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Introduction 
 

Over the past 50 years, the French cattle farming sector has undergone profound 
changes. To respond to changes in meat and milk consumption while coping with the 
decrease in the number of cattle farms, the size of dairy and suckling farms has almost tripled 
between 1983 and 2019 (Agreste, 2020).  One of the keys to the economic success of a farm 
lies in the management of the herd's reproduction. Good reproductive management allows 
for optimