkers, 
provide counting capabilities, and imaging of cells / microorganisms for 
environmental monitoring and food safety, but may also be used for a variety 
of clinical applications [79,81,94,104]. The compatibility of cellphone 
platforms and various RDT formats clearly demonstrates successful 
quantitative and real-time analysis of immunochromatographic RDTs [89]. 
These approaches can also be used to assess RDT results under low antigen 
concentrations and provide spatiotemporal mapping of tests results that are 
useful for epidemiology.  
Moreover, development of multiple biomarker POC diagnostic assays with 
resource-limited settings is a key focus point for mobile diagnostics. Ming et al. 
have shown that cellphone-based fluorescence imaging can be used for 
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multiplexed detection of DNA analysis that corresponds to the detection of 
several infectious pathogens [55]. They combined a cellphone-based 
microscope using quantum dots and DNA sequence conjugation to create a 
device that could detect HIV, HBV and hepatitis C virus (HCV) in a single test. 
Note, the LOD of this system has been established as 1000 copies mL−1. In 
other research, Laksanasopin et al. created a low power consumption 
smartphone attachment capable of triplexed ELISA assays specific to HIV and 
syphilis [25,105]. Further, cellphone-based optical devices have also been used 
for early diagnosis of human eye cataracts [106] without expensive equipment 
or highly trained medical staff. This approach relied on forward scattering and 
user interaction, even allowing for self-evaluation, and responded in real-time. 
To complete analysis, reconstructed opacity and attenuation maps of the user’s 
eye could be used to determine cataract severity. 
Emerging wearable technology is a recently popular area of diagnostic tool 
research. Google Glass is among the developments that can provide new 
imaging and sensing functions for POC diagnostics; it employs a hands-free and 
voice-activated interface. Google Glass has been used for digital quantification 
of RDTs and demonstrated labeling of one or more RDTs by quick response 
(QR) code identifiers using the built-in camera of the Glass [107]. QR-tagged 
images were captured by the Glass, analytical algorithms were run on remote 
servers, and results were returned and displayed rapidly on the Glass screen. 
This approach has been used in experiments to qualify HIV and quantify PSA. 

3.6. DIAGNOSTIC APPLICATIONS 
Intensified research has focused on the development of advanced smartphone- 
-based devices and applications (SBDAs) that offer low cost and personalized 
mHealthcare. Current smartphones are increasingly loaded with a variety of 
sensors, including cameras, light detectors, fingerprinting and proximity 
sensors. SBDAs offer great potential for delivering mHealthcare to remote, 
resource-limit, private, and public settings (Figure 18). 
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Figure 18. AliveCor Heart Monitor. NFC smart cell phone and NFC SensorLinker by 

GENTAG. The mobile diagnostic reader (mReader™) by Mobile Assay. 

 
In telemedicine, real-time diagnostics with appropriate information provided 
by smart devices can be stored in a secure central server for access by 
healthcare professionals in distant locations. This feature is crucial for the 
monitoring and effective management of epidemics and individual emergency 
cases [108]. Over 94 % of the world population, about 6.8 billion people, are 
cellphone subscribers, and around 2.7 billion subscribers use the internet 
[109]. Cellphone subscriptions might reach 8.5 billion by the end of 2016 with 
70 % of smartphone users coming from developing countries [110]. This fast 
growth along with evolving technological features and cost reduction has 
vastly expanded the market size and business opportunities. Because SBDAs 
will provide a significant, global, real-time impact for on-site analysis and 
telemedicine opportunities, research developments are increasing in the area 
of cellphone-based devices for bioanalytical sciences, i.e., immunoassays, LFA, 
electrochemical sensing, and colorimetric detection (Figure 19) [70,111-122].  
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Figure 19. Smartphone based multiplex diagnostic platform using quantum dot 
barcodes facilitates simultaneous HIV, HBV, and HCV diagnostics in a single test.  

And RDT imaging and quantification using Google Glass. 

 
A range of SBDA-based devices have been developed for colorimetric in vitro 
diagnostics. In the field of mHealthcare, it is important to note that SBDAs 
provide connectivity to remote healthcare laboratories, increased adherence to 
health monitoring, greater alignment to treatment and medication regimens, 
better management of chronic diseases, improved communication between 
healthcare professionals, community screening for specific disease conditions, 
and the prevention of infectious and sexually-transmitted diseases and child 
obesity [123-133]. Recent developments in mHealthcare and telemedicine 
have drawn much attention to the use of smartphones as a platform for various 
mobile healthcare applications. There has been a rapid growth in public 
interest for improved healthcare and better health management tools through 
various mHealthcare technologies.  
The described commercial SBDAs are used by several million smartphone 
users worldwide. This has provided better healthcare monitoring and 
management and critically improved and sustainable health results. This 
movement will lead to significant cost-savings, as the users can participate in 
effective prevention and management if diseases including diabetes, obesity, 
coronary heart disease and even cancer.  
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Healthcare can be revolutionized by pooling and examining vast data 
repositories via centralized cloud computing to establish enriched information 
for more predictive healthcare monitoring and management and save 
significant cost. The primary concern for this data collection is the security and 
privacy of personal data [134,135]. Similarly, there are concerns over the 
privacy of personal information data in personal health records (PHRs), as 
these could be exposed to the public. The ethical guidelines state that the 
patients should have full control over access to their own PHRs. Therefore, the 
strategies of attribute-based encryption and employing a trusted third party 
are being developed to address this concern [136,137]. Smartphone-based 
mobile cloud computing, which is being employed in the development of 
SBDAs, will provide the desired next generation of mHealthcare technology for 
personalized healthcare needs. In the next decade, we will likely witness a 
tremendous increase in healthcare-related smartphone features including an 
improved generation of mobile cloud computing and contributing technologies 
[138,139]. Among the emerging breakthrough technologies, foldable screens 
and three-dimensional tracking are likely to be integrated into smartphones. 
Additionally, smartphone costs will continue to come down as a result of the 
growing number of users and online-capable user accounts. Such positive 
developments will pave the way toward improved healthcare in developing 
countries. 
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4.1. INTRODUCTION  
Male infertility contributes to approximately half of all infertility cases, and 
approximately 50 million couples suffer from infertility globally [1-3]. Rates of 
male infertility range from 20 %–70 % [1], and in sub-Saharan African 
countries, infertility affects up to 40 % of men partly ue to high rates of 
sexually transmitted diseases [1,2]. In low-resource countries, poor clinical 
access precludes examinations of sperm characteristics in infertile males [4-6]. 
In assisted reproductive technology (ART) laboratories, male fertility is 
commonly assessed by using a microscope to determine numbers of motile 
human sperm, degrees of sperm motility and sperm morphology. The World 
Health Organization (WHO) criteria for semen characteristics were updated in 
2010 [1,2,7], and those for sperm concentrations, normal morphologies and 
progressive motility were 15 million cells, 5 % and 40 %, respectively. Semen 
that satisfied the WHO criteria are washed and inseminated into the uterus 
using the minimally invasive procedure intrauterine insemination (IUI) [8]. In 
contrast, when sperm concentrations are below the criteria (oligozoospermia) 
or abnormal sperm motility and / or sperm structure (tetratozoospermia) are 
found, males are diagnosed with subfertility. These couples are then treated 
using conventional in vitro fertilization (IVF) and / or intracytoplasmic sperm 
injections (ICSI) [2,9]. Causes of subfertility include sexual disorders, testicular 
defects in sperm production, endocrinopathies that affect spermatogenesis and 
defects in sperm transportation [9]. When no sperm are observed in semen 
(azoospermia), microsurgical epidydimal sperm aspiration (MESA) and 
testicular sperm extraction (TESE) are the standard methods used for sperm 
retrieval [10]. However, ICSI, MESA and TESE are expensive treatments and 
are not affordable at assisted reproductive technologies (ART) clinics in 
developing countries. In particular, finding sperm using MESA and TESE 
methods is associated with high labour costs. Furthermore, people in 
developing countries cannot easily consult ART clinics [4]. Hence, more 
convenient technologies for the treatment of male infertility and monitoring of 
sperm concentration, motility and DNA integrity are desired, and technological 
improvements related to semen characteristics have been investigated for 
improved ART. However, monitoring of human sperm health in resource-
limited or remote settings is challenging due to (1) high capital costs 
(equipment for currently accepted procedural standards) and (2) complexity 
of currently accepted procedures for simultaneous measurements of human 
sperm concentration and motility. Fertility treatments and potentially low-cost 
microfluidic diagnostic devices are shown in Figure 1. 
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Figure 1. Schematic presentation of the ART procedure and the concept of this review. 

Microfluidics and smartphone-based optical devices can facilitate sperm analyses, 
semen washing and IVF. 

4.2. CURRENT INFERTILITY TREATMENTS AND 
TECHNICAL SOLUTIONS FOR MALE INFERTILITY IN 
DEVELOPING COUNTRIES 

Inhorn et al. calculated numbers of IVF clinics per 10 million persons and 
reported fewer than 20 IVF clinics in sub-Saharan Africa in 2010 and fewer still 
in other regions [4,11]. Although Japan and India have 600 and 500 IVF clinics, 
respectively, these statistics have not been generated in some Central Asian 
counties, where numbers of IVF clinics are also few. Hence, ART services 
remain inaccessible in many parts of the world, particularly in sub-Saharan 
Africa [4]. Thus, to avoid the extreme costs of infertility treatments, people 
who desire ART services choose low-cost IVF (LCIVF) programs or global 
cross-border reproductive care (CBRC) by traveling to low-cost ART affordable 
countries [4]. IVF techniques and costs are strongly related to 
infertility/subfertility conditions and countries, and single cycles of IVF cost 
9500, 6400 and 1300 USD in the United States, Hong Kong and Pakistan, 
respectively [4]. The LCIVF program aimed to reduce IVF treatment costs to 
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200 euros per cycle by simplifying embryo culture methods and eliminating 
the need for high-end equipment [4,12]. However, LCIVF does not currently 
replace high-cost ICSI and IVF, which are designed to overcome male infertility 
[4], because user-friendly technologies for male fertility treatment and 
diagnostics remain satisfactory for couples in developing counties. Hence, 
technological breakthroughs are required for robust, low-cost male infertility 
treatments, because male infertility rates in developing counties remain a 
serious problem despite the development of current LCIVF programs [13].  
No practical protocols have been devised for LCIVF programs, and clinical 
routines for improved diagnosis and management of ART processes have not 
been standardized for resource-limited circumstances in developing countries 
[4,14]. We would like to suggest microfluidic technology that can be used 
without expensive instruments, because these microfluidic devices for sperm 
sorting or determinations of sperm concentrations have potential as fertility 
treatments and can be used in the absence of skilled embryologists. These 
devices could be beneficial if they were optimized to reduce labour costs for 
patients. Microfluidic devices will also contribute to diagnostic measurements 
of sperm concentrations, motility analyses and DNA integrity analysis. 
Candidate methods for LCIVF include microscopic, colorimetric and electronic 
analytical systems using smartphone-based optical systems, microfluidic 
systems and paper-based systems. In this chapter, we summarized recent 
technologies for infertility treatments and portable low-cost point-of-care 
(POC) systems and made comparisons with current ART procedures. 

4.3. SMARTPHONE-BASED OPTICAL SYSTEMS 
The development of low-cost microfluidic devices for POC is closely linked 
with emergency capabilities of smartphones, which were released by Apple 
and Google in 2007 and have since been incorporated into peoples’ lives 
[15,16]. Although broadband penetration is low in developing countries, 
remaining below 10 % in South Africa, smartphones have penetrated 
approximately 40 % of these areas [15,16]. Hence, based on information and 
communication technologies (ICT) infrastructure conditions in developing 
countries, portable smartphones are the best suited terminals for 
combinations of diagnostics and medical instruments, such as microscopes and 
electrocardiograms (ECG) [17,18]. Accordingly, smartphones have been used 
individually and with other components or devices to monitor cardiovascular 
disease [17]. Microscopic POC devices using smartphones were also developed 
during this decade. Specifically, Tujin et al. conducted a feasibility study of 
microscopy-based diagnostic services to find microbes in body fluid using 
conventional staining techniques, such as Giemsa [18]. Moreover, Wei et al. 
demonstrated the use of fluorescence microscopic diagnostic systems with 
smartphones to visualize single bacteria or viruses, and developed an 
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immunostaining method and optical system using a cell phone attachment 
[19]. Pathogenic and non-pathogenic bacterial concentrations of greater than 
104 CFU per millilitre of ejaculate are considered significant bacteriospermia. 
Hence, bacterial detection technologies that can be used with semen before IUI 
and IVF will contribute to fertility, especially in developing countries [20-23]. 
Systems comprising smartphone and microfluidic devices [24] and paper- 
-based devices [25] have also been proposed. In particular, spores of Bacillus 
anthracis, the causative agent of anthrax, were detected in an incubation 
chamber of a developed microfluidic channel using a smartphone microscope 
without the use of staining or PCR methods [24]. Moreover, Salmonella 
concentrations were evaluated by detecting light scatter intensities at 475 nm 
from the centres of paper microfluidic channels [25]. Hence, improvements of 
smartphone-based detection technologies using chemical staining methods 
and optical systems will likely be applied to ART and LCIVF. 
Low-cost microscopic technologies can be used to perform satisfactory sperm 
motility analyses, and current IVF procedures are used to evaluate sperm 
characteristics in ART clinics. Specifically, sperm motility (percentage of motile 
sperm) and trajectories are confirmed using standard protocols for computer- 
-assisted semen analysis (CASA) systems, and the semen characteristics are 
evaluated according to WHO criteria as described above. Accordingly, 
Garrett et al. demonstrated a relationship between average straight-line 
velocity of motile sperm and pregnancy rates in subfertile couples [26]. 
Mortimer et al. also showed that CASA works well with washed human semen, 
which typically has very high motility and minimal contamination with other 
cells and debris [27]. Hence, these accurate CASA determinations of sperm 
concentrations and percentages of motile or progressively motile sperm 
indicate high utility of this tool for fertility assessments [27].  
In developing countries, the price of a CASA system (usually over 10,000 USD) 
is too high to be used in ART clinics. Thus, low-cost, portable devices for 
quantitative sperm analysis have been developed during the last decade [28-
34]. Optical systems using these devices in sperm motility analyses are 
presented in Figure 2. In 2009, a mobile phone-based clinical microscopic 
system was used to detect tuberculosis via fluorescence imaging in resource- 
-limited regions [28]. Subsequently, a light-weight, portable microscopic 
system with a lens-free holographic on-chip microscope was proposed in 2010 
[29]. Hence, lens-free imaging systems are preferred for low-cost, lightweight 
POC systems (Figure 2A, 2B, and 2C).  
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Figure 2. Comparison of optical systems for optical sperm imaging systems;  

(A) Lens-free holographic on-chip microscope [29], (B) 3D tracking system for human 
sperm [30], (C) Lens-free shadow-based CCD imaging system [31], (D) Mobile or 

smartphone-based clinical microscopic system to detect fluorescence from samples 
[28], (E) Smartphone-based optical device using diffraction patterns [32],  

(F) Smartphone-based sperm observation system using a single ball lens [33]. 

 
In 2012, Su et al. developed a three-dimensional (3D) tracking system for 
human sperms by illuminating spermatozoa at two different angles using two 
partially coherent LEDs with different wavelengths (red and blue LEDs at 
625 nm and 470 nm, respectively) [30]. Using this device, sperm motility and 
trajectories of motile sperm could be recorded. Subsequently, a lens-free, 
shadow-based, charge-coupled device (CCD) imaging system with a 
microfluidic chip was reported in 2011, and oligozoospermic and 
oligospermaesthenic cases were detected using trajectory analyses and sperm 
sorting with this system [31]. In 2015, Im et al. developed a smartphone-based 
optical device that exploits diffraction patterns generated by microbeads 
following binding to biological targets, and detected human papillomavirus 
DNA. [32] To apply smartphone-based, low-cost microscopic devices, a single- 
-ball lens of 0.8 mm diameter was purchased for less than 10 USD and was 
installed on a smartphone to analyse motile sperm concentrations [33]. 
Kobori et al. correlated measurements of motility from a smartphone-based 



Chapter 4 

100 

device, conventional CASA [33]. Moreover, the Apple iOS application iSperm 
uses an optical lens attachment and is commercially available for animal 
husbandry applications [34]. Although motility can be analysed using 
smartphone-based, low-cost optical systems, these systems lack algorithms for 
trajectory analyses, which are often costly. Hence, whereas smartphone 
applications readily introduce the newest technology, possible obstacles to 
diffusion of smartphone-based observation systems include penetration of 
broadband into developing countries, which will lead to effective 
communication between patients and hospitals, regulation of personal 
information and distribution of accessories such as chip and paper devices. 

4.4. MICROFLUIDIC CHANNEL-BASED DEVICES 
FOR SEMEN DIAGNOSES AND MALE 
INFERTILITY TREATMENTS 

Microfluidic chip technologies, known as lab-on-a-chip (LOC), have been 
extended to POC applications, such as diagnosis of cardiovascular and 
infectious diseases with high death rates [35-38], and have been 
commercialized [35]. These LOCs comprise combinations of expensive 
analytical instruments that are used to evaluate cell and molecule 
concentrations or functions using photometry or electrochemistry. These 
microfluidic devices can be used by pipetting sample liquid without complex 
fluid manipulation systems, such as electric pumps and bulbs, leading to the 
advantages of simplicity and low cost. Since the 1990s, microfluidic devices for 
sperm counts and motility analyses have been investigated by Kricka et al. 
[39], and microfluidic POC systems for semen diagnostics sorting motile 
sperms or on-chip IVF using LOC have been reported [40-51]. Moreover, in 
addition to motile sperm separation, fluid flow- and viscosity-associated 
chemotaxis and mechanotaxis of mammalian sperm were investigated using 
microfluidic channels [45]. When mouse sperm were sorted using space- 
-constrained lateral microfluidic channels, effective channel lengths were 
greater than 15 mm for sperm sorting with high velocity, and were effective for 
separation from non-motile sperm and debris [49]. Chen et al. also developed a 
microfluidic device to evaluate motile sperm concentration and motility [50]. 
This chip device has two channels for application to semen and buffer, and 
after movement of motile sperm to the buffer channel, sperm samples in both 
channels are centrifuged. This device may enable sperm quality assessments 
without a microscope or a skilled embryologist at resource-limited clinics. 
Taken together, these studies indicate that LOC devices will improve the 
accuracy of fertility tests and male infertility treatments [51]. 
Both POC diagnostic devices and clinical infertility treatment devices require 
FDA approval for material and production processes, but they are applicable to 
both sperm and oocyte manipulations. Among LOC devices, microfluidic sperm 
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sorting (MFSS) chips have been developed and marketed for motile sperm 
sorting and use two gravity-driven laminar flows across a microfluidic channel 
of 50–200 µm [52-61]. Fluids flowing through the semen inlet (A) and the 
medium inlet (B) move parallel to each other and exit through respective 
outlets (A→D and B→C) [53]. Sperm are then sorted on the basis of their ability 
to swim across the streamline into the medium stream, and only motile sperm 
are recovered from outlet C. Using MFSS devices, embryologists can perform a 
1-step sorting protocol without centrifugation, and processing can be 
completed within 30 min [40,57-61]. Moreover, DNA fragmentation was 
reduced and sperm with high linear velocities (LV) were effectively sorted 
[58,60]. Hence, commercialized MFSS devices can be used with clinical semen 
processing protocols for efficient ICSI and IVF. Recent MFSS studies suggest 
that DNA fragmentation rates in sorted sperm are lower following MFSS than 
following the centrifugation and swim-up procedure [61]. 
 

 
Figure 3. (A) Schematic of the mechanism of microfluidic sperm sorting devices;  
(B) Chip device made of cyclo-olefin polymer (Menicon Co. Ltd.); (C) Microscope 

images during sperm sorting; Yellow and orange circles show human sperm swimming 
across the interface of the two laminar flows. 

 
Although MFSS-sorted sperm are suitable for ICSI, sorted sperm 
concentrations are currently insufficient for IUI. This disadvantage of low 
recovered motile sperm concentrations follows dilution of semen to control 
viscosity for laminar flow adjustments. Hence, motile sperm were sorted using 
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microfluidic channels equipped with micro-pore filters (pore size: 4–20 µm) to 
separate non-motile sperm from those that swim up in a vertical direction, and 
motility and morphology of sorted sperm were greater than in unsorted sperm 
[62,63]. Because sorted motile sperm concentrations have not been discussed 
previously, it remains unclear whether this device can recover motile sperm 
concentrations sufficiently for IUI [63]. Sperm sorting microfluidic devices that 
do not require centrifugation may be applied to conventional IUI after 
technological improvements that sort motile sperm without reducing motility. 

 

 
Figure 4. Microfluidic device for increasing sperm concentration in patients with 

oligospermia; (A) Image of the device; (B) Concept schematics of the benefits of this 
device for ART.  

 
Plastic microfluidic devices have also been considered for increasing sperm 
concentration in cases of male infertility with oligospermia. Sperm collection 
for conventional ICSI methods is time consuming for samples with low sperm 
concentrations. Hence, if sperm counts can be increased using a microfluidic 
device, the duration and stress of ICSI will be reduced. To reduce ICSI 
treatment times for severe conditions, Matsuura et al. proposed a sperm 
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collection method using a microfluidic chip device that can facilitate sperm 
observation without the use of centrifugation [64]. We compared the ICSI 
treatment times required for intracytoplasmic injection of porcine sperm using 
the microfluidic device method and the conventional microdroplet method 
before conducting clinical ART.  
 

 
Figure 5. Protocol for increasing sperm concentration using the device; Medium 

containing the sperm sample was injected into the flow channel using a micropipette 
(1), the upper film in the centre chamber was pricked (2) and sperm were recovered 

using a micropipette (3).  

 
The average ICSI treatment time using this microfluidic method with poor- 
-quality semen was shorter than that using the conventional microdroplet 
method. These results suggest the clinical utility of this device for ICSI in 
human ART laboratories (Figure 4). 
Previously, we developed a microfluidic device that increases sperm counts by 
mechanically drilling polymer plates and laminating the films. This device 
worked particularly well for semen samples with extremely low sperm counts 
(Figure 4A) [65] because sperm are concentrated in the centre chamber of the 
device within 30 s (Figure 5). Moreover, in comparison with conventional 
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methods, no significant differences in treatment times were observed when 
semen was diluted to a sperm count of 100,000 cells mL–1. However, when the 
sperm count was adjusted to 10,000 cells mL–1, treatment times differed 
significantly between the two methods [64], suggesting that the microfluidic 
device could reduce the ICSI treatment time for semen samples with low 
sperm counts. 
In further studies, changes in the height of the centre chamber and differences 
in shapes and diameters of microparticles (including human sperm) were 
investigated [65]. Specifically, we compared differences in concentrations 
using chip devices with heights of 1.0, 1.4 and 2.0 mm in the centre chamber. 
Diluted semen containing sperm with 10,000 cells mL–1 were most efficiently 
concentrated at a height of 1.4 mm, whereas application of 100,000 cells mL–1 
led to approximately 2-fold increases in counts. Hence, this microfluidic device 
can increase sperm counts by approximately 10-fold, allowing the option of 
IVF for patients who chose ICSI. These developments may improve fertility and 
sterility rates due to reduced stress levels of embryologists and reduced 
treatment costs. In future clinical studies, we will further validate and improve 
this technique. 

4.5. PAPER-BASED DEVICES FOR SEMEN DIAGNOSIS 
During the present decade, colorimetric and electrochemical paper-based POC 
devices have been proposed for many fields of diagnosis [66-68]. In particular, 
hydrophilic microfluidic channels were prepared using photolithography, wax 
printing, and screen printing, and the patterning technique may increase the 
potential applications of paper-based devices [66-68]. Andrological analyses of 
sperm motility and DNA integrity using paper-based devices have been 
suggested. Among these, Spermcheck is a currently marketed paper-based 
device for at-home fertility checking [69], and comprises a low-cost two-strip 
lateral flow immune-chromatographic diagnostic device that allows men to 
evaluate their sperm count privately [69]. Herr et al. demonstrated a direct 
relationship between sperm numbers and signal strengths in ELISA assays of 
SP-10 concentrations [70]. Based on these experimental results, the 
commercial immunodiagnostic device was successfully released using the 
ACRV1 protein analyte. In addition, blood-based diagnostics for male infertility 
are under evaluation based on ELISA [71-72]. However, the instability and 
expense of ELISA antibodies warrant further development of colorimetric 
metabolic assays of target cells as alternative diagnostic strategies.  
To estimate sperm motility in semen in resource-limited settings, Matsuura 
et al. developed a 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium 
bromide (MTT) paper detection system that was based on energy metabolism 
[73-76]. Figure 6 shows the patterned paper device that was prepared by 
printing a filter paper using a wax printer and illustrates the mechanism of 
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colour change. These authors compared sperm motility using CASA and 
calculated parameters of enzymatic reactivity in sperm. Sperm in semen 
moved on hydrophilic channels and did not penetrate the black wax. 
Subsequently, sperm evaluations were performed by applying semen onto the 
paper-based device treated with yellow MTT. Subsequently, catalytic sperm 
redox enzymes convert yellow MTT to the purple formazan metabolite [77-79]. 
Hence, the development of purple colour (8-bit grey scale converted) verifies 
enzyme activity and sperm motility. In this assay, small semen samples are 
placed on the paper test and the colour of semen spot on the paper changes 
after 30 min. Hence, the paper pattern can be recorded using a digital camera 
or a smartphone, allowing remote determinations of sperm counts and motility 
in semen.  
To develop a model of non-motile sperm, we inactivated enzymes that are 
related to the motility of sperm samples by incubating human sperm at 50 °C. 
Subsequently, we used the paper-based device to distinguish between sperm 
samples with greater than 50 % motility and less than 10 % motility by 
comparing average values from purple colour intensities. In further studies, 
sodium 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)- 
-carbonyl]-2H-tetrazolium inner salt (XTT) and sodium 5-(2,4-disulfophenyl)- 
-2-(4-iodophenyl)-3-(4-nitrophenyl)-2Htetrazolium inner salt (WST-1) were 
applied to the paper-based device for sperm motility assays. However,  
MTT-treated patterned paper was the most suitable and cost-effective device 
[74]. We also found differing sensitivities of colorimetric motility parameters 
between porcine and human sperm [75], likely reflecting differences between 
molecular mechanisms of sperm motility. Further analyses of the molecular 
mechanisms of paper-based MTT assays are currently underway. 
In a previous study, we compared colour intensities of MTT reduction signals 
in semen from healthy men and infertility patients [76]. After preservation at 
37 °C, no significant differences in in motility parameters (MOTs) related with 
motlie sperm concentration were observed [76]. However, following storage at 
room temperature, MOTs of more than 100 million spermatozoa and more 
than 50 million motile spermatozoa were significantly increased. Similarly, 
Nosrati et al. reported a high correlation between MTT colour intensity 
changes on their paper-based device and motility of human semen in their 
clinical study [80]. Based on the results of these clinical studies, this assay can 
be used to determine numbers of motile sperm, and the results can be 
presented on a smartphone window in situ. Furthermore, this device can be 
used to predict possible risks of male infertility without directly observing 
sperm. These data warrant a multi-centre study of this paper-based device in 
routine use. 
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Figure 6. Paper-based device for sperm motility analysis using sperm enzyme 

reactions; (A) Paper-based device after MTT application; (B) Mechanism of purple 
colour change on this device. 

 

In addition to sperm motility and morphology, DNA integrity is an important 
indicator of human fertility. Current representative DNA fragmentation 
analyses include Comet assays (single-cell gel electrophoresis), terminal 
deoxynucleotidyl transferase (TdT)-mediated dUDP nick-end labelling assays 
(TUNEL), Halo assays and sperm chromatin structure assays (SCSA) [81,82]. In 
Halo assays, halo signals are derived from the sperm head and are observed in 
sperm with little DNA fragmentation because dispersion of intact DNA is 
restricted in agarose gels. Conversely, when sperm DNA is fragmented, halo 
signals are not detected due to diffusion of fragmented DNA. SCSA uses 
acridine orange (AO) as a DNA intercalator and flow cytometry for high- 
-throughput analysis. After intercalation into double-stranded DNA, AO emits 
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green fluorescence, whereas single-strand DNA–AO conjugates (sometimes 
denatured DNA) have red fluorescence. Hence, comparisons of green–red 
fluorescence intensities indicate DNA fragmentation and are expressed using 
the DNA fragmentation index (DFI) [81,83]. Durations and reagents required 
for DNA integrity tests are summarized in Table 1, and indicate that 
microfluidic techniques can reduce durations and reagent costs in assessments 
of sperm DNA integrity. 
 

Table 1. Durations and costs of DNA integrity tests 

 Duration Reagents Instruments and 
comments 

Refs 

Comet ~120 min DNA staining dyes Electrophoresis device 
and fluorescence 

microscope 

87 

TUNEL ~240 min dUDP nick-end 
labelling reagents 

Fluorescence 
microscope or flow-

cytometer 

88 

Halo (DNA 
dispersion 

test) 

120 min DNA staining dyes 
and agarose 

Fluorescence 
microscope 

89 

SCSA 20 min Acridine orange  Flow cytometer 82 
Silicone-based 
microfluidics 

20 min LIVE/DEAD sperm 
viability kit 

Fluorescence 
microscope and silicone 

or plastic microfluidic 
channel 

84 

Paper-based 
test 

15 min Acridine orange Fluorescence 
microscope 

85 

 
SCSA and all other methods require high-cost flow cytometry and fluorescence 
microscopy, respectively, whereas fluorescence microscopy-based DNA 
fragmentation assays using a smartphone could be applied in the future. 
Relationships between DNA fragmentation and fertility have been discussed 
previously [82,84], and in a previous meta-analysis by Osman et al., significant 
increases in live birth rates were observed after fertilization with sperm that 
had lower DNA fragmentation rates [82]. Moreover, using silicone microfluidic 
channels, motile sperm with high DNA integrity were selected toward a central 
outlet based on progressive motility in 500 parallel microchannels with cross- 
-section dimensions of 100 × 75 μm [85]. In 2016, Nosrati et al. reported a 
novel analytical system for assessing DNA integrity using ion concentration 
polarization on paper and applying voltage (150 V) to the sample channel on 
the paper [86]. These investigators suggested that SCSA offers high through 
put, but high cost assessments of DNA fragmentation. Accordingly, paper- 
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-based sperm DNA integrity tests can reduce durations and costs, and are more 
suitable for use in resource-limited or remote settings. 

4.6. DISCUSSION AND SATISFACTION OF CRITERIA 
FOR SEMEN CHARACTERISTICS 

Herein, we introduced smartphone-based cell detection devices, plastic-based 
microfluidic devices for infertility treatments and plastic- or paper-based 
microfluidic devices for semen diagnoses. In sections 4.4. and 4.5., we 
summarized evidence that sorted motile sperm possess higher DNA integrity, 
as indicated by studies of microfluidic devices without centrifugation 
[57,58,62,63,85]. Developments and applications of microfluidics have 
contributed markedly to improvements in ART over the past 20 years. 
However, LCIVF treatment protocols for male infertility have not been 
standardized in developing countries. Obstacles for the uptake of low-cost 
diagnostic and treatment devices in developing countries include usability and 
non-actualized costs. Although penetration of smartphone devices has been 
rapid, marketing of materials and devices has been slow. However, these novel 
devices should be recognized by users after reliable clinical studies. 

4.7. CONCLUSION 
The present plastic- and paper-based microfluidic devices have potential uses 
in IUI and IVF. In particular, sperm analyses that can be performed at home 
will reduce the cost of treatments. Hence, simple and efficient microfluidic 
devices and smartphone-based optical analysis devices will likely be adopted 
for routine clinical use after evaluation in ART laboratories. Clinical studies of 
these devices are urgently needed to accommodate increases in sperm sample 
numbers in the coming decade. Moreover, some novel microfluidic devices 
may be applied for routine clinical use, including in the LCIVF project. Finally, 
these low-cost sperm analysis devices can be used to determine sperm 
concentrations, motility and DNA integrity in men who do not have enough 
time to have their sperm characteristics examined at the clinic. 
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5.1. INTRODUCTION  
Blood flows throughout the whole body in a vigorous manner as the entire 
blood volume is circulated every minute. It is physiologically important, as 
blood supports the homeostasis of the body by delivering oxygen and nutrients 
to every cell and transporting metabolic products between all types of tissues 
and organs. Additionally, the circulation allows cells of the immune system to 
travel to the desired site and perform immuno-surveillance in an efficient 
fashion. The clinical evaluation of the cellular composition of blood can provide 
important information on the body status, and abnormal test results implicate 
the presence of disease or organ malfunction. Therefore, blood contains a 
wealth of information that can provide an overview of the general health status 
of our bodies.  
Cellular analysis of blood is widely used for medical diagnostics. A complete 
blood count (CBC) surveys the cellular constituents of whole blood with the 
quantification of each cell population (erythrocytes, leukocytes and platelets) 
and is routinely used to determine a person’s health status. In a microliter of 
blood from a healthy donor, there are approximately 5 million erythrocytes 
(red blood cells [RBCs]), 150,000–450,000 platelets and 4000–11,000 
leukocytes (white blood cells [WBCs]), which can be further classified into 
5 subpopulations: monocytes, lymphocytes, neutrophils, basophils and 
eosinophils [1]. An abnormal CBC often indicates the presence of a medical 
condition or disease, such as infection, inflammation, anaemia or leukemia [2]. 
The CD4 count, measuring the number of CD4+ T lymphocytes, is widely used 
by medical professionals to monitor human immunodeficiency virus (HIV) 
progression [3]. With respect to malaria, the identification of parasites in RBCs 
and the quantification of parasitemia by examining blood smears is important 
to determine the patient’s prognosis [4]. The presence of tumour cells in the 
blood (circulating tumor cells [CTCs]) is associated with poor prognosis, and 
their isolation and characterization can be used to guide therapy [5]. 
Sample preparation, including separation, isolation and exposure of cells to 
reagents, is crucial to cellular analysis. Depending on the diagnostic needs, 
target cells should be either fully isolated or exclusively distinguished prior to 
further characterization for improved specificity and sensitivity, because 
irrelevant cells in the blood might alter the condition of target cells or interfere 
with the analysis. The extreme heterogeneity in blood cell populations creates 
challenges in the sample preparation for cellular analysis of blood. 
Most cellular analyses are performed in centralized laboratories, where sample 
preparation has to follow strict protocols with the aid of high-end external 
equipment. Accessibility of these tests at bedsides, in disaster areas and in low 
resource settings is challenging. 
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To address these challenges, microfluidic-based lab-on-a-chip (LOC) 
technology proposes practical solutions. The innovative concept of 
miniaturizing conventional sample preparation into a microdevice is very 
attractive to perform cellular analysis of blood samples at point-of-care (POC). 
Compared with conventional off-chip sample preparation, the downscaled 
dimensions of microdevices allow for a reduced blood sample volume, which 
minimizes the discomfort and adverse effects of blood drawing, as well as 
reduced consumption of reagents, energy and time. In addition, the 
miniaturized size renders increased portability to enable sample preparation 
to be performed on site where it is needed. The integration of complex bench-
top operations into a self-contained microdevice realizes a (semi-)automated 
processing step, greatly simplifying sample preparation and reducing manual 
errors for enhanced reproducibility.  
This chapter summarizes the latest progress in LOC technology, with a focus on 
the development of sample preparation for the cellular analysis of blood 
samples. An overview of different approaches, which enable either partial or 
complete on-chip sample preparation, is presented. The approaches of on-chip 
cell separation and identification are grouped into two categories: a reagent- 
free strategy based on the diversity in physical signatures and a reagent-
biomarker interaction strategy based on the difference in immunoaffinity. The 
principle of each approach and the details of specific microfluidic design are 
elaborated on, followed by a demonstration of diagnostic applications for 
relevant medical conditions. Then, the different approaches are assessed with 
respect to criteria such as simplicity, specificity and sensitivity. Finally, some 
recommendations on improving the current cell sampling techniques to 
achieve truly POC cellular analysis are proposed. 
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5.2. REAGENT-FREE CELL SEPARATION BASED ON 
PHYSICAL CHARACTERISTICS 

The heterogeneity of cells in blood is reflected in their diverse physical 
properties. In light of the physical variation among different cell populations, 
numerous separation principles have been developed and implemented in LOC 
systems. Cell size, shape, deformability, density and dielectric property are 
commonly used parameters to distinguish target cell populations. Physical 
separation based on these parameters neither consumes biochemical reagents 
for cell labeling nor for cell capture, as are so-called label-free approaches, thus 
achieving simple and reproducible on-chip sample preparation. In this section, 
recent progress in physical separation approaches is summarized.  

5.2.1. Filtration 
Cell size is the one of most noticeable properties when examining a blood 
smear with a microscope. Mechanical filtration is an effective approach for the 
separation of cells based on distinctive size. A well-established application is 
the separation of WBCs and RBCs in whole blood [6-9]. Bench-top filtration 
concepts using fibrous membranes (nitrocellulose [7], polycarbonate [8,10], 
polyacrylamide [11]) can be simply down-scaled and implemented into 
microdevices. In such devices, whole blood flows perpendicularly to the 
membrane comprising a magnitude of pores of precisely controlled size, which 
allows the passage of cells smaller than a critical size and retains their larger 
counterparts. In addition to miniaturized membranes, obstacle microarrays 
can also enable an excellent sieving effect. A variety of array structures in 
terms of micropillars/microposts [12-14], microweirs [14] and microtraps 
[15] have been designed and fabricated. By tailoring the dimension and the 
geometry of obstacles as well as the spacing distances, the desired size cut-off 
can be achieved. Sample throughput can be enhanced by increasing the 
number of filtration units.  
Although mechanical filtration is a very simple, versatile method that allows 
for high throughput, there are still two major challenges that have to be 
addressed. The first challenge is clogging, which is due to the dead-end 
filtration scheme (sample flows perpendicular to membranes or obstacle 
microarrays in a single channel, Figure 1i). Saturation of filtration units leads 
to decreased filtration efficiency and impractical regeneration of these units 
results in problems for continuous sample processing. The second challenge is 
regarding cell viability. Cells suffer from a risk of damage when moving under a 
high flow rate or squeezing through a filtration unit. Elevated shear stress and 
concentrated tensile stress compromise the viability of cells, reducing the 
potential for subsequent cell culture or molecular analysis.  
Cross-flow filtration has been developed to overcome the clogging issue 
(Figure 1i). It consists of a main channel and one or more side channels, 
creating additional exits for sample fluid. After being introduced, sample fluid 
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can be directed either into side channels through microfilters or remain within 
the main channel. Cells suspended in blood flow at a size-dependent tangential 
rate in the stream. Smaller cells are extracted into side channels through 
microfilters and travel to the corresponding outlets, while cells that are too 
large to pass through the microfilters are swept to the outlet of the main 
channel, without clogging the flow path [9]. Lee and co-workers developed a 
simple cross-flow filtration system with two inlet ports and two outlet ports. 
Buffer solution and blood sample were introduced into a channel and 
encountered an inclined silicon microfilter array where larger cells were 
diverted into a secondary channel and smaller cells travelled through the 
filters. With appropriate hydrodynamic pressure for both streams, the device 
can realize a 74 % recovery of foetal nucleated RBCs and a 46 % depletion of 
adult RBCs from mixed cell model [16] (Figure 1ii). In addition to the inclined 
orientation in the flow path, a microfilter array can also be arranged parallel to 
the flow path of the main channel. Chen et al. and Sethu et al. developed cross-
flow filtration systems with one main channel in the centre and two side 
channels in a parallel orientation. Micropillar [17] and microweir [18] arrays 
are located at the interfaces between the main and lateral channels, enabling 
cross flows. With the optimized flow dynamics, WBC-enriched and depleted 
blood fractions can be harvested from the outlets of main channel and lateral 
channels, respectively (Figure 1iii). In order to improve efficiency and purity in 
WBC enrichment, VanDelinder and co-workers developed a microdevice with a 
deep main channel for the passage of WBCs and an array of orthogonal, 
shallow side channels for the entrapment of RBCs [19] (Figure 1iv). As whole 
blood advances in the main channel, a perfusion flow through the side 
channels gradually washes away RBCs. This method achieved 4000-fold 
enrichment and 98 % retention of WBCs from whole blood. Reverse- 
-flow filtration provides another concept to prevent clogging and increase the 
life time of filtration units. McFaul and co-workers fabricated a microratchet 
array and employed an oscillatory flow to selectively regenerate the pores 
blocked by larger and less deformable cells [20] (Figure 1v). 
To preserve cell viability, a 3D filtration system with 2 porous 
polydimethylsiloxane (PDMS) layers has been developed to provide a gentle 
capture to preserve cell integrity [21] (Figure 1vi). When cancer cells were 
trapped in the filtration units from the top layer, the bottom layer provided 
support in the opposite direction to compensate for tensile stress on the cells. 
More than 85 % of the captured cancer cells remained intact. 
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Figure 1. Schematic presentation of different filtration schemes and examples. i) Dead-

end and cross-flow filtration. ii) Separation of foetal nucleated RBCs (FNRBCs) and 
adult RBCs by a micropillar array inclined to flow direction. When the parallel flows of 

cell suspension (blue dash lines) and buffer (solid black lines) encounter the filter 
array, the smaller adult RBCs penetrate through the filters, whereas larger FNRBCs are 
diverted. iii) Separation of RBCs from whole blood by a microweir array parallel to the 

flow direction. Insert shows the 40 x 2.5 mm sieve structure and the arrangement 
connecting the main channel to the lateral channels. iv) Depletion of RBCs from whole 

blood by a microchannel array parallel to the flow direction. The horizontal main 
channel is 25 µm deep for WBC enrichment, and the vertical channels are 3 µm deep 
allowing the diverting of RBCs. Images a) to h) are the partial regions of the channel 

array at distances from 0−16.8 mm away from the beginning of the separation network 
with increments of 2.4 mm. v) Ratchet cell-sorting. Smaller and more deformable cells 
can squeeze through the funnel constrictions during forward flow. However, they are 

unable to pass back through the funnels when the flow direction is reversed 
periodically to unclog the filter. vi) Filtration using a 3D microfilter device. Inset shows 

the applied forces on a trapped cell. FL: force caused by the fluidic flow pressure. FS: 
supporting force from the bottom. FT: tensile stress force on the plasma membrane. i) 

copyright 2007 Springer [9]; ii) copyright 2010 Elsevier [16]; iii) copyright 2006 Royal 
Society of Chemistry [18]; iv) copyright 2007 American Chemistry Society [19]; v) 

copyright 2012 Royal Society of Chemistry [20]; vi) copyright Springer [21].  
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5.2.2. Deterministic lateral displacement 
Deterministic lateral displacement (DLD) is another well-established cell 
separation approach based on size under continuous flow conditions. This 
approach was first developed by Huang and co-workers, who applied this 
technology to sort particles of different sizes [22]. A recent review provides in-
depth understanding of the mechanism underlying this size-based particle 
separation [23]. As illustrated in Figure 2i [24], a microfluidic channel hosts a 
specific arrangement of microposts, which splits the sample flow into different 
streamlines and determines the trajectory of accommodating cells. Cells 
suspended in the fluid are distributed in different streamlines. When a cell is 
smaller than a critical diameter and the centre falls within the width of the first 
streamline, a drag force will be dominant to keep the cell unperturbed to 
follow a zigzag route in the first streamline. Meanwhile, a larger cell will fall 
into an outward streamline, which deflects from the first one, thus becoming 
displaced from the smaller counterpart. By shifting each succeeding post row 
laterally at a predefined distance from its predecessor, periodical deflection of 
the cell path will be created, leading to an amplified displacement of cell 
trajectory and achieving cell separation. In the review, McGrath and co-
workers have proposed a toolbox in which the influence of micropost array 
(size, shape, orientation and spacing) on the critical size for cell displacement 
and the consideration of microfluidic phenomena (profile of laminar flow, 
diffusion and fluidic resistance) on the performance of DLD are summarized in 
detail. This toolbox is very beneficial as a design aid to develop a tailored 
microdevice to separate cells of specific sizes. Cancer cells spiked into whole 
blood have been recovered from the mixture with more than 85 % efficiency 
using DLD [25]. Advanced DLD designs are capable of separating whole blood 
into multiple fractions [24], for instance, the fractionation of platelets with 
different sizes by employing a series of different micropost arrays [26] 
(Figure 2ii−iii). Each array has a slightly different critical diameter. Using this 
method, size-discriminating resolution was enhanced step by step and a 
successful separation between WBCs, RBCs and platelets was achieved.  
The concentration of cells in the sample fluid determines the efficiency of cell 
separation. In whole blood samples, the dense concentration of RBCs will 
increase the likelihood of RBC contamination in outward streamlines due to 
the overcrowded RBC population in the first streamline. Moreover, non-
specific interactions between microposts and suspended cells will increase 
flow resistance and finally lead to clogging, especially for blood samples with a 
dense cell concentration. Therefore, blood samples with a high cell 
concentration need to be diluted prior to processing. Because DLD is designed 
for separating rigid and spherical particles, another challenge of efficient blood 
cell separation lies in the non-spherical shape and deformability of RBCs [27]. 
Although improved efficiency has been demonstrated, the greatly increased 
complexity in microarray fabrication and largely reduced throughput outweigh 
the benefit [28,29].  
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Figure 2. i) Schematic presentation of the DLD principle. The orientation of 

streamlines induced as a consequence of lateral micropost shifting and the distinctive 
trajectory of particles falling into different streamlines. ii) Left: A DLD device designed 

to separate WBCs from RBCs and platelets. A cascade of 13-section post arrays with 
different critical diameters and spacings were employed to separate cells with a range 

of diameters. Right: The predicted size-dependent displacement of cells travelling 
through the post arrays. The lateral position of the blood injection point at the top of 

the device is shown. Three exit channels at the bottom of the device are used to collect 
the fractionated blood. iii) Left: Diagram of ideal particle paths in the platelet 

fractionation device. WBCs are moved to the left by Array 1 into a channel that runs 
parallel to but is not in connection with the platelet fractionation array, Array 2. It is 
composed of a series of 11 post arrays, each with increasing critical particle size for 
increasing lateral displacement. Right: Micrographs of various cells in the device at 
three locations: whole blood injection at inlet (upper), WBCs separation at Array 1 
(left) and platelet fractionation at Array 2 (right). i) and ii) copyright 2006 National 
Academy of Sciences, U.S.A [24]; iii) copyright 2008 Royal Society of Chemistry [26]. 
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5.2.3. Pinched-flow fractionation/hydrodynamic filtration 
Pinched-flow fractionation and hydrodynamic filtration have shown potential 
in size-dependent cell separation. Their operation principles are similar. When 
a sample fluid with a low Reynolds number is traveling in a microchannel, the 
trajectories of suspended cells are determined by the paths of streamlines into 
which they are falling [30]. The distribution of cells in streamlines is closely 
related to cell size and flow profile. Therefore, tuning the flow profile via the 
optimization of flow rate, variation in the geometric design of microchannels 
and arrangement of the inlet and outlet can achieve size-dependent cell 
sorting.  
Pinched flow fractionation was first proposed by Yamada and co-workers for 
precise particle separation [31]. During the operation, two laminar streams 
were pumped through a pinched segment before entering a broadened 
channel. One stream was diluted blood and the other was buffer solution, 
which flowed at a higher rate to push blood cells against the sidewall in the 
pinched segment, resulting in an alignment of the cell mixture. Smaller cells 
were distributed in the streamline closer to the sidewall than their larger 
counterparts. At the boundary between the pinched segment and the 
broadened channel, a transition in flow profile occurred. Dramatically spread 
steamlines amplified the position difference between smaller and larger cells 
in the pinched segment and led to a cell dispersion perpendicular to the flow 
direction according to their sizes in the broadened channel. The broadened 
channel was then branched into multiple outlets in an optimized arrangement. 
Enriched RBCs have been reported to be harvested from a predetermined 
outlet of a pinched microchannel [32] (Figure 3i). 
Hydrodynamic filtration has been demonstrated by Yamada and Seki using 
devices that consist of a straight main channel with a single inlet and a number 
of perpendicular branched channels [33]. By pumping the sample fluid along 
the main channel and withdrawing it from branched channels, cells are aligned 
along the sidewall of the main channel. Smaller cells distribute adjacent to the 
sidewall, suffer less flow resistance and enter branched channels upstream. 
Larger cells are still far away from the sidewall, thus being forced to flow 
straight. Every time the fluid is drawn into the branched channel, larger cells 
were brought closer to the sidewall and eventually flew into the branch 
channels. This channel network enables displaced cell alignment against the 
sidewall of the main channel based on its size, therefore offering a promising 
solution of WBC enrichment from whole blood (Figure 3ii). 
The desired flow rate is crucial to manipulating the trajectory of cells in the 
channel. This demand for an external pumping system increases the 
complexity of the applications. A decrease in cell sorting efficiency due to a 
high cell concentration necessitates a dilution step prior to sorting. 
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Figure 3. i) Schematic presentation of particle concentration and classification in a 

microchannel having multiple branch points and side channels. ii) Schematic 
presentation of pinched flow fractionation. i) copyright 2005 Royal Society of 

Chemistry [32]ii) copyright 2005 Royal Society of Chemistry [33]. 

 

5.2.4. Inertial microfluidics 
The contribution of inertia in microfluidics phenomena has not received 
significant attention in the last decade. Recent discoveries overturn the 
traditional understanding that microfluidics is associated with negligible 
inertia. Instead, inertia becomes apparent in a fluid with a high Reynolds 
number and contributes significantly to microfluidic phenomena [34,35]. Di 
Carlo explicitly elaborated on a dominant effect, inertial migration of particles, 
which is widely exploited for cell separation [36]. Such migration is induced by 
inertial lift forces intrinsic to cell motion in confined channel flows. In 
Poiseuille flow, two opposing lift forces act perpendicular to the flow direction 
on a moving cell. The wall-induced lift drives the cell away from the channel 
wall with a force decreasing with the distance from the channel wall. In 
contrast, the shear gradient induced lift pushes the cell towards regions of 
higher shear gradient, which means towards the channel wall in the parabolic 
velocity profile of Poisseuille flow. Interaction of the two forces on a given type 
of cells results in an equilibrium at a focused streamline, which defines a 
characteristic trajectory for effective cell separation [36] (Figure 4i). Key 
parameters to control inertial lift equilibrium and cell focusing are channel 
geometry, flow rate, cell size and deformability. After reviewing these 
parameters for tunable cell separation, Amini and co-workers proposed tips to 
design appropriate microfluidics to sort cells with different properties (shape, 
size and deformability) based on the latest development of inertial 
microfluidics [37]. With respect to microfluidic design, a multitude of 
geometries – straight [35,38,39], curved [40], spiral [41], pinched [34] and 
alternative expansion and contraction edges [42] – have been developed for 
cell sorting (Figure 4ii-vi). Several cell sorting applications based on these 
principles have been demonstrated, for example, the isolation of CTCs from the 
other cell populations in whole blood [42]. The deformation of cells, in 
particular CTCs under high shear stress, was reported to have an impact on cell 
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focusing in the channel, while the influence on separation efficiency was still 
inconclusive [34,41]. To pursue efficient separation of cells that are prone to 
deformation, the difference in deformability was also exploited in inertial 
microfluidics to enrich CTCs from diluted blood samples [39]. With the aid of 
size and deformability as dual distinctive features, the fractionation of diluted 
blood into RBCs, platelets, peripheral blood mononucleated cells and 
granulocytes was achieved by real-time deformability cytometry [38]. For 
further increased efficiency and purity, the size- and deformability-based 
separation was cascaded in series to achieve a 100-fold enrichment of platelets 
from diluted blood [40]. Under high-flow-rate conditions, sensitive cells 
subject to strong inertial interaction are seriously stressed. The risk of cell 
damage questions the validity of subsequent cellular analysis after separation. 
To address this issue, a soft inertial microfluidic system developed by Wu and 
co-workers employed a sheath flow to reduce shear stress and protect fragile 
cells during separation [35]. Escherichia coli (E. coli) was successfully isolated 
from diluted blood and the viability of E. coli was verified by comparing the 
protein content of cells before and after separation.  
Similar to hydrodynamic filtration, the performance of an inertial microfluidic 
system is highly dependent on precise flow control. This strict requirement of 
an external pumping system may narrow down the scope of applications, in 
particular, for adverse operation conditions and low-resource settings. 
Moreover, sample concentration is another limitation. Whole blood with a high 
cell concentration must be diluted in a pre-treatment step to maintain 
separation efficiency, thus reducing the value in the simplicity of this approach.  
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Figure 4. Principle of particle separation by inertial microfluidics (i) and layout of 

inertial microfluidics with straight (ii), curved (iii), spiral (iv) and pinched channels (v) 
and a channel with alternate side edges (vi). i) copyright 2009 Royal Society of 

Chemistry [36]; ii) copyright 2009 Royal Society of Chemistry [35]; iii) copyright 2008 
American Society of Chemistry [40]; iv) copyright 2012 Royal Society of Chemistry 

[41] v) copyright 2011 Royal Society of Chemistry [34]; vi) copyright 2013 American 
Chemistry Society [42]. 
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5.2.5. Dielectrophoresis 
Cells in the blood stream are a heterogeneous population of biological 
particles. Each subpopulation possesses intrinsic dielectric properties, which 
are closely related to membrane capacitance and cytoplasm resistance [43,44]. 
Dielectrophoresis (DEP) will occur when blood is exposed to a non-uniform 
electric field. Depending on the frequency of the field, polarized cells can either 
exhibit positive DEP (attraction to high electric field) in low conductive fluid or 
negative DEP (repulsion from high electric field) [45,46] in physiological media 
with high conductivity. This selective cell response makes dielectrophoresis a 
powerful tool to manipulate the dynamic behaviour of cells in blood for the 
purpose of separation and sorting.  
Incorporating DEP into microdevices can be easily achieved. Well-developed 
micro electro mechanical systems (MEMS) technology enables a 
straightforward implementation of electrode and exquisite control of electric 
field in microdevices. DEP can be implemented in a very efficient way in 
microfluidics, as the small dimensions in microfluidic devices allow for the 
generation of intense electric field gradients using rather low voltages.  
Microfluidic DEP technology for cell sorting can be grouped into field-flow 
fractionation, i.e. the deflection of cells from their streamlines and the capture 
of cells by the dielectrophoretic force. DEP field-flow fractionation technology 
with continuous flow has a striking advantage for high throughput sample 
preparation. The working principle is well elaborated by Lee et al. [47]. and 
Yang et al. [48]. When cells flow through a straight microchannel subject to an 
electric field, they experience three acting forces: DEP force, hydrodynamic 
force and gravity. By tuning the electric field (voltage and frequency) in a 
custom manner, the desired equilibrium of DEP force and gravity will levitate 
cells with varying dielectric properties and densities to distinct streamlines. 
The parabolic profile-induced velocity variance will allow cells to be eluted 
from the microchannel at different times. In addition, split microchannels 
downstream will harvest cells spatially separated in the main stream. One of 
the pioneering works achieved an elegant WBC 3-part differentiation by this 
technique [48]. Recently, the separation of CTCs (Figure 5i) [49-51], platelets 
[52,53] and pathogens (bacterial cells [54,55], yeast cells [56]) from whole 
blood were also demonstrated with a recovery rate greater than 90 %. 
DEP-assisted cell trapping is another strategy to achieve cell separation in a 
still fluid. In this concept, electrode microarrays function as steric traps to 
attract cells with a positive DEP response. Different patterns of microarrays – 
linear post [57], interdigitated [58,59] and spiral – were developed. (Figure 5ii-
iv) This approach is suitable for submicron organism separation in blood 
samples. Plasmodium falciparum-infected RBCs [44] and E. coli [58] were 
demonstrated to be captured from blood and released upon electric field turn-
off. 
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As this approach requires exquisite electric control and flow control, it appears 
impractical for low-resource settings. 

 
Figure 5. Microfluidics DEP devices. (i) DEP field-flow fractionation cell sorter for CTC 

isolation. (ii) Top, linear electrode array illustration; bottom, image of single cell 
capture. (iii) Interdigitated electrode array with cancer cells trapped at tips after blood 

removal. (iv) Distinct distribution of normal erythrocytes (edge of electrode) and P. 
falciparum-infected erythrocytes (centre of the spiral). i) copyright 2012 American 
Institute of Physics [49]; ii) copyright 2002 American Society of Chemistry [57]; iii) 
Copyright 1995 National Academy of Sciences, U.S.A. [59]; iv) copyright 2002 Royal 

Society of Chemistry [44]. 

 

5.2.6. Lab-on-a-disk 
Cell density is another common physical property use to separate different cell 
populations in blood. Centrifugal approaches are particularly applicable in the 
extraction of blood constituents (erythrocytes and buffy coat) from different 
sediment layers. The lab-on-a-disk technology successfully miniaturizes the 
bench-top centrifugation protocol into an on-chip sampling step. Compared 
with the aforementioned LOC systems, the centrifugal lab-on-a-disk platform 
offers striking advantages in flow control. Instead of pressure-driven flow, 
sample handling in the lab-on-a-disk platform is simply driven by a 
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conventional spindle motor, thus eliminating the need for an external pumping 
system. Centrifugal actuation independent of fluid properties, such as pH or 
conductivity, renders robustness in handling heterogeneous blood samples. 
The recent advances in the lab-on-a-disk platform for cell analysis were well 
summarized by Burger et al. [60]. Separation of the entire cellular constituent 
in whole blood can be readily achieved by plasma sedimentation in the lab-on-
a-disk platform employing straight [61], curved [62], azimuthally inclined [63] 
and spiral channels [64]. Recently, more and more attention has been drawn to 
selective separation of target cell populations from whole blood. A density 
gradient has been employed to separate WBCs from RBCs [65] or to enrich 
basophils [66] from peripheral human blood.  
Although the lab-on-a-disk platform exhibits broader compatibility with 
different sample fluids and fewer constraints on external equipment, it still has 
its own limitations in terms of unidirectional flow and difficulty in extracting a 
very small cell population. 

5.3. BIOMARKER-MEDIATED CELL IDENTIFICATION AND 
SORTING BASED ON IMMUNE CHARACTERISTICS 

Compared with physical properties, cellular immunoaffinity is more potent to 
improve specificity in cell separation and achieve explicit cell identification. 
Biomarkers on cell membranes, e.g. surface antigens, are the immunological 
fingerprint of a cell population. The exclusive key-lock interaction between 
biomarkers and relevant biomolecules can be employed to identify and sort 
different cell populations in blood. 

5.3.1. On-chip immunostaining and cell identification 
The current gold standard for cell identification is flow cytometry. In this 
technology, cells pre-stained with fluorophore-labelled antibody are identified 
by passing through excitation laser beams and optical detectors in a serial 
manner. The test requires the operation of bulky instruments and bench-top 
sample preparation performed by skilled personnel in a well-equipped 
research environment.  
Recent developments in microfluidics make promising progress in enabling 
cytometry technology for POC blood diagnostics. One pioneering concept uses 
microfluidic cell counting chambers with integrated reagents for on-chip 
immunostaining and a portable fluorescence imaging instrument for the 
detection of stained cells [67]. Unlysed whole blood flows into the chambers 
driven by capillary forces, and antibodies are released into the sample after the 
inflow has stopped. Fluorescence imaging after 30 min incubation yields 
sufficient contrast between cells and background without the need for a 
washing step. The prerequisite of on-chip staining under such conditions is 
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homogenous mixing of blood and integrated reagents. To achieve even 
distribution of the reagent in blood, a polymer matrix is incorporated in a 
microdevice to release embedded reagents in a controlled manner upon 
contact with blood. This is the major research area of interest in our group. 
Beck and co-workers developed a self-contained chip with on-chip sample 
preparation for CD4 counting [67]. One side of the chip was covered with a 
manually deposited dry gelatine layer, which contained antibodies against CD3 
(αCD3) and antibodies against CD4 (αCD4). The chip was simply filled with 
whole blood through capillary action. The well-defined height of the chamber 
and image area of the fluorescence imager were used to meter the blood 
volume. The principle of on-chip sample preparation lies in a passive release 
scheme. Diffusion-controlled antibody release only starts when a certain 
degree of gelatine swelling is reached after blood inflow. This release delay is 
beneficial to prevent antibody wash-off in the chip (Figure 6i). By tuning the 
preparation of gelatine layers (thickness and degree of physical crosslinking), 
optimal release delay was achieved to maintain homogeneous antibody 
distribution in the chip, meanwhile ensuring more than 80 % antibody 
fractional release within 10 min for rapid and sufficient immunostaining of 
target cells [68] (Figure 6ii). The stained cells were imaged by a fluorescence 
analyser and the analysis of the obtained image yielded the cell count. 
Thermally activated release in the same chip format was employed to 
demonstrate temperature-switched immunostaining [69]. In this work, 
gelatine/antibody layers were produced by inkjet printing, which turns the 
labour-intensive preparation to a semi-automatic process and improves layer 
reproducibility. The layers were subject to an appropriate maturation process 
to increase the degree of physical crosslinking in gelatine, resulting in a dense 
matrix network to retain antibody during blood inflow. On-demand antibody 
release after inflow can be triggered by heating the layer over the sol-gel 
transition temperature of gelatine. Elevated temperature led to gelatine 
dissolution to release embedded antibody in a rapid manner (Figure 6iii). Such 
concept of initially preventing release (during inflow), followed by a triggered 
instantaneous and complete release on demand successfully achieved uniform 
and complete on-chip immunostaining. Compared with the passive release 
scheme, this active release scheme offers better temporal control for the on-
chip sample preparation and can be beneficial for other biological assays, 
which requires a series of mixing steps. A similar concept was reported by Jin 
and co-workers [70], who achieved on-chip antibody release via the 
dissolution of poly(vinylpyrrolidone) (PVP) nanofibers for E. coli identification. 
Another approach to trigger the release of reagents for on-chip sample 
preparation is pH-responsive release. Mortato and co-workers immobilized 
poly(methacrylic acid) microgels with embedded fluorophore-labelled 
antibody in a microfluidic channel [71]. The filling of whole blood at 
physiological pH induces maximum swelling of the microgel, thus enabling the 
release of reagent to stain T lymphocytes and B lymphocytes on chip but 
without the possibility of influencing the timing of the release externally. 
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On-chip sample preparation enabled by controlled reagent release greatly 
simplifies the conventional staining protocol, including metering, pipetting, 
vortexing and rinsing. Despite that, it also faces unique challenges. Because all 
concepts in this approach aim for POC applications, in particular for low-
resource settings, the functionality and integrity of both polymer matrix and 
embedded reagents must be verified in a less controlled environment with a 
broad span of temperature and humidity, which mimics the conditions in rural 
areas. 
 

 
Figure 6. i) Schematic presentation of on-chip sample preparation for CD4 count. ii) 
Tuning antibody release kinetics by different layer preparation. iii) The influence of 

delayed release on the homogeneity of antibody distribution (upper). Layer 
maturation-induced delayed release and temperature-triggered release (lower). i) 
copyright 2012 Royal Society of Chemistry [67]; ii) copyright 2016 Royal Society of 

Chemistry [68]; iii) [69]. 
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5.3.2. On-chip immunomagnetic cell separation 
In addition to fluorophores, magnetic particles are also widely used to label 
antibodies that can recognize specific surface antigens. The coupling of 
antibody-coated magnetic particles against target cells has been reported to 
achieve highly selective immunomagnetic separation from bulky cell mixtures 
[72]. Implementing this separation scheme into microdevices can further 
enhance the separation purity and efficiency due to increased magnetic field 
gradients. 
A one-step immunomagnetic separation of T lymphocytes from whole blood 
was realized on a simple microchannel [73]. Anti-CD3-coated magnetic beads 
were first introduced into the channel and accumulated at a precise location 
where permanent magnets were placed. This formed bead beds that served as 
a regional binding site to capture T lymphocytes in the subsequent blood flow 
(Figure 7i). In a similar concept, CTC-spiked whole blood was pre-stained with 
anti-epithelial cell adhesion molecule (anti-EpCAM) functionalized magnetic 
particles and flowed through a microchannel, which was closely above a 
magnetic array. By tuning the flow rate, the CTCs were separated from blood 
and deposited at the bottom of the channel with an 85 %–90 % capture rate 
[74]. In a more complex format, a planar array of magnetic stripes in a 
microchannel was designed [75] (Figure 7ii). Whole blood was injected into 
the microchannel and flowed over the magnetic array. WBCs coupled with 
anti-CD45 functionalized magnetic particles were clearly shown to deviate 
from the flow direction and proceed along the orientation of the magnetic 
strip. However, the track of RBCs was not deflected. This distinct flow pattern 
allows for excellent WBC separation. Saliba and co-workers developed a 
hexagonal array of magnetic ink patterned at the bottom of a microchannel. 
After the filling of antibody-coated magnetic beads into the channel, an 
external vertical magnetic field was applied to align free-moving beads into 
columns, which were anchored on top of the ink dots [76] (Figure 7iii). The 
self-assembled 3D magnetic trap array was successfully demonstrated to 
capture leukemia cells [76] and CTCs [77] from whole blood. 
A minor concern of this approach lies in the interference from RBCs. In 
deoxygenated blood, the reduced form of iron-bearing haemoglobin may 
render RBCs with a paramagnetic property [78]. Despite the intrinsic 
magnetapheresis of RBCs being much weaker than that of target cells coupled 
to antibody-mediated magnetic particles, the purity of target cells isolated 
from whole blood must be further verified. 
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Figure 7. Magnetic-activated cell capture. (i) Immunomagnetic separation of T 

lymphocytes using a Y-intersection device. (ii) A single magnetically (and 
fluorescently) labelled leukocyte follows the magnetic stripes (right), while unlabeled 

erythrocytes follow the fluid direction (left). White arrow, fluid direction. (iii) The 
alignment and anchorage of antibody- coated magnetic beads for leukemia cell 
capture. i) copyright 2004 Royal Society of Chemistry [73]; ii) copyright 2004 

American Institute of Physics [75]; iii) [76]. 

 

5.3.3. On-chip immunocapture 
Specific adhesion of cells on a surface immobilized with a given ligand provides 
another strategy to address poor selectivity and low efficiency in physical-
based cell separation. Adhesion-based microdevices for cell separation have 
gained increasing attention due to their specificity and reliability as well as 
their label-free operation. The outcome of cell capture in microdevices is 
influenced by the employment of a ligand molecule, the device design and the 
applied flow rate. The affinity between the ligand molecule and the cell 
determines the adherence force between the cell and the surface. The shear 
stress induced by the geometry of the microchannel and flow rate diminishes 
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cell adhesion [79]. Therefore, a successful application demands a thorough 
optimization of all three factors. 
Antibodies are the most common ligand molecules due to the well-exploited 
antigen-antibody interaction for cell capture. Epithelial cell adhesion molecule 
(EpCAM) is a diagnostic marker for a variety of cancers. Nagrath and co-
workers constructed a microchannel hosting an anti-EpCAM immobilized 
micropost array to capture CTCs from whole blood [80]. A 99 % detection rate 
and greater than 50 % capture purity were reported. In addition to relying on a 
single type of antibody for cell capture, a panel of antibodies was immobilized 
on the bottom surface of a microchannel to maximally match the phenotype of 
circulating endothelial progenitor cells for higher capture efficiency in blood 
[81]. In CD4 count application, diverse concepts were developed on the basis of 
the capture of CD4+ T lymphocytes [82-85]. Wang and co-workers captured all 
CD4+ cells in a microtrap array and labelled captured cells with αCD3-enzyme 
conjugates in a sandwich manner for chemiluminescence detection [82]. Cheng 
and co-workers excluded the influence of monocytes in CD4 count by a serial 
capture of monocytes and CD4+ T lymphocytes on a planar surface [84]. By 
using the same αCD4 for immobilization, micropost arrays were found to be 
more efficient than a planar surface in the same microchannel in capturing 
CD4+ T lymphocytes due to increased surface areas [85]. Apart from 
microarray and channel surfaces, peptide-functionalized alginate hydrogel was 
also employed to capture cells in a microdevice [86]. A striking advantage is 
that the reversibly crosslinked alginate can be dissolved to release captured 
cells for further analysis. Microbeads are another carrier for antibody 
immobilization: a group of densely packed micobeads in a microchannel was 
able to capture E. coli with excellent efficiency from 91−95 % [87]. 
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Figure 8. Adhesion-based cell capture. (i) Overall and detailed picture of CTC isolation 

system. a, workstation; d, lung cancer cell captured by antibody coated micropost 
array (ii) Schematic diagrams and pictures of a microdevice hosting an antibody-

coated microtrap array for capturing CD4+ T lymphocytes using chemiluminescence-
based detection. (iii) Schematic of the microchannel packed with antibody coated glass 

beads for E. coli capture. The thickness step of the channel ensures monolayer 
formation and prevents washing away of beads. i) copyright 2007 Nature publishing 

[80]; ii) copyright 2010 American Chemistry Society [82]; iii) copyright 2010 Springer 
[87]. 

 
Aptamers, short-chain oligonucleotides, recently receive growing attention as 
they show great potential to selectively target desired cell types [88]. The 
immobilization of aptamer onto the surface of the microchannel is 
accomplished via the biotin-avidin interaction. An interesting microdevice with 
an aptamer-functionalized microwell array was tested to capture cancer cells 
from whole blood [89]. By optimizing the size of the microwells, single-cell 
occupancy was obtained as high as 88 %. Three different aptamers: sgc8, TD05 
and Sgd5 immobilized onto the planar surface of microchannels were 
employed to target CCL-119 T-cells, Ramos cells and Toledo cells, respectively 
in whole blood. A 135-fold enrichment was obtained with greater than 96 % 
purity, suggesting profound specificity and selectivity in cell separation 
[90,91]. Thanks to this high yield of cell enrichment, aptamer-based 
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microdevices were capable of detecting the chemiluminescence produced by 
leukemia cells down to 10 cells μl−1 in the blood sample [92]. 
External pumping-enabled Precise flow enabled by external pumping to 
achieve the efficient capture. Therefore, the availability of immuno-capture-
based cellular analysis is limited only to well-equipped research environments. 

5.4. OUTLOOK 
Over the last decade, fast-paced advancement in LOC technology has driven the 
development of a diversity of on-chip sample preparation concepts for cellular 
analysis of blood samples. Few successful concepts are applied into practice for 
routine POC blood tests. The underlying reason is that the potential of POC 
testing is not fully reached by the current concepts. An ideal LOC device for 
POC blood tests should be able to take an input of whole blood and output a 
result. In addition, the entire process is completely automated and accessory 
free. There are two issues holding back the application of current concepts. 
First, the required accessories for fluid actuation and (electric and magnetic) 
field implementation prevent the use of on-chip cell separation and sorting at 
the POC. Second, current LOC devices for cellular analysis do not meet the need 
for comprehensive blood tests, in particular, the genetic analysis of small 
subpopulations of cells, such as for the analysis of CTCs and foreign pathogens 
in blood samples. To overcome this limitation, the following issues need to be 
addressed. From the operational point of view, a microdevice should enable 
self-regulated fluid delivery (i.e. capillary driven) and on-chip sample-reagent 
mixing (i.e. diffusion-driven, possibly in combination with controlled reagent 
release) to secure (semi)-automatic sample preparation. From a functional 
point of view, successive preparation and analysis steps may require 
segmented compartments (e.g. for cell identification and capture, cell lysis, 
biomolecular sensing), which should be implemented into microdevices to 
fulfil the requirement of multi-step sample preparation for blood tests. In other 
words, the simplicity of existing POC solutions such as lateral flow assays must 
be combined with the performance of advanced LOC technology. 
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6.1. INTRODUCTION  
Syphilis is a curable sexually transmitted disease caused by Treponema 
pallidum. Primary syphilis is generally characterised by a genital ulcer. 
Although often asymptomatic, it can still be transmitted to the sexual partners 
of infected persons. Globally, the World Health Organisation (WHO) estimates 
that 12 million cases of syphilis occur each year [1]. 
Infection during pregnancy is responsible for stillbirths, prematurity, and 
neonatal morbidity and mortality. Deaths by congenital syphilis affect more 
than one million babies a year in the world. Studies have also shown that 
syphilis has been associated with an increased risk of HIV transmission and 
acquisition [2,3]. Neurosyphilis may also develop earlier in the course of the 
disease in HIV-infected patients [4-8]. 
All these situations may be preventable if an early diagnosis and adequate 
treatment are performed, because treatment is inexpensive and there is no 
resistance to first-line treatment options. This is especially important with 
respect to congenital syphilis, since screening and treatment for syphilis 
during pregnancy are among the most cost-effective health interventions [9-
11]. 
Laboratory diagnosis of syphilis is complex, since T. pallidum cannot be 
cultured, and serology is the main diagnostic methodology. When there is no 
laboratory testing available, the treatment of symptomatic syphilis (primary, 
secondary, and tertiary) can still be performed by taking into account the signs 
and symptoms of the different stages of the disease. However, diagnostic 
problems arise in asymptomatic or treated patients, who, in our experience, 
are the majority of cases [12-15]. 
Laboratory diagnosis is then necessary, which is based on both non-
treponemal (the Rapid Plasma Reagin [RPR] or Venereal Disease Reference 
Laboratory [VDRL]) and treponemal (T. pallidum Hemagglutination Assay 
[TPHA], T. pallidum Particle Agglutination Assay [TPPA], or Fluorescence 
Treponemal Antibodies Absorption Test [FTA-ABS]) antibodies screening 
tests. Non-treponemal tests (NT) are simple to perform, inexpensive, and may 
be used to evaluate response to treatment, but whenever reactivity occurs, 
samples need to be confirmed with a treponemal test (TT). On the other hand, 
a reactive TT result cannot establish the difference between active and treated 
syphilis and cannot be used to evaluate treatment response [16-18]. 
These serological tests need trained personal and laboratory facilities, which 
are generally not available to screen outreach populations or in resource-
limited regions (mostly the parts of the world where syphilis is most 
prevalent), as well as in some other settings, such as screening clinics, where a 
rapid result is needed for immediate treatment. 
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There is thus a need for rapid, inexpensive tests for the diagnosis of syphilis 
and other STIs that can be performed with no laboratory equipment by 
minimally trained staff and that involve few steps and easy interpretation. 
They should also give a result in a short period of time in view of patients’ 
immediate treatment. These tests’ characteristics have to fit in the so-called 
ASSURED Criteria (Table 1) [19-20], and they are known as point-of-care 
testing (POCT). A huge effort has been put into developing POCT in recent 
years, and as a consequence POCT for the diagnosis of HIV, hepatitis B and C, 
and other sexually transmitted infections (STIs), including syphilis, has been 
made available.  
 

 
Until recently, the POCT developed for syphilis included mostly TTs. Although 
NTs, such as the RPR, may be considered rapid tests, they are not POCT 
(Table 2), since they do not fulfil the characteristics pointed out in Table 1. 
Therefore, they cannot be used in places where laboratory facilities are not 
available.  
One of the main problems with POCT is to make sure that its performance is 
not affected by conditions during transportation and in the places where 
needed, especially with respect to high temperatures and humidity. POCT 
requires temperatures between 4 and 30 °C. When temperatures are higher, it 
is important that a good quality control is performed on arrival of the tests and 
from time to time in a laboratory with basic conditions to perform other tests 
[21]. Studies on that subject are still needed. 
The same should happen with respect to quality control and improvement. 
Studies on this subject [22-25] indicate that the quality of testing varies in 
different clinics and settings, but this can be overcome by rigorous quality 
assurance programmes for POCT. The identification of health care workers 

Table 1. Characteristics of an Ideal Rapid Test: ASSURED Criteria 

A = Affordable (by all who need them) 
S = Sensitive (minimum false negatives) 
S = Specific (minimum false positives) 

U = User-friendly (very simple to perform, minimal staff training, few steps) 
R = Robust (not requiring refrigeration and storage) and rapid (results in less  than 

30 m to enable treatment at first visit) 
E = Equipment-free (not needing complex laboratory equipment, may be performed 

in whole, not requiring a centrifuge), easily collected non-invasive specimens 
D = Deliverable to those who need them (not needing refrigeration and transport 

conditions) 
Adapted from Peeling et al. (2006) and Gaydos and Hardick (2014) [19,20] 
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who may need further training can be done by external quality assurance 
(EQA) programmes.  
 
 

Table 2. Characteristics of Rapid Non-Treponemal tests (RNTT) and PCTT Rapid 
Non-Treponemal tests (RNTT) and Point-of-Care Treponemal Tests (PCTT) 

 RNTT POCNTT POCTT 
Electricity yes no no 

Rotator yes no no 
Centrifuge yes no no 

Whole blood no yes yes 
Simple to perform yes yes yes 

Storage conditions (≤30 °C) no yes yes 
Transportation conditions (≤30 °C) no yes yes 

Follow-up yes no no 
Differentiation active vs past infection yes yes no 

 
The use of POCT will generally best benefit specific population groups, such as 
pregnant women (prenatal screening is affected by the lack of laboratory 
facilities, and therefore the availability of POCT will increase the number of 
pregnant women tested and decrease the number of infected foetuses) and at-
risk populations, including sex workers and their clients, injection-drug users, 
and men who have sex with men (MSM) (decreases the number of infected 
adults in populations with the highest burden of syphilis, thus decreasing its 
transmission). 
Screening pregnant women for syphilis is a universal recommendation. 
However, in Sub-Saharan Africa, where the burden of disease is highest, only 
around 40 % of women attending antenatal clinics are screened. This is mainly 
because of the unavailability of laboratory conditions for classic syphilis tests 
to be performed in those clinics. 
Screening this population group with POCT will also contribute to fulfilling one 
of the WHO objectives of the millennium, the elimination of congenital syphilis 
[26]. The choice of where to use POCT must also be considered. Generally, it 
should be used when patient access to syphilis screening is poor, especially 
among pregnant women, and in situations where its use will increase the 
number of people adequately and timely screened and treated. 
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6.2. POINT-OF-CARE TESTING FOR SYPHILIS:  
RECENT ADVANCES 

6.2.1. Syphilis serological diagnosis algorithms 
Since the development of both NTs and TTs, they have been seen as 
complementing each other, and the rule was to perform the former, which is 
less expensive and has higher sensitivity but lower specificity than the latter. 
When reactive, confirmation with a specific test was mandatory. Using only 
one or the other of these tests leads to overtreatment, because we may be 
treating false positive reactions (only NTT reactive) and previously treated 
infections (only TT reactive). False positive reactions in persons without 
syphilis occur mainly in pregnancy (when the disease may be transmitted to 
the foetus), in some infections (which are more prevalent in places where the 
burden of disease is high), immunisations, injection-drug use, older age, and 
auto-immune conditions [18]. 
With the availability of point-of-care treponemal tests (POCTT), the possibility 
of TT automation, and the fact that some of these tests are less subjective, 
some authors recommend screening with a TT and confirming with an NTT 
[17,27], which is called the reverse sequence algorithm. The European Centre 
for Disease Prevention and Control (ECDC) [28] and the British Association for 
Sexual Health and HIV (BASHH) [29] suggest a different approach, meaning 
that a TT should be used first, followed by a second TT when reactive. Since 
POCT includes mostly TTs, this recommendation could be adopted everywhere 
and become universal.  
If only POCTT are available, all individuals whose samples show reactivity 
should be treated, even knowing that active and past infections cannot be 
differentiated with these types of tests. As a consequence, there is a possibility 
of overtreatment, and no treatment follow-up can take place. 
Point-of-care non-treponemal tests (POCNTT) are nonetheless becoming 
available together with POCTT in so-called dual treponemal/non-treponemal 
POCT [30-33]. The possibility of performing both types of tests simultaneously 
makes the diagnosis of syphilis more specific, increasing positive predictive 
values and making it easier to differentiate between active and treated 
infection [34], thus decreasing the chances of inadequate treatment and 
overtreatment.  
Since even dual POCNT and POCTT do not allow follow-up of response to 
treatment, they are less useful when laboratory facilities are available. On the 
contrary, they are of great diagnostic value in places where there are no 
conditions for a laboratory diagnosis. This is most important when screening 
pregnant women, whom it is better to overtreat than to undertreat [35]. 
The specific characteristics of POCNTT and POCTT are described in Table 3. 
Dual [25,36,39], triple [40-42], or quadruple [43] POCT for syphilis, HIV, and 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiy_eSngd3OAhWGQBQKHVrxAL4QFggbMAA&url=http%3A%2F%2Fwww.bashh.org%2Fguidelines&usg=AFQjCNFBZ-Y3bUZnNhdamWWOR7gfvcsCPA&sig2=8NwReCp5xP9G1JBrhU7wtQ
https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiy_eSngd3OAhWGQBQKHVrxAL4QFggbMAA&url=http%3A%2F%2Fwww.bashh.org%2Fguidelines&usg=AFQjCNFBZ-Y3bUZnNhdamWWOR7gfvcsCPA&sig2=8NwReCp5xP9G1JBrhU7wtQ
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other STIs have recently been developed, and, for syphilis POCT alone, 
depending on the conditions and populations studied, quality control 
implementation and integration in local health facilities have shown to have 
good sensitivity and specificity for the tests included in the device. 
 

6.2.2. POC tests’ performance 
Most POC tests for the diagnosis of syphilis have been evaluated in samples 
from pregnant women from developing countries (some in field conditions, 
others in central laboratories), although some studies have analysed samples 
from high-risk and other remote outreach group populations. In those studies, 
sensitivities of the POCTT varied from around 63 % in the first studies to 
almost 100 % [30-33,36,39,44,45], with specificities varying from around 90 % 
to 100 % in the most recent studies. The tests’ increasing performance over the 
years is associated not only with the development of better tests but also with 
better quality control, one of the most important steps, especially when taking 
into consideration that these tests are to be used mainly in remote regions. In 
some of these studies, such as one in Delhi [45], POCTT still had good 
performances (sensitivity – 75 %, specificity – 100 %, positive predictive value 
– 100 %, negative predictive value – 99.45 %), even when in samples from low-
prevalence (2 %) populations of pregnant women. The same was found by 
Malla et al. (2016) [46] in low-prevalence settings in Peru.  
Lately, the performance of POCNTT, which are always dual tests with POCTT, 
has been evaluated. Yin et al. (2013) [32] analysed blood, finger-prick blood, 
and blood plasma samples with a dual test against reference standards. 
Sensitivity and specificity for the non-treponemal line varied from 86 % to 
88 % and from 94 % to 96 %, respectively. For the other line, variation for 
sensitivity and specificity was from 94 % to 98 % and 99 % to 100 %, 
respectively. Castro et al. (2010) [30] found a reactive concordance in POCNTT 
of 98.4 % and a non-reactive concordance of 98.6 %, whereas for POCTT they 
were 96.6 % and 95.5 %, respectively. A sensitivity of 98.8 % and a specificity 
of 94.7 % for the POCNTT were also described by Castro et al. (2014), whereas 
the sensitivity and specificity of the treponemal POCTT was 99.5 %, 98.9 %, 
88.9 %, and 93.2 %, respectively, when compared with the T. pallidum 
hemagglutination assay and fluorescent treponemal antibody absorption tests 
[33]. Guinard et al. (2013) [31] found similar results, with the exception of a 
lower specificity for the non-treponemal line (76.6 %). Hess et al. [41], who 
described poor performance for syphilis of a triple POCT for HIV-HCV-syphilis, 
indicated that sensitivity improved when the gold standard was limited to 
samples from individuals more likely to be active cases.  
A meta-analysis combining data from more than 7,200 patients on the 
performance of a combined treponemal and non-treponemal rapid diagnostic 
test for syphilis and yaws was undertaken by Marks et al. [47]. The test 
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showed a good sensitivity, which was higher in patients with syphilis than in 
patients with yaws at low titres. The sensitivities of the treponemal and non-
treponemal components for syphilis and yaws were 98.4 % and 97.6 % and 
98.7 % and 96.6 %, respectively, for high-titre specimens. The sensitivities for 
the POCTT and POCNT components were 93.1 % for syphilis and 73.5 % for 
yaws and 85.0 % for syphilis compared to 59.1 % for yaws. The specificity of 
the treponemal line was slightly higher in patients tested for syphilis when 
compared to yaws for low-titre specimens, with the inverse being true for the 
non-treponemal line. The overall agreement between the reference serology 
and the dual test was 85.2 % (84.4−86.1 %), which is higher for past infection.  
Attention should also be paid to the possibility of diagnosing neurosyphilis 
with POC tests. Ho et al. [48] have optimised three POC TTs for use in 
cerebrospinal fluid (CSF). One of the tests, the Syphicheck, was found to have a 
sensitivity of 62−64 % and a specificity at or above a titre of 1 : 4 of 79−81 %, 
respectively. It was similar to the CSF-VDRL, which had a 54−69 % sensitivity 
and 73−75 % specificity for laboratory and clinical neurosyphilis diagnoses, 
respectively. After neurosyphilis treatment, CSF-Syphicheck titres followed the 
same pattern as the CSF-VDRL.  
 

6.2.3. Impact of tests’ introduction  
Studies on the impact of POC tests in screening pregnant women [49,50] have 
reported that there was a substantial increase in antenatal syphilis screening 
following introduction of these types of tests. This was true for different 
settings: from urban to rural, primary health care centres or hospitals, and in 
countries with different health systems and cultural and socioeconomic 
contexts in Africa, Asia, and South America. The studies concluded that with 
this approach a larger number of women were screened and treated, with 
numbers that increased from non-available data to 96 % (93.6 % treated), 
51−95 % (97 % treated), 17.8−100 % (treated 91 %), 1.7−90.3 % (treated 
103.6 %), and 79.9−95.6 % (treated 95.2 %) in China, Peru, Tanzania, Uganda, 
and Zambia, respectively. 
In places where HIV screening was previously performed, this procedure was 
not affected. On the contrary, it is possible that HIV screening may have 
increased in some of those settings. Furthermore, Strasser et al. (2012) [51], 
Tucker et al. (2011) [52], and Smith et al. (2015) [42] showed that POC syphilis 
testing may be easily integrated into preexisting services, specifically for HIV. 
It should be noted that women not attending antenatal clinics (ANCs) will still 
continue to be missed and therefore not treated and neither will their partners. 
When antenatal screening levels are already high, the introduction of POC tests 
may not be significant, even when well accepted by health professionals, as 
showed in a study performed in Mozambique. Actually, in some studies, the 
impact was more significant when testing was low at the baseline. In places 
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where screening was high, the introduction of POC tests decreased coverage, 
probably due to changes in a well-organised process [53]. 
POCT seems to also be useful in outreach settings: in Canada [25], a resource-
rich country, at-risk populations such as intravenous-drug users, sex workers, 
prisoners, and MSM seeking STI testing found the tests to be acceptable. New 
HIV and syphilis cases were then diagnosed and linked to treatment and care. 
The same was found by MacPherson et al. [54] in injecting-drug users (IDUs), 
MSM, and UK Africans, who successfully reached these target groups, many of 
whom would not have been tested otherwise. Studies performed in Bangalore, 
India, and the Amazon region of Brazil [22,44,55,56] showed that POCT was 
helpful in alleviating the impact of syphilis in both pregnant and non-pregnant 
outreach populations, including high-risk individuals such as sex workers. 
Although this was also true in Guatemala [42], there screening uptake was 
limited by a shortage of health care workers and poor supply chain 
management. 
POCT is generally well accepted by clients and health professionals to diagnose 
either HIV or syphilis, as demonstrated in Lima, Peru [57]; Manaus, Brazil [56]; 
India [40]; Kenya [58]; Tanzania [49,59]; China; Uganda; Zambia [49]; Canada 
[27]; and England [54]. Clients were satisfied in receiving the test results 
rapidly in the first visit [24,49], with no need to come back for results. In some 
studies, clients were asked if they would prefer a finger prick to venipuncture; 
the answer was affirmative, especially because a smaller amount of blood was 
drawn [49]. Health workers also agreed that POC syphilis tests simplified 
screening procedures [59]. 
Health professionals and some authors also felt that training, supervision, and 
quality assurance must be strengthened and made an integrated part of POCT 
programmes [24,50,60,61]. Moreover, some health care workers stated that 
training would overcome their fear of communicating positive results and 
improve partners’ notification [42]. 
The cost-effectiveness of POC tests should also be considered. Nowadays, 
antenatal screening and treatment of maternal syphilis are cost-effective 
health interventions [62], even under low prevalence of infection of 1 and 2 %, 
as shown by Kashiap et al. (2015) [45] and Mallma et al. (2015) [46], especially 
when using POCTT. 

6.3. CONCLUSION 
The difficulty in diagnosing syphilis, which is more common when 
asymptomatic, has been a problem for years, especially in places where 
laboratory diagnosis is not possible. Lately, it seems that this may be overcome 
with the availability of treponemal and non-treponemal POC tests that may be 
used successfully in areas with unfavourable conditions for a normal 
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diagnostic laboratory. Overall, these tests have shown to have good 
sensitivities and specificities [30,32,33,47] and to increase screening in 
different population groups from pregnant women to sex workers, MSM and 
drug addicts, and other outreach populations anywhere in the world 
[22,25,44,54-56]. The tests are generally well received by local health care 
workers and clients in places where studies have been performed 
[24,25,40,49,56]. 
Although some years ago the cost-effectiveness of POCT was still a problem, 
nowadays treponemal rapid tests are shown to be cost-effective and seem to 
be a good screening option. However, using this type of test leads to 
overtreatment, and, as a consequence, there is concern about its use alone 
without a non-specific TT. In the case of pregnant women, the cheapest option 
would then be mass treatment, but adverse penicillin reactions, the 
impossibility of identifying sexual partners, difficulties in infrastructures to 
deliver treatment, and universal treatment acceptance by non-infected women 
make such a test difficult to implement [63]. Therefore, the new dual tests 
could overcome these problems in all types of populations, but they are still 
costly. When their price is reduced, which we hope will be in the near future, 
they will be the best option.  
While dual tests with the previously described characteristics are not available 
and because the objective of POCT is to deliver adequate and immediate 
diagnosis and treatment to all those infected, no matter if they live in the most 
remote regions, POCTT remain the best option. They should be integrated with 
mother-to-child HIV prevention programmes, especially now that dual rapid 
syphilis/HIV tests are available, and included in countries’ national guidelines. 
Ideally, they should be performed, when necessary, in conjunction with the 
new POC assays for diagnosis of other STIs, such as Chlamydia trachomatis, 
Neisseria gonorrhoeae, Trichomonas vaginalis, and herpes simplex virus, which 
are becoming more sensitive and specific and will eventually also become 
affordable. Nonetheless, screening and treatment will only be effective if 
intensive and continuous training, supervision, and quality assurance are 
strengthened wherever these programmes are used. 
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7.1. INTRODUCTION  
Paper has been broadly used in point-of-care testing (POCT) and chemical 
analyses for biological and environmental applications [1-4]. Compared to 
conventional analytical methods commonly used in medical centers, paper is 
recognized as a promising platform substrate for the development of 
alternative, inexpensive, and easy-to-use analytical devices [paper-based 
analytical devices (PADs)] for on-site detections in resource-constrained 
settings [5-9]. Such devices are conveniently carried, reagent / sample saving 
(each operation only requires a few liquid microliters), robust, easily disposed 
of via incineration, and are operable without additional instrumentation. 
Among the currently developed PADs, their core design includes a reaction 
area and fluidic channels created via the hydrophilic nature of the paper used 
[10]. Most existing PADs are built on one of two colorimetric detection 
approaches, a metabolic assay [e.g., the aspartate aminotransferase (AST) 
assay, glucose assay, protein assay, etc.] or an enzyme-linked immunosorbent 
assay (ELISA) [i.e., using antibodies to indicate specific target antigens, such as 
vascular endothelial growth factor (VEGF), hCG, NC16A, etc.] [2,5,11-13]. Both 
PAD approaches offer promising strategies to ameliorate global health issues. 
In addition to analytical use, paper has also become an attractive material for 
the construction of high-tech devices [e.g., electronic displays, consumer 
electronics, energy storage devices, microelectromechanical systems (MEMS) 
sensors, etc.], given its advantageous properties of affordability, flexibility, 
disposability, porosity, and adaptability to large-scale manufacturing [14-17]. 
For these applications, the surface chemistry of paper, or at least a portion of it, 
is likely to be transformed from hydrophilic to hydrophobic to eliminate 
wetting behaviors native to unaltered paper that might degenerate the 
mechanical and electrical performances of these devices. However, the 
methods of transformation (e.g., vapor-phase deposition and micro-transfer 
printing) are complicated and expensive for small- / medium-sized research 
laboratories, which are often lacking in experimental resources [16,17]. 
In this study, we explored the characteristics of two types of papers commonly 
used in calligraphy–Chinese calligraphy paper and rice paper–to make 
calligraphy paper-based analytical devices (CADs). These are alternatives to 
the filter paper commonly employed to make PADs. Chinese calligraphy paper 
and rice paper are ubiquitous materials in the Far East and are widely used for 
calligraphy art. With regard to fabrication simplicity, we successfully 
demonstrated that a commercial wax printer could be used to develop two 
different CADs: i) a microzone plate, which consists of hydrophilic reaction 
zones (unaltered papers) and hydrophobic boundaries (wax-covered area); 
and, ii) a hydrophobic reaction plate, which provides a completely 
hydrophobic platform for analytical applications. The commercial wax printer 
provided several advantages: i) the amount of printing wax used during each 
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printing cycle was optimized via the manufacturing company; ii) the 
manipulations for pattern design and printing are user-friendly; and, iii) the 
choices of wax color can be varied with research demands.  
We discovered that CADs demonstrated significantly enhanced assay signal for 
our carbofuran assay (colorimetric assay) compared to PADs made up of filter 
paper. Moreover, we took advantage of different wax colors to create reaction 
plate background designs that lowered the limits of detection (LODs) for 
colorimetric assays (i.e., nitrite and glucose assays) and made visual 
observation and identification easier by providing color contrast. For example, 
an emerald colored reaction plate was well suited for our glucose assay, which 
used a red indicator. Note, these hydrophobic reaction plates allowed liquid to 
move freely on the surface. Such plates are a highly desirable alternative to 
conventional assay / diagnostic platforms because of their cost, ease of use, 
disposability, and background colors that are helpful to improve detection 
limits of colorimetric assays. 
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7.2. CALLIGRAPHY PAPER-BASED ANALYTICAL DEVICES 

7.2.1. Designs of CADs 
A schematic diagram for CAD fabrication process is provided in Figure 1. To 
establish hydrophobic boundaries, we used a commercial wax printer–a Xerox 
Phaser 8560N color printer–to define assay plate designs in the form of a 
microzone plate or a hydrophobic reaction plate. The process of wax printing 
was completed in 5 seconds. After the wax was printed on one side of the 
paper, we used an oven (105 °C for 5 min) to melt the wax and allow it to 
diffuse into the paper and “down” to the other side of the paper to form 
completely hydrophobic boundaries through the substrate. The microzone 
plate and hydrophobic reaction plate layouts created 96-well layouts (the 
diameter of circle was 0.4 cm) and 8 × 7 arrays (the area of test zone was 
0.8 cm2), respectively. 
 

 
Figure 1. A schematic diagram of the fabrication process for CADs 
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7.2.2. Physical Properties of CADs 
As for the physical properties of CADs, we have investigated and compared 
liquid diffusion capabilities for three types of papers (Chinese calligraphy 
paper, rice paper, and Whatman filter paper No. 1) (Figure 2). We pipetted 
2 μL of red ink solutions (i.e., 0.5 mM and 0.5 M) onto each well center of 
Chinese calligraphy paper, rice paper, and Whatman filter paper No. 1, 
respectively, and then continuously observed the diffusion of red ink on the 
surface of each paper over the course of 0, 30, and 60 min (note: each 
experiment repeated twice). At each time point, and for each red ink 
concentration, we calculated the red ink coverage area for each type of paper–
we did not observe paper chromatography in this experiment because the 
wicking distance within wells was too short for water and red dye separation. 
The 0.5 mM red ink covered nearly the entire filter paper test zone in less than 
a minute (60 s); by contrast, it was difficult to evenly distribute red ink over 
the test zones of Chinese calligraphy paper and rice paper in a short period of 
time, but the diffusion of ink on Chinese calligraphy paper was considerably 
slower than it was for rice paper, as evidenced by examined red dye coverage 
area [Figure 2(a)]. Nearly 60 min were required to fill the test zones on 
Chinese calligraphy paper and rice paper. The coverage ratios (area covered 
with ink versus area of test zone) over 60 min for the Chinese calligraphy 
paper were 75 ± 0.4 % and 89 ± 1.0 %, the coverage ratios for the rice paper 
were 73 ± 0.2 % and 70 ± 0.5 %, and the coverage ratios for Whatman filter 
paper No. 1 were 93 ± 1.0 % and 88 ± 0.3 % [mean distribution ± standard 
error (S.E).; N = 96 for each experiment]. For rice paper, the ratio variations 
were lower than the ratios for filter paper or calligraphy paper, indicating that 
liquid applied to rice paper was dispersed more uniformly. The coverage rates 
for Chinese calligraphy paper and rice paper indicate that uniform diffusion 
following liquid application could be challenging when using a liquid dropping 
method. To examine the influence of high viscosity, we also applied 0.5 M red 
ink into well centers of each paper type [Figure 2(b)]. The resulting coverage 
ratios for Chinese calligraphy paper over 60 min were 23 ± 2.2 % and 
29 ± 1.4 %, the coverage ratios for the rice paper were 56 ± 1.1 % and 
51 ± 1.7 %, and the coverage ratios for Whatman filter paper No. 1 were 
79 ± 0.5 % and 75 ± 0.4 % (mean distribution ± S.E.; N = 96 for each 
experiment). The red ink could not fully cover the test zones of Chinese 
calligraphy paper and rice paper even after 60 min; nevertheless, the rice 
paper could achieve more than a 50 % coverage ratio while the Chinese 
calligraphy paper could only achieve a 30 % coverage ratio. According to these 
results, a small amount of liquid on Chinese calligraphy paper cannot 
uniformly disperse as it would on filter paper; indeed, much of the applied ink 
remained in its originally applied position. 
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Figure 2. Liquid diffusion test. (a) We added 2 μL of 0.5 mM red ink onto the 

microzone plates that were constructed with calligraphy paper, rice paper, and 
Whatman filter paper No. 1, respectively, and continuously observed the coverage area 
change for applied red ink at 0, 30, and 60 min after spotting. The coverage ratios after 
60 min were 75 ± 0.4 % and 89 ± 1.0 % for the Chinese calligraphy paper, 73 ± 0.2 % 
and 70 ± 0.5 % for the rice paper, and 93 ± 1.0 % and 88 ± 0.3 % for Whatman filter 

paper No. 1 (mean distribution ± S.E.; N = 96 for each experiment). (b) We added 2 μL 
of 0.5 M red ink onto the microzone plates that were constructed of calligraphy paper, 

rice paper, and Whatman filter paper No 1, respectively, and continuously observed 
the changes in red ink coverage area at 0, 30, and 60 min after spotting. After 60 min, 
the coverage ratios were 23 ± 2.2 % and 29 ± 1.4 % for the Chinese calligraphy paper, 

56 ± 1.1 % and 51 ± 1.7 % for the rice paper, and 79 ± 0.5 % and 75 ± 0.4 % for 
Whatman filter paper No. 1 (mean distribution ± S.E.; N = 96 for each experiment). 

 
To further understand the physical properties of Chinese calligraphy paper, 
rice paper, and Whatman filter paper No. 1, we used a scanning electron 
microscope (SEM), and energy-dispersive X-ray spectroscopy (EDX) to analyze 
their topography and elemental compositions [Figure 3(a)]. We discovered 
that Chinese calligraphy paper and rice paper had more flat surface structures 
than filter paper in terms of less gaps between and around the surface of fibers. 
Moreover, we found out that the elemental compositions of Chinese 
calligraphy paper were divergent from other papers, as it consisted of oxygen, 
aluminum, silicon, calcium, and palladium atoms instead of the simple 
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combination of carbon and oxygen atoms in rice paper and Whatman filter 
paper No. 1. We propose that the intriguing elemental compositions of Chinese 
calligraphy paper might be attributable to its unique papermaking process, 
which takes advantage of a variety of inorganic reagents, such as alum or 
bleaching agents, to process necessary raw materials [18]. We believe that the 
distinctive topography and elemental compositions of Chinese calligraphy 
paper might be crucial to the observed liquid diffusion test differences as 
compared to rice paper or filter paper. 

7.3. CADs – MICROZONE PLATE 
In addition to physical properties, we used our microzone plate to complete a 
carbofuran assay in order to investigate the analytical attributes of CADs (note: 
carbofuran is commonly used as an insecticide, nematicide, and acaricide in 
agricultural practice [Figure 3(b)] [19].  
 

 
Figure 3. Investigation of the microstructures, elemental compositions, and a 

carbofuran assay in Chinese calligraphy paper, rice paper, and Whatman filter paper 
No. 1. (a) Top-view scanning electron microscope images of calligraphy paper, rice 

paper, and Whatman filter paper No. 1, and the elemental compositions of each paper 
type from X-ray spectroscopy analysis. (b) The carbofuran assay using microzone 

plates made of Chinese calligraphy paper, rice paper, and Whatman filter paper No. 1. 
The carbofuran assay was conducted using deionized water, and the standard 

carbofuran solutions for the test were 0, 0.0024, 0.039, and 0.625 ppm (Chinese 
calligraphy paper: N = 20; mean intensity ± S.D., rice paper: N = 16; mean 

intensity ± S.D., Whatman filter paper No. 1: N = 16; mean intensity ± S.D.). 
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7.3.1. Carbofuran assay 
Carbofuran, an acetylcholinesterase inhibitor, can suppress the enzyme 
activity of acetylcholinesterase, which catalyzes acetylcholine into choline and 
acetic acid. The resulting signal, therefore, would degenerate as the levels of 
carbofuran increased. We added 2 μL of carbofuran detection reagent [1 mM 
acetylcholine, 3.75 U / mL acetylcholinesterase, 1 U / mL choline oxidase, and 
0.5 U / mL hydrogen peroxidase (HRP)] onto each test zone, and waited 5 min 
for liquid drying. We subsequently added 2 μL of carbofuran standard 
solutions (0.0024, 0.039, and 0.625 ppm), prepared in deionized water, onto 
each test zone treated with the detection reagent, and waited 6 min for the 
chemical reactions to occur. Finally, we added 2 μL of 3,3',5,5'-
tetramethylbenzidine (TMB) solution to colorimetrically indicate the detection 
results, and we recorded the colorimetric results with a camera (EOS 5D Mark 
III, Canon, Japan). For result analysis, the recorded images were imported into 
ImageJ software [a public software from National Institutes of Health (NIH)], 
which provided the distribution of red, green, and blue colors in our image. We 
analyzed the color intensity of our carbofuran assay results under the 8-bit 
setting. 
Figure 3(b) shows that the carbofuran assay signal intensity within test zones 
on rice paper or Chinese calligraphy paper was higher than the signal intensity 
within test zones on filter paper. Although rice paper had the strongest 
carbofuran assay signal response, signal changes that should have been 
obvious across carbofuran concentration variations could not be discerned. 
There may be two reasons for this: i) the concentration of carbofuran detection 
reagent in this experiment produced an oversaturated reaction response for 
each concentration of carbofuran used on our rice paper microzone plate–
carbofuran assays using Chinese calligraphy paper and filter paper microzone 
plates employed the same concentration of carbofuran detection reagent; and, 
ii) the low diffusion capacity of both rice paper allowed the largest amount of 
carbofuran detection reagent to remain on the applied position rather than 
spreading throughout the reaction zone, so the detection reaction was confined 
in a limited space and resulted in an oversaturated response in each 
experimental setting. While the low diffusion effect also occurred in Chinese 
calligraphy paper, we believe that the complicated elemental constituents of 
Chinese calligraphy paper might further hinder some carbofuran assay enzyme 
reactions. Some research has shown that palladium and aluminum ions may 
inhibit acetylcholinesterase activity in cells, while calcium ions may enhance it 
[20,21]. Silicon is an inert material for enzymes, which has been introduced 
into a wide spectrum of sensor applications, so acetylcholinesterase activity 
would not be influenced by the silicon in Chinese calligraphy paper [22]. 
Although rice paper and Chinese calligraphy paper microzone plates could 
produce higher signal intensity than filter paper, large deviations in 
measurements were likely attributable to non-uniform solution dispersion 
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effects and rough manufacturing quality control. We believe that these issues 
can be improved through fine engineering optimization, i.e., the production of 
consistent calligraphy paper quality across and among paper batches. 
 

7.4. CADs – HYDROPHOBIC REACTION PLATE 
For exploring CAD flexibility and utility, we not only examined advantages of 
the microzone plate, but we studied the capabilities of a completely 
hydrophobic reaction plate, which was totally covered by wax following wax 
printing. As a substrate for our hydrophobic reaction plate, we selected 
Chinese calligraphy paper because it could confine most liquids and produce 
strong hydrophobic effects if the applied wax generated limited diffusion 
following wax reflow. In order to confirm the hydrophobic influence of these 
reaction plates, we made contact angle measurements and conducted a liquid 
sliding test as proofs (Figure 4). The resulting contact angle measurement for 
these reaction plates was 107.29 ± 3.64°[Figure 4(a)] (N = 3; mean 
angle ± S.D.). We successfully formed a completely hydrophobic interface on 
our reaction plate as evidenced by the fact that the contact angle was over 90° 
(the standard criteria to determine material hydrophobicity). Figure 4(b) 
depicts our liquid transport-based nitrite assay. We added a detection reagent 
(40 μL) and a 10 mM nitrite solution (40 μL) on the opposite wings of the 
reaction plate, and then we folded the platform to drive the droplets to move 
toward the central fold based on the influence of gravity. Afterwards, we could 
directly observe the color change from colorless to deep red where they 
uniformly mixed together. Moreover, we added different droplet volumes (i.e., 
20, 30, and 40 μL) onto the reaction plate, tilted the device, and observed the 
droplets smoothly slide from the top part to the bottom part without leaving 
any solution behind on the surface of the reaction plate. From these results, we 
determined that the device could be a potential platform for the application of 
liquid transport studies, such as three-dimensional slippery structures [17] 
(Figure 5). Although the feasibility of wax coating for MEMs methodology 
requires further investigation, we did uniquely extend the use of wax printing 
and wax-printed paper diagnostics by employing hydrophobic background 
color optimization. 
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Figure 4. Investigation of the hydrophobicity of calligraphy paper-based analytical 

devices following wax treatment. (a) The contact angle measurement result was 
107.29 ± 3.64° (N = 3; mean angle ± S.D.). The surface of calligraphy paper-based 

analytical devices was shown to be a completely hydrophobic reaction plate after wax 
treatment, as evidenced by the contact angle measurement, which was greater than 

90°. (b) A nitrite assay demonstration using the idea of liquid transport on the 
hydrophobic reaction plates. We added detection reagent (40 μL) and 10 mM nitrite 

solution (40 μL) on the opposite wings of the device, and folded the device to drive two 
droplets toward the central part. When they uniformly mixed together, the colorless 

liquid turned red. 

 



Chapter 7 

166 

 
Figure 5. Liquid sliding test. We added 20, 30, and 40 μL droplets onto the top of our 

hydrophobic reaction plate and tilted the device. The droplets slid from the top part to 
the bottom part without leaving any solution behind on the device surface. 

 

 
Figure 6. The hydrophobic reaction plates for colorimetric assays. (a) The nitrite assay 

was conducted using deionized water with 50 % glycerol, and the establishment of a 
calibration curve under several concentrations–0, 0.039, 0.078, 0.156, 0.013, 0.625, 

and 1.25 mM–resulted. (deionized water: N = 10; mean intensity ± S.D.) (b) The 
glucose assay was conducted using phosphate buffer with 50 % glycerol, and the 

establishment of a calibration curve under several concentrations–0, 0.156, 0.313, 
0.625, 1.25, 2.50, and 10 mM–resulted. (deionized water: N = 12; mean intensity ± S.D.) 
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7.4.1. Nitrite and glucose assays 
We designed our hydrophobic reaction plate based on the idea of providing 
color contrast for colorimetric assays–the background colors of our reaction 
plate were designed to contrast with the colorimetric indicators of the assay, 
which improved readability. Accordingly, we adopted a light grey wax for our 
nitrite assay, and an emerald wax for our glucose assay (Figure 6). Nitrite and 
glucose tests are standard items in a regular health examination. In humans, 
the presence of nitrite ions in urine is a crucial indicator of urinary tract 
infection severity, and abnormal levels of glucose in blood and urine represent 
diabetes risk [23,24]. The nitrite assay mechanism was based on the Griess 
reaction. We added 7.5 μL of nitrite detection reagent (25 mM sulfanilamide, 
165 mM citric acid, 5 mM N-(1-naphthyl)ethylenediamine dihydrochloride, 
and 50 % glycerol) onto the test zones of our hydrophobic reaction plate, 
which was light gray in color, and added 7.5 μL of nitrite standard solutions 
(0.078, 0.156, 0.313, 0.625, 1.25, and 2.5 mM), prepared in deionized water 
with 50 % glycerol, onto each test zone treated with detection reagent (the 
final concentrations of nitrite solution for detection were 0.039, 0.078, 0.156, 
0.313, 0.625, and 1.25 mM due to two-fold dilution via the detection reagent) 
[Figure 6(a)]. After 3 min of reaction, we recorded the colorimetric results with 
a camera. In the end, we analyzed the green color intensity for our nitrite assay 
results. 
The glucose assay mechanism was based on the glucose oxidase- and HRP-
mediated couple reaction. We spotted 7.5 μL of glucose detection reagent 
[300 U / mL glucose oxidase, 60 U / mL HRP, 2 mM 4-aminoantipyrine, 10 mM 
4-(Dimethylamino)benzoic acid, 3 % poly(ethylene glycol) (PEG), and 50 % 
glycerol] onto the test zones of our reaction plate, which was emerald in color, 
and added 7.5 μL of glucose standard solution (0.313, 1.25, 2.50, 5, 10, and 
20 mM), prepared in deionized water with 50 % glycerol, onto each test zone 
treated with detection reagent (the final concentrations of nitrite solution for 
detection were 0.156, 0.625, 1.25, 2.5, 5, and 10 mM due to two-fold dilution 
via the detection reagent) [Figure 6(b)]. After 4 min reaction, we recorded the 
colorimetric results with a camera. We then analyzed the green color intensity 
for our glucose assay results. 
Figure 6 demonstrates the results of nitrite and glucose assays from our 
hydrophobic reaction plates. The LODs for our nitrite and glucose assays were 
0.008 mM and 0.08 mM, respectively. In healthy people, urine nitrite ions 
should not be detected in urine samples and urine glucose levels should range 
from 0 – 0.8 mM [23,25]. The LOD of our nitrite assay was similar to the LOD of 
PADs (LOD = 0.005 mM) and 5.6 times lower than the LOD of 
poly(dimethylsiloxane) (PDMS)-based analytical devices (LOD = 0.045 mM) 
[25,26]. The LOD of our glucose assay was compatible for the current criteria 
of urine glucose, was better than the LOD of PADs (which could only recognize 
glucose levels above 0.5 mM), and was 7 times lower than the LOD of PDMS-
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based analytical devices (LOD = 0.56 mM) [27,28]. We thus believe that 
integrating color contrast into our platform design significantly improves the 
LODs of colorimetric assays and readily facilitates identification of results via 
the naked eye. PDMS is a transparent polymer material manufactured to 
specific thicknesses for common applications. When it is applied in optical 
applications, its use is complicated by reflection and deflection, phenomena 
that increase the signal noise and lower optical analysis. Our platform provides 
identical functions to that of PDMS-based analytical devices for colorimetrical 
analysis, i.e., a hydrophobic reaction interface and compatibility with signal 
recording method via a camera, while eliminating the concern of optical 
interferences, in turn, advancing the detection limit of a colorimetric assay. 
 

7.5. CONCLUSION 
We successfully used Chinese calligraphy paper and rice paper in combination 
with a commercial wax printer to create CADs, including a microzone plate and 
a hydrophobic reaction plate, for biochemical analysis. Compared to PADs 
made of Whatman filter paper No. 1, we discovered that our microzone plate 
displayed enhanced carbofuran assay signal (colorimetric assay) due to the 
low diffusion capacities of both types of papers. However, due to unreliable 
paper quality, Chinese calligraphy paper and rice paper may cause some 
difficulties in regards to consistent signal results. Instead of relying on 
complicated and expensive fabrication, this study used wax printing to explore 
the ramifications and suitability of hydrophobic treatment on selected paper in 
terms of handling ease, cost, durability, and sensitivity. The contact angle 
measurement and liquid sliding test demonstrated that our hydrophobic 
reaction plate was water resistant and suitable for platforms requiring liquid 
transport. Notably, we leveraged the idea of color to build a hydrophobic 
reaction plate with contrasting background colors to the colorimetric indictors 
used. This greatly improved LODs for our nitrite assay (light gray reaction 
plate) and our glucose assay (emerald green reaction plate) compared to PADs 
(5.6 times lower) and PDMS-based analytical devices (7 times lower). 
  



Calligraphy paper-based analytical devices 

169 

REFERENCES 
1. A.K. Yetisen, M.S. Akram, C.R. Lowe. Lab chip 13 (2013) 2210–2251. 
2. C.-K. Hsu, H.-Y. Huang, W.-R. Chen, W. Nishie, H. Ujiie, K. Natsuga, S.-T. Fan,  

H.-K. Wang, J.-Y. Lee, W.-L. Tsai, H. Shimizu, C.-M. Cheng. Anal. Chem. 86 (2014) 
4605–4610. 

3. S.M. Hossain, J.D. Brennan. Anal. Chem. 83 (2011) 8772–8778. 
4. H. Wang, Y.-J. Li, J.-F. Wei, J.-R. Xu, Y.-H. Wang, G.-X. Zheng. Anal. Bioanal. Chem. 

406 (2014) 2799–2807.  
5. N.R. Pollock, J.P. Rolland, S. Kumar, P.D. Beattie, S. Jain, F. Noubary, V.L. Wong, 

R.A. Pohlmann; U.S. Ryan, G.M. Whitesides. Sci. Transl. Med. 4 (2012) 
152ra129. 

6. A.V. Govindarajan, S. Ramachandran, G.D. Vigil, P. Yager, K.F. Böhringer.  
Lab Chip 12 (2012) 174–181.  

7. E. Fu, P. Kauffman, B. Lutz, P. Yager. Sens. Actuators B Chem. 149 (2010)  
325–328. 

8. E. Carrilho, A.W. Martinez, G.M. Whitesides. Anal. Chem. 81 (2009) 7091–7095. 
9. X. Mao, T.-J. Huang, Lab chip 12 (2012) 1412–1416. 

10. K. Abe, K. Suzuki, D. Citterio, Anal. Chem. 80 (2008) 6928–6934. 
11. F.R. de Souza, G.L. Alves, W.K. Coltro, Anal. Chem. 84 (2012) 9004–9007. 
12. M.-Y. Hsu, C.-Y. Yang, W.-H. Hsu, K.-H. Lin, C.-Y. Wang, Y.-C. Shen, Y.-C. Chen,  

S.-F. Chau, H.Y. Tsai, C.-M. Cheng. Biomaterials 35 (2014) 3729–3735. 
13. A. Apilux, Y. Ukita, M. Chikae, O. Chailapakul, Y. Takamura. Lab chip 13 (2013) 

126–135. 
14. R. Martins, I. Ferreira, E. Fortunato. Phys. Status Solidi RRL 5 (2011) 332. 
15. V.L. Pushparaj, M.M. Shaijumon, A. Kumar, S. Murugesan, L. Ci, R. Vajtai,  

R.J. Linhardt, O. Nalamasu, P.M. Ajayan. Proc. Natl. Acad. Sci. U.S.A. 104 (2007) 
13574–13577. 

16. J. Kim, S.H. Bae, H.G. Lim, Smart Mater. Struct. 15 (2006) 889. 
17. A.C. Glavan, R.V. Martinez, A.B. Subramaniam, H.J. Yoon, R.M.D. Nunes,  

H. Lange, M.M. Thuo, G.M. Whitesides. Adv. Funct. Mater. 24 (2014) 60–70. 
18. G. Chen, K.D. Katsumata, M. Inaba. Restaurator 24 (2008) 135–144. 
19. R.C. Gupta. J. Toxicol. Environ. Health 43 (1994) 383–418.  
20. J.K. Marquis, G.D. Webb. Mol. Cell. Biochem. 16 (1977) 31–36. 
21. T.R. Sharp, T.L. Rosenberry. Biophys. Chem. 21 (1985) 261–264. 
22. S. Su, Y. He, M. Zhang, K. Yang, S. Song, X. Zhang, C. Fan, S.-T. Lee. Appl. Phys. 

Lett. 93 (2008) 023113.  
23. S.-C. Lin, M.-Y. Hsu, C.-M. Kuan, H.-K. Wang, C.-L. Chang, F.-G. Tseng,  

C.-M. Cheng. Sci. Rep. 4 (2014) 6976.  
24. American Diabetes Association, Diabetes Forecast (2009).  

http://www.diabetesforecast.org/2009/apr/checking-your-blood-glucose.html 
(Nov 14, 2016). 

25. U.S. National Library of Medicine, Glucose urine test. 
http://www.nlm.nih.gov/medlineplus/ency/article/003581.htm  
(Nov 14, 2016). 

26. S.A. Klasner, A.K. Price, K.W. Hoeman, R.S. Wilson, K.J. Bell, C.T. Culbertson. 
Anal. Bioanal. Chem. 397 (2010) 1821–1829. 

27. C.-Y. Yang, C.-M. Kuan, J.A. Yeh, C.-M. Cheng. RSC Adv. 4 (2014) 12538–12544. 
28. W. Dungchai, O. Chailapakul, C.S. Henry. Anal. Chim. Acta. 674 (2010) 227–223. 

http://www.diabetesforecast.org/2009/apr/checking-your-blood-glucose.html
http://www.nlm.nih.gov/medlineplus/ency/article/003581.htm
http://pubs.rsc.org/en/results?searchtext=Author%3AChung-Yao%20Yang


Chapter 7 

170 

 



 

 
 

 

Chapter 

8 

LABEL FREE IMPEDANCE BIOSENSORS FOR 
POINT OF CARE DIAGNOSTICS 

Cheng-Hsin Chuang* and Muhammad Omar Shaikh 

Department of Mechanical Engineering 
Southern Taiwan University of Science and Technology, Tainan 71005, 
Taiwan 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Corresponding author: chchuang@stust.edu.tw   
  

mailto:chchuang@stust.edu.tw


Chapter 8 

172 

 

Contents 
8.1. INTRODUCTION ........................................................................................................................................ 173 

8.2. WHY IMPEDANCE BIOSENSORS FOR POINT OF CARE DIAGNOSTICS? .......................... 173 

8.3. GROWING NEED FOR FEASIBLE AFFINITY BIOSENSORS ..................................................... 174 

8.4. BASIC OF IMPEDANCE BIOSENSING ............................................................................................... 177 

8.5. ELECTRODES .............................................................................................................................................. 179 

8.6. IMPEDANCE MEASUREMENTS .......................................................................................................... 182 

8.7. DATA ANALYSIS USING EQUIVALENT CIRCUIT MODELS ..................................................... 184 

8.8. IMMOBILIZATION STRATEGIES ........................................................................................................ 187 

8.9. MODEL OF AN IMPEDANCE IMMUNOSENSOR ........................................................................... 189 

8.10. RECENT DEVELOPMENTS IN IMPEDANCE IMMUNOSENSORS ....................................... 194 
8.10.1. Non-Faradaic impedance immunosensors .................................................................. 195 
8.10.2. Faradaic impedance immunosensors ............................................................................ 196 
8.10.3. Amplification strategies ....................................................................................................... 197 

8.11. CONCLUSION ........................................................................................................................................... 198 

REFERENCES ...................................................................................................................................................... 199 



173 
 

8.1. INTRODUCTION  
This chapter introduces the basic concepts and fundamentals of impedance 
and its use as a label free transduction scheme for biosensing applications. An 
increasing trend towards the development of impedance biosensors is 
currently being observed due to the viability of this method for the direct 
detection of affinity biorecognition events and suitability for point of care 
applications. Herein, antibody-antigen affinity interactions have been used as 
an example and the model of an immunosensor utilizing both Faradaic and 
non-Faradaic impedance detection has been presented. Finally, impedimetric 
immunosensors are reviewed and novel designs and amplification strategies 
are discussed. 

8.2. WHY IMPEDANCE BIOSENSORS FOR 
POINT OF CARE DIAGNOSTICS? 

Although clinical analysis has traditionally been performed in well-equipped 
laboratories by trained professionals, this approach is not feasible in the 
absence of these optimal conditions, as is often the case in underdeveloped 
areas and low resource settings. In such situations, biosensors which are 
analytical devices that enable detection of specific analytes may be the only 
way to obtain trustworthy diagnosis. In general, there has been a global effort 
to make healthcare more patient oriented so that tests can be performed at the 
“point of care” which can be anywhere from the home to out in the field. This 
would reduce the number of visits to the doctor or a centralized laboratory and 
would enable effective real time diagnosis. Hence it is no surprise that current 
research is oriented towards developing biosensors that are viable for point of 
care testing [1,2]. Most biosensors are “affinity-based” since they utilize a 
bioreceptor which has a strong affinity to the target and can selectively capture 
it as in the case of antibody-antigen interactions and DNA-DNA hybridization. 
Currently, the most common way for signal transduction utilized in affinity 
biosensors is optical as is the case with the well-established Enzyme-Linked 
Immunosorbent Assay (ELISA). Another example of optical affinity biosensors 
is paper based Lateral Flow Assays (LFA) like pregnancy strips that utilize gold 
nanoparticles for achieving calorimetric detection. While extremely suitable 
for point of care testing where a yes/no answer is required, they are less 
suitable for quantitative analysis and can suffer from false positives, especially 
when complex colored samples are used. Optical transduction normally 
requires the use of labels (gold nanoparticles, fluorescent tags, quantum dots 
or signal amplification using enzymes) to achieve sensitive and selective 
detection of analyte. However, there are issues associated with labeling which 
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include additional costs, inherent multistep nature of analyses and potentially 
perturbative and non-specific signals. This has led to an increased interest in 
techniques that require no labeling and are inherently more facile and suitable 
for point of care diagnostics. Among them, electrical/electrochemical 
transduction based biosensors have attracted widespread interest for label 
free analysis with reduced complexity during signal acquisition. They possess 
an innate sensitivity and simplicity which makes them arguably the most 
practical and quantifiable diagnostic technique for detection of biomolecules 
[3,4]. In very general terms, an affinity biosensor utilizing electrochemical 
transduction reports the capturing of a biological target by a bioreceptor 
modified electrode interface through a generated current or voltage signal (or 
perturbation thereof) [5]. Based on the interrogation technique used, electrical 
biosensors can be broadly categorized as potentiometric, 
amperometric/voltammetric and impedimetric. In particular, impedance 
based electrical transduction, where the applied electrical signal is alternating 
as opposed to direct, can be used to analyze both the resistive and the 
capacitive changes at the electrode surface over a wide frequency range during 
affinity binding. This analytical approach, known as electrochemical 
impedance spectroscopy (EIS), is an effective strategy for the non-destructive 
probing of complex bio-recognition events [6,7] and has been utilized in a wide 
range of biosensors ranging from bacteria and pathogen detection to 
immunosensing and DNA characterization [8-11]. When a target analyte is 
captured by the receptor functionalized electrode surface, it alters the 
electrical properties (e.g. capacitance, charge transfer resistance) of the 
electrode/solution interface which can be analyzed using EIS. Thus, EIS can be 
used for real time and direct monitoring of affinity binding events without the 
use of labeling compounds. Furthermore, EIS biosensors possess attractive 
characteristics often associated with electrical biosensors which include low 
cost, low power, scalability, ease of miniaturization and multiplexing capability 
which makes them promising candidates for use in point of care diagnostics. 

8.3. GROWING NEED FOR FEASIBLE 
AFFINITY BIOSENSORS 

A biosensor utilizes a bio sensing element which interacts with the analyte 
being tested and the biological response is converted by the transducer into a 
measurable signal. The biosensing element can be either proteins, enzymes, 
nucleic acids, antibodies, tissues, cells or receptors while the transducer may 
be optical, electrochemical, thermometric, piezoelectric, magnetic, or 
micromechanical. Thus biosensors can be categorized based on either the 
biosensing element or the transduction mechanism utilized and combine the 
selectivity of biological systems with the computing power of a 
microprocessors to obtain a quantifiable signal that correlates to the analyte 
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concentration. Based on the type of bio recognition event that they monitor, 
biosensors can be broadly classified as being either catalytic or affinity in 
nature [12]. 
Catalytic biosensors incorporate enzymes, whole cells or tissues as the 
biosensing element and detect the presence of analytes by producing 
electroactive signals. Usually, the target analyte is either oxidized or reduced in 
the presence of an enzyme. Owing to their complex molecular structure, 
enzymes can selectively detect very small concentrations of analyte even in 
complex mixtures like urine or blood [5]. Personal glucose monitoring devices, 
which are the most successful commercial biosensors, employ the enzyme 
glucose oxidase to detect glucose concentration in whole blood. While enzymes 
possess inherent selectivity and high biocatalytic activity, they are unable to 
detect several analytes of interest which cannot be catalyzed by a specific 
enzyme or are not commonly found in living systems. In such cases, affinity 
biosensors can be used which detect analytes in an alternative way. 
Affinity biosensors, monitor the binding of a target to immobilized recognition 
elements on transducer surfaces. They take advantage of the selective binding 
properties of certain biomolecules, most often antibodies, receptors or nucleic 
acids. The molecular recognition in affinity biosensors is mostly determined by 
the complementary shape and size of the binding site to the analyte of interest 
[12]. Biomolecules with high affinity and specificity for the given target are 
desirable. Most often observed in this category are immunosensors that take 
advantage of versatile antibody libraries. If antibodies can be raised against 
something, then an immunosensor can be created for the target including 
bacteria, viruses, drugs and other chemicals and can thus have widespread 
applications [12,13]. Nucleic acids have also been used as recognition elements 
to detect complementary nucleic acids, or as aptamers, which are engineered 
oligonucleotide or peptide biomolecules selected for affinity against a specific 
target. Affinity biosensing can be either performed in a single step (binding of 
target analyte to produce a measurable signal) or more commonly by multistep 
protocol using signal amplification techniques (enzyme or nanoparticle 
labeling) to improve sensitivity. Here, we will be focusing on direct and label 
free affinity biosensing for analyte detection.  
While catalytic biosensors have enjoyed widespread commercial success in the 
biosensors market, only a few label free affinity biosensors have been 
commercialized to date. Currently, the immobilization of affinity bioreceptors 
on solid surfaces while still retaining their stability and activity is one of the 
major challenges facing affinity biosensors in general. Furthermore, since 
detection of analytes is often performed in complex fluids, it is vital that the 
sensor surface must be highly selective towards the target analyte so that non-
specific interactions due to presence of interferences can be minimized. 
Associated with the issue of selectivity is the limit of detection which is the 
smallest concentration of target analyte that can be detected. Although label 
free affinity biosensors can achieve low limits of detection in deionized water 
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or buffer spiked samples, this is more difficult to achieve in real biological 
samples which often contain large amounts of non-target interferences. Finally, 
issues with reproducibility (affected by factors like pH and ionic strength of 
sample), usability, durability and cost of instrumentation all affect the 
commercialization of label free affinity biosensors.  
The most common and developed type of electrochemical transduction used 
for biosensors is the amperometric approach which monitors the current 
related to the oxidation and/or reduction of an electroactive species at the 
surface of a working electrode [14]. By coupling an amperometric sensor to an 
enzyme, as in a glucose biosensor, one gets the additional advantage of the 
high specificity and selectivity offered by the enzyme. The catalytic reaction 
occurring at the surface of a working electrode, when an enzyme is in the 
presence of its substrate, gives rise to a current proportional to the 
concentration of the species produced or consumed. In an enzyme based 
biosensor, a molecule needs to be transformed into another molecule by an 
enzyme to obtain an electroactive signal. EIS overcomes this problem and 
enables non-electroactive detection of molecules. While 
amperometry/voltammetry have commonly been used to detect electroactive 
signals produced during catalytic reactions, they are less suitable for direct 
detection of affinity events where they often require redox active labels to 
achieve sensitive and specific detection. For affinity biosensors, EIS has some 
important advantages over amperometry. The active site where the 
biologically mediated redox reaction is taking place should be in close 
proximity to the surface of the electrode. While redox mediators can be used to 
improve accessibility to the electrode, the detection is then limited by the 
mediator mass transfer. Furthermore, additional redox active species might be 
present in the sample solution that will interfere with the amperometric signal 
if the applied DC bias is not chosen correctly. Impedance based biosensing 
enables the direct detection of affinity binding events by monitoring interfacial 
changes occurring at the electrode surface. If the problems associated with 
non-specific binding can be overcome and electrode geometries and surface 
areas can be optimized (e.g. via nanotexturing or using nanoparticles), EIS can 
be a very useful transduction mechanism for sensitive and label free 
monitoring of biorecognition events. 
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8.4. BASIC OF IMPEDANCE BIOSENSING 
Impedance based biosensors normally utilize the formation of a recognition 
complex between a bioreceptor (e.g. antibody) and its corresponding specific 
analyte (e.g. antigen) in a thin film configuration on the electrode surface [15]. 
This complex formation alters the interfacial capacitance and charge transfer 
resistance at the electrode/electrolyte interface. Impedance biosensors can 
sensitively monitor changes at the electrochemical interface and are powerful 
analytical devices when electrode surfaces are controllably modified with 
biomaterials. Impedance measurements are performed in alternating current 
(AC) steady state with a constant direct current (DC) bias and commonly 
involve the application of small amplitude perturbing sinusoidal voltage at a 
particular frequency and observing the corresponding current response. This 
process can be repeated over a range of frequencies, thus yielding an 
impedance spectrum. The resulting current sine wave varies in time and 
amplitude with respect to the applied voltage sine wave and the ratio V(t)/I(t) 
is defined as the Impedance (Z) and can be mathematically expressed as: 

𝑍𝑍(𝜔𝜔) =  
1
𝑌𝑌

=  
𝑉𝑉0 sin(𝜔𝜔𝜔𝜔)

𝐼𝐼0 sin(𝜔𝜔𝜔𝜔 + 𝜃𝜃) 

where V0 and I0 are the maximum voltage and current signals, ω is the 
excitation frequency in rad. s−1 (ω = 2πf, f is frequency in Hz), t is time, θ is the 
phase shift between the voltage-time and current-time functions and Y is the 
complex conductance or admittance that is inversely proportional to the 
obtained impedance. Impedance is a complex value affected by multiple 
factors, which can be described either by the magnitude (|Z|) and the phase 
shift (θ) or alternatively as a combination of real (Zre) and imaginary (Zim) parts 
of the impedance. When the applied voltage and current waves are in phase 
(θ = 0), the system behaves like a pure ohmic resistor. However, in reality 
electrochemical systems are complex and the impedance consists of an 
imaginary part that can be related to double layer charging due to charge 
separation at the electrode/electrolyte interface which is analogous to a 
capacitor. Furthermore, effects of mass transport and reaction kinetics also 
contribute to this imaginary component. Thus biosensors utilizing impedance 
transduction are often analyzed in terms of a combined effect of resistance and 
capacitance.  
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Figure 1. Electrochemical Impedance Spectroscopy (EIS) measurement and analysis: 
(a) Comparing the applied voltage (time) and the resultant current (time) functions to 

determine the phase shift (θ) and absolute impedance ([Z]) of the system. The 
resulting information can be presented in the form of (b) Bode plots, which can 

compare the absolute impedance or the phase shift versus frequency, or as (c) Nyquist 
plots, which compare the real (Zre) and imaginary (Zim) components of the resulting 

impedance. 

 
It is important to consider the voltage magnitude (both the sinusoidal 
perturbation and the DC bias) when utilizing EIS for affinity binding. The 
amplitude of the AC voltage should be low (generally less than 50 mV) so as to 
obtain a linear current response and ensure non-destructive probing of the 
biomolecular layer [16]. High amplitude voltage results in increased force on 
charged biomolecules (e.g. proteins) which also applies to the DC bias 
conditions as both interfacial charge transfer and capacitance depend on the 
applied potential. If performed correctly, EIS has the capability to sensitively 
monitor interfacial changes without damaging or even disturbing the affinity 
binding event which is a big advantage over amperometric or voltammetric 
approaches where higher voltages are utilized. In addition, since the voltage is 
alternating as opposed to direct, electrolysis of the electrode is prevented and 
readout can be more accurate. The most popular formats for evaluating 
electrochemical impedance data are the Nyquist and Bode plots as shown in 
Figure 1 (b,c). In the Nyquist format, the imaginary impedance component (Z”) 
is plotted against the real impedance component (Z’) at each excitation 
frequency giving information about the electrified interface and the electron 
transfer reaction whereas in the Bode format, both the logarithm of the 
absolute impedance, |Z| and the phase shift, φ, are plotted against the 
logarithm of the excitation frequency. 
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Depending on whether there is a redox related charge transfer at the 
electrode/solution interface, EIS biosensors can be categorized as either being 
Faradaic or non-Faradaic. In electrochemistry, Faradaic approaches involve 
actual physical transfer of electrons or ions from the electrode to the solution 
and vice versa. However, in the absence of this charge transfer as can be the 
case in an insulated electrode surface, transient currents can still flow and this 
effect is analogous to the charging of capacitor. In reality, most 
electrode/solution interfaces in biosensors often have a combination of 
Faradaic and non-Faradaic components. EIS biosensors based on the Faradaic 
approach utilize an added redox probe at an appropriately biased electrode 
surface (near the oxidation potential so that none of the redox states are 
depleted). Affinity binding leads to a change in the electron exchange between 
the electrode and the redox probe. This resistance to charge transfer can be 
monitored in a quantifiable manner and will mostly increase after target 
recognition. In contrast, non-Faradaic or capacitive biosensors, do not require 
the addition of any redox probes and are inherently simpler and more 
amenable for point of care testing with the ability to make measurements 
(mostly related to the change in interfacial capacitance during affinity binding) 
at a single frequency. Nonetheless, this methodology will detect any species 
binding onto the interface, without discriminating between specific and 
unspecific capture. Because of this, it is of extreme importance that the 
electrode surface is conveniently functionalized so as to ensure that only the 
target is being bound and thus detected. The only way to guarantee this is to 
perform carefully chosen negative controls in parallel. Surprisingly, most 
publications in the field do not include such negative controls to confirm the 
specificity of the detected signals. 

8.5. ELECTRODES 
Like other electrochemical transduction mechanisms, EIS requires a minimum 
of two electrodes to measure the impedance of the electrode-solution 
interface. In a two electrode system, an electrical contact is made between the 
working electrode and the solution using a counter electrode and the bias 
potential at the working electrode is fixed with respect to the open circuit 
potential. It is therefore difficult to accurately identify the working electrode 
potential which is particularly important for Faradaic approaches where it 
must be maintained close to the oxidation potential of the redox species used. 
When inserted in a solution, the working electrode-solution interface has a 
built in potential that is affected by electrode microstructure, surface 
composition and ionic strength of the solution. Therefore, in order to have 
good control over the bias potential applied at the working electrode-solution 
interface, a three electrode configuration is often used with the addition of a 
reference electrode. The reference electrode, which maintains a fixed and 
reproducible built in potential between its metal contact and the electrolyte 
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allows a known voltage to be applied between the working electrode and the 
solution. Silver-silver chloride is the most common type of reference electrode 
used in impedimetric biosensors. In an ideal arrangement, the reference 
electrode should be placed as close as possible to the working electrode and 
along the current path between the working and counter electrodes. In order 
to eliminate the contribution of the counter electrode to the total observed 
impedance, it should be made of an inert material with an area much larger 
than the working electrode. Generally, the choice of material used for electrode 
fabrication in impedimetric biosensors is crucial as it effects assay sensitivity, 
cost and the ability to adopt different immobilization protocols (gold 
electrodes are often used because of the ease of forming self-assembled 
monolayers using thiol chemistry). Electrodes for impedimetric biosensors are 
often made of inert metals like gold and platinum and various forms of carbon 
which include graphene, epoxy graphite and glassy carbon among others. 
Irrespective of whether a two or three electrode system is utilized, it is crucial 
to choose a consistent and reproducible electrode design based on geometrical 
factors like size, separation and distribution [17].  
While three electrode systems reduce background effects and enable sensitive 
and reliable measurements, interdigitated electrodes (IDEs) have often been 
used to fabricate impedance based affinity biosensors because of their 
inherent simplicity and amenability to miniaturization which makes them 
suitable for point of care applications. IDEs generally consist of two pairs of 
working electrodes that consist of parallel metal fingers that are interdigitated 
and separated by an insulating material [18,19]. IDEs possess several 
advantages like low ohmic drop, fast attainment of steady-state, increased 
signal-to-noise ratio, use of small solution volumes and rapid kinetics of 
reaction [20,21]. Owing to the geometry of IDEs, current flow mainly occurs 
very close to the surface and therefore shows much higher sensitivity for 
analyzing surface changes as compared to conventional electrodes. The 
biorecognition element can either be immobilized on top of the IDE electrodes 
or in the gap between the electrode fingers. Highly sensitive sensor response 
requires strong electrical fields that can be achieved by reducing the distance 
between the electrodes [22]. The typical distance between the electrode 
fingers used for biosensing is about 1–10 µm and is limited by the fabrication 
protocol. Theoretical analysis shows that about 80 % of the current between 
electrodes which are separated by a distance of 250 nm will flow in a layer no 
higher than 250 nm above the surface and will therefore significantly improve 
sensitivity of direct binding detection [23]. Although IDEs are very well suited 
for impedance measurements because of their well-defined geometry and the 
reproducibility of their fabrication techniques, they do have some problems. As 
the distance between electrodes becomes smaller, the chances of suffering 
short circuiting of the electrode set caused by the presence of the sample also 
increase, which may result in a ruined measurement. Another disadvantage of 
interdigitated electrodes lies in the difficulty of using them in a three-electrode 
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configuration, which can hardly be overcome by using an external reference 
electrode. In the latter case, artifacts appear due to the remoteness of the 
reference electrode from the current path between the working and auxiliary 
electrode structures. Electrodes for impedimetric detection, including IDEs, 
can also manufactured using low cost and scalable technologies like screen 
printing on.  
To successfully develop impedance biosensors for point of care testing, it is key 
that the electrode fabrication process is simple, cost effective and scalable for 
mass production. The use of printing techniques is an obvious step towards 
mass production of devices at a relatively low cost when compared to the use 
of semiconductor cleanroom techniques, which involve multiple processing 
steps using complex and expensive facilities. In particular, screen-printing 
technology has opened new exciting opportunities for detection of analytes 
outside a centralized laboratory due to their linear output, low power 
requirement, quick response and high sensitivity. Furthermore, the whole 
electrode system, including working, counter and reference electrodes can be 
printed on the same substrate surface. IDEs and a conventional three electrode 
setup have also been screen printed on polymer, paper and ceramic substrates, 
thus enabling disposable biosensor applications as shown in Figure 2. 
 

 
Figure 2. Electrodes fabricated by screen printing on disposable substrates. (a) IDEs 
on plastic. (b) IDEs on paper. (c) Three electrode setup on ceramic manufactured by 

DropSens (www.dropsens.com/). 

  

http://www.dropsens.com/


Chapter 8 

182 

8.6. IMPEDANCE MEASUREMENTS 
A potentiostat is generally used for performing impedance measurements by 
imposing a desired voltage across the electrode-electrolyte interface and 
measuring the resulting current response. In electrical terminology, it consists 
of a feedback loop that controls the current flowing through the counter 
electrode so that the potential of the working electrode can be maintained at a 
constant level as compared to the reference electrode. The working electrode 
is held at ground and the current flowing through it can be analyzed via a 
transimpedance amplifier. If the counter and reference electrode are the same 
as in the case of IDEs, then no feedback loop is necessary but the impedance 
measurements can be performed similarly. Besides potentiostats, several 
instruments based on small signal AC admittance measurements like 
impedance analyzers [24], LCR meters [25], lock in amplifiers [26] and 
frequency response analyzers [27] have been utilized to measure the response 
of impedance biosensors and can operate in a wide frequency range. While 
many these instruments are utilized in laboratory settings, they are bulky and 
expensive and are not suitable for point of care applications. Therefore, there 
is a need to develop low cost, portable and compact impedance analyzers. An 
example includes an impedance analyzer developed by Chuang et. al. that can 
operate in a frequency range of 1 KHz−100 KHz as shown in Figure 3 [28]. It is 
based on an AD5933 integrated circuit (IC) where the response signal from the 
impedance is sampled by the on-board ADC and a discrete Fourier transform 
(DFT) and communicated to a digital microcontroller through an Inter-
Integrated Circuit (I2C) interface. Self-calibration functions are implemented by 
four sets of switching relays and precision resistors. The device can calculate 
optimal gain values before measurement to avoid errors due to environmental 
factors such as humidity or temperature. A smart gain function allows the 
device to automatically switch gain resistors to find the best fit for the 
immunosensor chip. In this way, wide range of impedance measurements 
without manual control can be achieved.  
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Figure 3: (a) An image of the point of care system which includes the immunosensor 
chip attached to the portable device for impedance measurement, a National Health 

Insurance (NHI) IC Card reader and personal computer. (b) A schematic of data 
collection and transmission to cloud data base. (c) Block diagram of portable 

impedance measuring device. (d) Design of pre-amplifier and calibration circuit to 
improve accuracy and stability by increased signal-noise ratio (SNR)  

during impedance analysis. 

 
A comparison of the impedance measurements of the portable impedance 
device with an LCR meter at an operating frequency of 10 KHz show a 
maximum deviation of 3.47 %. The results obtained using the portable device 
can be read on the liquid crystal display (LCD) with two buttons to interface 
with the user. All the data including the date, patient’s information and 
measured results from portable analyzer can then be uploaded to the patients 
file on the cloud database using a National Health Insurance (NHI) IC Card, USB 
connection and a personal computer. The doctor can then view the uploaded 
results and can directly contact the patient if further examination is required. 

A B                      Cloud System   

D  Pre-amplifier and Calibration Circuit  Design

NHI  IC Card
Portable Device

PC

USBPortable 
Device

Sensor

NHI  
IC Card

Database

 Internet

 Internet

C                         System Architecture

DGND

D5V

AD5933
    VOUT 

      RFB 

      VIN 

A5V

50kΩ 

50kΩ 

47nF

AGND

A1
-

+

1.98V p-p
1.48V

1.98V p-p
VDD/2

A2
-
+

A5V
AGND

MCU

R
el

ay
RFB M

C
U

Relay

Calibration Module

20kΩ 

20
kΩ

 

50kΩ 50kΩ 
O

bj
ec

t 
Bi

oc
hi

p

RFB Selection 
Module

Current 
Sink

AC
Adapter

USB

I2CI/O

IMP OS/UI I/O Control

Display Function Memory 

MCU 

A
D

59
33

DDS

DACADC

Interface

DFT

Transducer 
Connecter

LCD

To Computer

Buttons

AD8606

R
el

ay
R

el
ay

R
el

ay
R

el
ay

Calibration Module RFB Selection Module



Chapter 8 

184 

In this way, a complete system can be obtained for effective and real time 
diagnosis at the point of care. 
 

8.7. DATA ANALYSIS USING 
EQUIVALENT CIRCUIT MODELS 

Owing to the complexity of real electrochemical systems, the obtained 
impedance spectrum is often analyzed using simplified equivalent circuits. 
This circuit commonly comprises of resistances and capacitances that 
represent the independent physiochemical processes contributing to the 
overall system behavior [29]. Once this circuit is defined, the obtained 
experimental data is fitted to it using non-linear square fitting techniques [30]. 
Although simple, this technique can be risky as the same data could be fitted to 
several different circuit models. Therefore, it is not advisable to try to fit the 
obtained data to a random combination of circuit elements until a best fit is 
obtained. Even the best models for interfacial phenomena do not often fit at 
extreme frequencies or either require so many fitting parameters so as to be 
useless. It is more reasonable to fit the obtained data to a predefined model 
and changes in the circuit elements (resistance or capacitance) can then be 
reported as the biosensor output. This can simplify measurements so that the 
impedance response of the biosensor can be determined at one particular 
frequency or in a small frequency range where the relative change is the 
largest. The four basic elements used to describe impedance behavior, namely 
ohmic resistance, capacitance, constant phase element and Warburg 
impedance and their definitions are summarized in Table 1. 
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Table 1: Definitions, frequency dependences and phase shifts of the impedance 
elements used to describe biosensor systems [6]. 

 
 
The simplest and in fact the most commonly used electronic equivalent circuit 
to analyze impedance biosensors is the Randles and Ershler model [31-33] as 
shown in Figure 4a. It consists of the uncompensated ohmic resistance of the 
electrolyte solution, Rs, the double layer capacitance owing to the charging of 
the electrode/solution interface (Cdl), charge transfer resistance at the 
electrode/solution interface (Rct) in the presence of a redox probe and the 
Warburg impedance (W) resulting from diffusion of ions from bulk electrolyte 
to the electrode surface. The circuit elements Rct and W are connected in 
parallel to Cdl since the total current flowing through the working electrode is 
the sum of distinct contributions originating from the Faradaic process and the 
interfacial charging. Due to surface roughness of the electrode, the electronic 
properties of the interface cannot be simply described by a purely capacitive 
element and a constant phase element (CPE) is often used to replace Cdl. Since 
all the current must flow through the uncompensated resistance of the 
electrolyte solution, Rs, it is inserted as a series element. The two circuit 
elements, Rs and W represent the bulk properties of the electrolyte solution 
and the diffusion of redox probes in the solution and are thus unaffected by the 
presence of biomolecules on the electrode surface. On the other hand, Rct and 
Cdl depend on the insulating and dielectric features of the biomolecules and are 
the main parameters used to analyze the response of an impedance biosensor.  
A typical shape of the impedance spectrum for this circuit model is presented 
as a Nyquist plot (Figure 4b-i) and includes a semicircle region lying on the Zre 
axis followed by a straight line. The straight line is observed at low frequencies 
and corresponds to the mass transfer limited process due to delay in diffusion 
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of ions from the electrolyte to the electrode surface. The semicircle observed at 
higher frequencies implies a charge transfer limited process. Furthermore, the 
shape of the spectra varies depending on the rate of charge transfer at the 
electrode/electrolyte interface. For a very fast electron transfer (Figure 4b-ii), 
only the linear part could be observed while for a very slow electron transfer 
(Figure 4b-iii), a large semi-circle is observed without any straight line. The 
interfacial phenomena and diffusional characteristics can be easily extracted 
from the spectra. The Cdl can be calculated from the frequency at the maximum 
of the semicircle (ω = 2πf = 1/RctCdl). The Rct is represented by the semicircle 
diameter and the intercept of the semicircle with the Zre axis at high 
frequencies corresponds to Rs. The 45° line can be extrapolated to the Zre axis 
and the intercept which is equal to Rs + Rct – 2σCdl can be used to calculate the 
Warburg coefficient (σ) and subsequent diffusion coefficients as defined in 
Table 1. To simplify data analysis, the Warburg impedance could be neglected 
by choosing a frequency range where no straight line is observed in the 
Nyquist plot and the impedance response is dominated by the interfacial 
changes. Furthermore, it is important to choose a frequency range where a 
meaningful impedance spectrum can be obtained. This range is generally 
0.01 Hz−1 MHz and the circuit elements that dominate at different frequencies 
is shown in the Bode plot in Figure 4c. At extremely low frequencies (below 
1 mHz), the impedance is generally dominated by the DC conductivity of the 
electrolyte while inductance contributions of the electrochemical setup and 
connecting wires begin to influence at very high frequencies (above 1 MHz). A 
more detailed analysis of the circuit elements will be provided later when 
discussing the model of an impedance immunosensor. 
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Figure 4. (a) The most commonly used equivalent circuit model to analyze impedance 
data, namely the Randles and Ershler model. (b) Impedance spectrums in the form of a 

Nyquist plots for this circuit depending on the rate of charge transfer at the 
electrode/electrolyte interface. (c) The circuit elements that dominate at different 

frequencies. 

 

8.8. IMMOBILIZATION STRATEGIES 
The development of impedance based affinity biosensors requires the 
immobilization of the bioreceptor on the electrode surface so that it can 
selectively capture the analyte of interest, thus resulting in an impedance 
change. To achieve sensitive and reproducible results, it is crucial that the 
receptor retains its original properties after immobilization. The efficacy of 
receptor integration with the electrode surface, availability of target binding 
sites, orientation and surface density all affect the final performance of affinity 
biosensors. Several immobilization strategies have been utilized and we will 
discuss a few that are applicable to impedance biosensors. While “physical” 
methods like adsorption and entrapment can result in high surface densities 
on ionic and hydrophobic surfaces, the receptor modified electrode surface 
often exhibits low binding efficacy and instability. Proteins, including 
antibodies, are known to suffer from activity losses when immobilized using 
physical methods which may be due to denaturation, poor orientation of 
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binding sites and steric hindrance as a result of overcrowding and aggregate 
formation [34,35]. This approach also poses challenges when the bioreceptor 
needs to be immobilized specifically on the electrode surface. One way of 
improving physical immobilization on electrode surfaces is by using AC electro 
kinetic techniques like dielectrophoresis (DEP) to trap the bioreceptor on the 
electrode surface and some examples are illustrated in Figure 5 [28,36-38]. 
DEP can be defined as the translational motion of a dielectric particle or 
biological cell in a suspended medium under the influence of a non-uniform AC 
electric field which acts on the particle driving it towards/against the direction 
of the electric field maxima. 
 

 
Figure 5: Manipulation of bioreceptors using dielectrophoresis for impedance 

biosensing. (a) Programmable trapping and release of cells in microcavities [37]. (b) 
Trapping of nanoprobes (antibody conjugated nanoparticles) on IDEs [38]. 

 
For impedance biosensors, controllable and stable immobilization of 
bioreceptor is most commonly achieved by using an intervening and 
chemically tailorable self-assembled monolayers (SAM). Such films can be 
spontaneously formed by chemisorption and self-organization from solution 
[39,40]. Most common types of attachment chemistries for SAM are based on 
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thiols bound to metallic surfaces [41] and siloxanes to oxide surfaces [42]. 
Thiol SAMs are the most studied and are prevalent in impedance biosensors. 
Generally gold electrodes have been used in impedance biosensors as they are 
stable and inert and enable the formation of SAM via thiol-gold chemistry in an 
ordered and reproducible way. The bioreceptor immobilization using an SAM 
generally requires two steps. The first one involves the formation of an SAM 
that consists of a molecular chain with a thiol head group and a functional 
terminal group (carboxylic acid, amine etc.). The second step involves the 
reaction of the recognition element with the functional group of the SAM 
usually through covalent linking (amide bond, carbodiimide chemistry) or by 
the aid of bridging molecules like glutaraldehyde. SAM films may be single 
component or mixed. A mixed SAM is obtained from a solution comprising two 
different thiols with different end-groups and chain lengths. One of the end 
groups is used to covalently tether the receptor while another, usually of 
reduced chain length, is used to minimize lateral steric hindrance to target 
recruitment [43,44]. Thus, SAMs with appropriate functional groups that 
selectively capture specific analytes are easy to immobilize and have complete 
blocking capabilities and stabilities. Since stable and reproducible coatings 
based on SAMs can be achieved only on perfectly clean and low roughness 
surfaces, gold electrodes are often chemically treated to remove organic 
moieties before SAM formation. Alternative approaches to SAM for the 
formation of well-ordered recognition layers include transfer of lipid bilayer or 
Langmuir-Blodgett films on the electrode surface [45,46]. Other protocols that 
have been utilized include fabrication of thin polymer films and bio affinity 
layers like avidin films that have high affinity for biotinylated receptors [47]. 
Irrespective of the chosen strategy, the biorecognition element should be 
immobilized in a stable way such that it retains its accessibility to the target 
molecule and its recognition capability. Furthermore, the electrode surface 
modification should be biocompatible and inert so that it does not affect the 
integrity of the target analyte while also providing a constant baseline signal. 

8.9. MODEL OF AN IMPEDANCE IMMUNOSENSOR 
To demonstrate the use of impedance based affinity biosensing, we use the 
model of an immunosensor which relies on the specific binding of an antibody 
to its corresponding antigen, resulting in the formation of a stable complex on 
the electrode surface. This affinity binding between antigen and antibody 
alters the properties of the electrode/electrolyte solution interface and can be 
analyzed using EIS. First, let us consider for example a bare gold electrode that 
is immersed in an electrolyte solution. The charged electrode surface will 
attract ions of opposite charge from the solution and this will cause the 
interface to be electrically analogous to a capacitor. This is termed as the ionic 
double layer capacitance (Cdl) and this charge accumulation prevents the 
electric field arising from electrode surface to penetrate far into the solution. 
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The characteristic length of the spatial decay of electric field is termed the 
Debye length and represents the range in which the applied potential can alter 
the charge distribution in the solution [48]. It is in this range that the 
attachment of the antibody to its corresponding antigen can affect the total 
interfacial capacitance. The value of the Cdl depends on many variables which 
include electrode potential, temperature, ionic concentration, types of ions, 
electrode roughness and impurity adsorption. The gold electrode surface and 
the ions in solution can be considered as parallel conducting plates separated 
by a dielectric layer and the Cdl be expressed as: 

𝐶𝐶dl = 𝜀𝜀𝜀𝜀0𝐴𝐴/𝑑𝑑 
where ε is the dielectric constant of this layer, εo is the permittivity of free 
space (8.85419 pF m−1), A is the surface area of the plates and d is the distance 
between the plates. 
Next, the gold electrode surface must be functionalized with the biorecognition 
element which is the antibody in this case. To fabricate an efficient 
immunosensor, the antibodies can be immobilized in an oriented manner such 
that the tail region is bound to the electrode while the antigen binding region is 
available for immunosensing as shown in Figure 6. The gold electrode is first 
cleaned (e.g. using a Piranha solution followed by electrochemical cleaning) 
and immersed in a 0.1–0.5 M solution of heterobifunctional ligand (e.g. 
Cysteamine) for a certain period of time. The Cysteamine will form a self-
assembled monolayer layer (SAM) on the gold electrode via its thiol head 
group while its terminal amino group can be used to covalently link the 
antibody. The antibody can be oxidized in a solution of sodium metaperiodate 
and sodium acetate. This results in the oxidation of the hydroxyl groups (−OH) 
of its carbohydrate moieties to aldehyde groups (−CHO) which can then react 
with the amino group of the Cysteamine SAM via peptide or amide bond 
formation. The immunosensor with immobilized antibody is now ready for use 
and can form an antigen-antibody complex during immunosensing. The 
impedance response after each surface modification can be measured in an 
electrolyte solution. 
 

 
Figure 6. Fabrication of immunosensor utilizing self-assembled monolayers 
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When the gold electrode is modified with SAM followed by antibody and its 
corresponding antigen, the structure of the electrode/electrolyte interface is 
modified and new capacitive terms may have to be considered in series with 
the Cdl. Because of this, it makes more sense in biosensors to use the term 
interfacial capacitance, Cint, rather than Cdl. A decrease of the Cint is expected 
due to an increase of the distance between the plates upon the binding of the 
antigen to the immobilized antibody. The total interfacial capacitance arises 
from a combined effect of the Cdl and the surface modification layer (Cmod) due 
to SAM formation, antibody immobilization and subsequent antigen detection 
and can be expressed as: 

1
𝐶𝐶int

=
1
𝐶𝐶dl

+
1

𝐶𝐶mod
 

 
In reality, the electrode/electrolyte interface rarely exhibits purely capacitive 
behavior and the phase angle deviates from π/2. The actual behavior can 
therefore be modeled as a constant phase element (CPE) that can be expressed 
mathematically as: 
 

CPE = 𝐴𝐴−1(𝑗𝑗𝜔𝜔)−𝑛𝑛  
 
While microscopic roughness of electrode surfaces contributes to this effect 
[49], chemical inhomogeneities and ion absorption have also been shown to 
play a major role [50-52] and the extent of deviation from ideal capacitive 
behavior is governed by the parameter n (n ≤ 1) Thus modelling the interfacial 
capacitance as a pure capacitor is too simplistic and using CPE can improve 
fitting of the experimental data. Generally, for biosensor applications the Cint 
may be substituted by a CPE with a value of n between 0.8 and 1 and the 
coefficient A becomes equal to Cint when n is equal to 1 [32]. 
Ideally, the surface modification layer (before antigen detection) should be 
thin and/or have a high dielectric constant so that the capacitance change due 
to antigen-antibody complex formation dominates the total Cint. Assuming that 
the SAM layer completely covers the electrode surface (no pinholes) and no 
charge transfer occurs in the absence of a redox probe, the impedance 
response of the immunosensor can be attributed purely to changes in the 
interfacial capacitance and the immunosensor can be termed as being “non-
Faradaic” or “capacitive” in nature. These capacitive changes can be due to 
several factors like variations in dielectric properties, charge distribution due 
to displacement of ions or water from the electrode surface or even due to 
changes in protein conformation originating from the formation of the antigen-
antibody complex. The resultant equivalent circuit model for a purely 
capacitive immunosensor consists of the interfacial capacitance in series with 
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the solution resistance (Figure 7a). The impedance response, as observed in 
the Nyquist plot appears as straight line parallel to the imaginary impedance 
axis while the intercept of the line with Zre gives an estimate of the solution 
resistance (Figure 7b). 
 

 
Figure 7. (a) Equivalent circuit model for a purely capacitive immunosensor and (b) 

the impedance response in the form of a Nyquist plot.  

 
However, in reality there are defects in the construction of the insulating layer 
(presence of pin holes in the SAM) and the existence of ions and water 
molecules within the protein structure results in non-ideal dielectric behavior 
[53]. This results in charge leakage from the electrode surface into the solution. 
The resistance to this charge leakage, Rleak, can be modelled in parallel to the 
interfacial capacitance (Figure 8a). This effect may reduce the dynamic range 
and sensitivity of the capacitive immunosensor. The impedance response 
observed in the Nyquist plot now represents a semicircle where the low 
frequency intercept corresponds to Rleak which represents the resistance of the 
surface modification layers to electroactive species moving through the 
collapsed sites and pinholes within the film structure and reflects the 
protective properties of these layers (Figure 8b). 
 

 
Figure 8. (a) Equivalent circuit model for a capacitive immunosensor where charge is 

leaking to the solution through the defects in the insulating layer and (b) the 
impedance response in the form a Nyquist plot. 
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Also as seen from the bode plots, the Rleak dominates at low frequencies and the 
phase angle is close to zero. As the frequency increases, the impedance due to 
the Cint become lower than that of Rleak until it dominates at which point the 
capacitive effects begin to dominate and the phase angle approaches 90. At 
significantly higher frequencies, the Rsol dominates the impedance response 
and the phase angle again approaches zero. Therefore, appropriate choice of a 
measurement frequency will approximate the impedance as a capacitor. This is 
the frequency range we prefer to make measurement in because addition of 
the antigen will change the interfacial capacitance. Ignoring the apparent effect 
of the resistances in the model will simplify the readout and post-readout 
processing of the electrical signals. From the magnitude and phase shown in 
Figure 9, this range is determined to be between 1−30 KHz for many 
impedance biosensors. Changes in Rleak can also be employed as a sensor 
output and can be independently assessed using cyclic voltammetry in the 
presence of a redox probe.  
 

 
Figure 9: (a) Magnitude plot and (b) phase plot of a typical capacitive immunosensor 

 
Now, let us consider a situation when the gold electrode surface is either 
partially covered by an insulating SAM layer or is coated with a conducting 
layer (e.g. conducting polymers like polypyrrole). If there are redox probes 
present in the measuring solution and the applied potential is such that these 
electroactive moieties exchange electrons across the interface, a whole new set 
of phenomena, known as Faradaic, appear. Redox probes like 
ferro/ferricyanide [Fe(CN)63−/4−] [54], ferrocene [55] and ruthenium 
hexaammine [Ru(NH3)63+/2+] [56] are commonly used to monitor the ability of 
the modified electrode to transfer electrons. As the electrode surface is 
progressively modified sequentially, the interfacial charge transfer to a redox 
probe present in the solution becomes increasingly difficult due to the blocking 
effect of the SAM, antibodies, and antigens. This is described as a resistance to 
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charge transfer, Rct, in the equivalent circuit model and is present in parallel to 
the Cint (Figure 4a). Rct represents the real component of the impedance 
response at low frequencies (typically 0.1−10 Hz) and can be mathematically 
expressed in as a series combination of RAu and Rmod which represent the 
constant electron transfer resistance of the unmodified gold electrode and the 
variable electron transfer resistance introduced by the surface modification, in 
the presence of the solubilized redox probe, respectively. 
 

𝑅𝑅ct = 𝑅𝑅Au +  𝑅𝑅mod  
 
When the electrode kinetics are fast, the electrochemical process is limited by 
mass transfer [57]. Therefore, if the applied potential is such that the electron 
transfer is sustained, then the supply of material to and from the bulk solution 
to the electrode surface is limited by the diffusion of the redox probe. In 
general, mass transport can be of several forms which include convection (due 
to stirring of solution), migration (due to charge gradient) or diffusion (due to 
concentration gradient). For impedimetric biosensors, experimental 
conditions are utilized such that the current is diffusion limited. The thickness 
of the interfacial diffusion layer depends on the diffusion coefficient of the 
redox probe, stirring rate and the temperature. Due to this mass transport 
limitation, an additional term is introduced into the equivalent circuit, namely 
the Warburg impedance, W, which appears in series with the Rct. 
 

8.10. RECENT DEVELOPMENTS IN 
IMPEDANCE IMMUNOSENSORS 

Impedance based affinity biosensors enabling label free and direct detection 
are gaining widespread interest due to their suitability for point of care 
applications and have been demonstrated for various bioanlytes which include 
proteins, nucleic acids, whole cells, microorganisms, antibodies and antigens 
among others. In this section, we will focus on the use of impedance for 
immunosensing applications. In immunosensing, two strategies can be utilized 
which include either detection of an antigen by its specific antibody or vice 
versa. In either case, the binding event leads to a change in the electrode 
surface properties, although larger changes can be observed for detecting 
antibodies because of their higher molecular weight and low dielectric 
constant.  
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8.10.1. Non-Faradaic impedance immunosensors 
Non-Faradaic or Capacitive immunosensors were initially utilized for detection 
of immunoreactions [58,59]. The development of the first capacitive affinity 
biosensor is largely credited to Newman back in 1986 who utilized 
interdigitated electrodes covered with a non-conducting polymer layer and an 
antibody probe [60]. Gebbert et. al. used electrochemically grown tantalum 
oxide with controlled thickness as an insulating layer and were able to detect 
anti-mouse IgG with the limit of detection (LOD) of about 1 ng ml−1 using 
mouse IgG as the probe by measuring capacitance changes at 1 KHz, although 
non-specific binding was quite significant [61]. Maupas et. al. utilized modified 
platinum electrodes with different polymeric layers and used a flow injection 
system to achieve real time immune detection of alpha fetoprotein with a 
relatively poorer LOD of 100 ng ml−1 [62]. However, they could reduce the 
effect of nonspecific binding using a differential mode of measurement and 
claimed reproducible impedance changes on an order of 1 %. Mirksky et. al. 
developed an immunosensor using anti-HSA antibodies attached to a tightly 
packed SAM and collected data at a frequency of 20 Hz where the impedance 
change was purely capacitive [63]. They used capacitive change to identify the 
concentration of the immobilized antibody probe and could normalize the 
subsequent change upon antigen binding, thus improving response 
reproducibility. Capacitive changes can also be used for continuous binding 
analysis as has been used for monitoring Human Serum Albumin (HSA) under 
conditions of fluid flow, thus enabling a mathematical description of the 
binding behavior to be identified [64]. Similarly, a highly sensitive non-
Faradaic immunosensor has also been developed for the direct detection of 
protein interferon-g at attomolar levels (0.02 fg mL−1) on polycrystalline gold 
electrodes that are modified with antibody attached to SAMs of cysteine or 
acetyl cysteine [65]. They made use of a flow cell into which controlled amount 
of antigen was introduced and this was followed by buffer washes. Although 
significant amount of nonspecific binding could be detected, they observed that 
this could be corrected by the subsequent washing steps. Ramakrishna et. al. 
developed a capacitive immunosensor for the detection of cardiovascular 
biomarkers, C-reactive protein (CRP) and myeloperoxidase, by using a gold 
electrode that is covered with a nanoporous silica film [66]. The exposed gold 
electrode at the bottom of the nanowells created by the porous silica were 
functionalized with dithiobis(succinimidyl propionate) to attach streptavidin 
followed by immobilization of biotinylated antibodies. The impedance change 
after antigen detection was proposed due to a perturbation of the electric 
double layer in each nanowell, thus resulting in a LOD in the pg ml−1 range. 
Screen printed electrodes have also been utilized for developing capacitive 
immunosensors. Bhalla et. al. developed such for the detection of cardiac 
biomarker, cardiac troponin I (cTnI) by attaching anti-cTnI antibodies to 
citrate capped gold nanoparticles deposited onto screen printed electrodes 
[67]. Besides the use of single planar electrodes, capacitive immunosensors 
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have commonly been fabricated using interdigitated electrodes (IDEs). Dutra 
et. al. reported an immunosensor for cardiac biomarker, for cardiac troponin T 
(cTnT) based on capacitive changes after antigen binding on two planar 
aluminum electrodes separated by a distance of 2 mm with a detection limit 
down to sub ng ml−1 levels [68]. Recently, Chuang et. al developed an 
impedance immunosensor utilizing an interdigitated microelectrode array for 
the detection of bladder cancer biomarker, Galectin-1 (Gal-1) [28]. To improve 
sensitivity and immobilization efficiency, they have utilized nanoprobes (Gal-1 
antibodies conjugated to alumina nanoparticles through silane modification) 
that are trapped on the microelectrode surface using programmable 
dielectrophoretic manipulations. The impedance response due to capacitive 
changes are calculated at 10 KHz where the maximum change is observed. The 
immunosensor shows good specificity for Gal-1 detection and an observed 
LOD in the pg ml−1 range in buffer and human urine spiked samples.  
 

8.10.2. Faradaic impedance immunosensors 
Faradaic impedance immunosensors have also been developed and normally 
utilize the change in resistance to charge transfer, Rct, to monitor 
immunoreactions. An example is the detection of human mammary tumor 
associated glycoprotein which resulted in a change in Rct after being captured 
by specific antibodies that were immobilized on gold electrode via 
spontaneous absorption [69]. The majority of Faradaic immunosensors utilize 
detector antibodies that are anchored on the electrode surface and are able to 
detect various targets in aqueous solution with achievable limits of detection 
in the sub ng ml−1 range. An immunoassay was developed for the detection of 
murine double mutant 2, a brain cancer biomarker, based on an antibody 
immobilized on cysteamine SAM modified polycrystalline gold electrode [70]. 
An LOD in sub pg ml−1 range was achieved in buffer solutions and the 
sensitivity was almost replicated in very dilute homogenous brain tissue 
samples. Similarly, a Faradaic immunosensor was also developed for the 
detection of serum cytokine, Interleukin-12, which is a biomarker for multiple 
sclerosis by immobilizing monoclonal antibodies on screen printed gold 
electrodes [71]. While they observed detection limits in the pg ml−1 range in 
buffer solutions, the assay was significantly less sensitive in serum. In order to 
improve assay sensitivity, Zhu et. al. fabricated a faradic EIS immunosensor for 
CRP detection that utilized a three dimensional ordered macroporous gold film 
that was electrochemically deposited using a template consisting of silica 
spheres [72]. This macroporous gold electrode film resulted in a 14-fold 
increase in the surface area as compared to conventional planar electrodes. 
This should result in a significant increase in the number of antibodies 
immobilized via SAM and consequently reduced detection limits down to 
0.1 ng ml−1 in buffer solutions. In a similar manner, an assay for 
carcinoembryonic antigen (CEA) was developed in which antibodies were first 



Label free impedance biosensors for point of care diagnostics 

197 

coupled to nanoparticles and the bioconjugates were then trapped on a gold 
electrode that was modified with a non-conducting polymer film obtained by 
electro-copolymerization with o-aminophenol (OAP) [73]. The formation of the 
antibody-antigen complex resulted in an increase in Rct in the presence of a 
Fe(CN)63−/4− redox probe with detection limit range of 0.5–20 ng ml−1. Faradaic 
immunosensors have generally been considered more sensitive as compared 
to capacitive measurements made at electrically blocked electrodes. However, 
the use of the ferro/ferricyanide redox probe system has been found to have 
detrimental effects on SAMs and reduce the activity of the immobilized 
proteins [74]. Furthermore, the observed signal change for affinity binding 
might not always be large as the small inorganic redox probes can easily 
penetrate through pinholes present in the SAM and the biorecognition layer. 
To improve sensitivity of Faradaic immunosensors, bulky redox molecules like 
NADH or redox enzymes like glucose oxidase have also been proposed instead 
on small redox species [75]. Enhancement in sensitivities can also be achieved 
by applying special approaches to immobilize the recognition element using 
conductive polymers like polypyrrol. This can result in an improved 
immunosensor response as the conductivity of the polymer film is strongly 
affected by conformal changes induced during the binding event [76,77]. 
Biotinylated polypyrrol films have been used to immobilize biotinylated 
antibodies via avidin [78]. The antigen binding results in an increase in the Rct 
with a LOD of 10 pg ml−1 observed for human IgG. In a similar direction, 
immunoassays have been reported where a change in ion conductivity of lipid 
bilayers with incorporated ion channels has been utilized for antibody-antigen 
detection. 
 

8.10.3. Amplification strategies 
Despite the potential for direct binding analysis, many impedance 
immunosensors suffer from the disadvantage that the observed interfacial 
changes (changes in Cint and/or Rct) are relatively small. This has led to the use 
of novel strategies that have been utilized to amplify the impedance response. 
One smart amplification approach taken from conventional immunoassays like 
ELISA is the use of a secondary antibody bound to an enzyme label that results 
in a sandwich like structure on the electrode surface. Bressler et. al. developed 
a capacitive immunosensor based on passivated IDEs and combined the 
original antibody-antigen interaction with a second binding event that 
attached a secondary antibody labeled with the enzyme catalase to the 
electrode surface. The catalase converts hydrogen peroxide to oxygen and the 
bubbles formed at the electrode surface drastically alter the dielectric 
properties, thus allowing very sensitive detection [79]. An enzyme label can 
also catalyze the formation of insoluble products that can precipitate on the 
electrode surface, thus amplifying changes in Rct and Cdl [80,81]. One of the 
most commonly used enzyme labels for amplifying immunoreaction response 
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is horseradish peroxidase (HRP) and screen printed electrodes have found to 
be suitable transducer for this kind of amplification [82]. Besides enzymes, 
nanoparticles have also been used for signal amplification. Firstly, 
nanoparticles have been used to modify the surface of electrodes before 
immobilization of recognition elements. This provides advantages like 
enhanced surface areas and increased concentration of recognition elements, 
thus resulting in amplified signals [83]. Examples include electrode 
modification with carbon nanotubes [84] or gold nanoparticles [85]. Secondly, 
nanoparticles have also been used as labels similar to enzymes to form a 
sandwich assay which will further alter the interfacial properties and the 
conversion of the redox probe will change at the electrode surface. An example 
includes the use of gold nanoparticle labeled antibodies to amplify the electron 
transfer resistance arising from the binding of the antigen to the 
immunosensor surface [86]. An interesting amplification strategy was 
proposed when using IDEs for DNA detection, and is also suitable for 
immunosensing. It includes the use of gold nanoparticle labeling followed by 
an additional step where the catalytic properties of gold are used to deposit 
silver, thus resulting in enlargement of nanoparticles [87,88]. When this 
enlargement proceeds to an extent where the surface particles contact each 
other, a conductive pathway is developed across the two interdigitated 
electrodes, thus resulting in ultrasensitive detection. While improved 
sensitivities can be achieved, some of these amplification techniques utilizing 
additional labels often require multiple steps, equipped laboratories and 
trained professionals and may not be suitable for point of care analysis. 

8.11. CONCLUSION 
The potential of impedance as a transduction mechanism for biorecognition 
events has been illustrated by the various examples in literature. Interdigitated 
electrodes and amplification strategies have been shown to significantly 
improve the impedance response. However, further research is still required to 
improve reproducibility and sensitivity of analyte detection, especially in real 
samples which are far more complex than spiked buffer samples. Furthermore, 
the presence of interfering species often results in non-specific binding which 
increases the reported limit of detection, and this is one of the major issues 
associated with impedance and in particular capacitive biosensing. While a 
complete impedance spectrum over a wide frequency range has often been 
utilized for characterization of electrode surfaces, it is often time consuming 
and not necessarily needed. The ability to directly detect affinity binding by 
using a frequency at which either the change in interfacial capacitance or 
charge transfer resistance is maximum is a very attractive option for 
biosensing applications. While still needing further improvements, impedance 
based biosensors can enable low limits of detection without the need for 
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additional labeling, making them highly suitable for point of care diagnostic 
applications. 
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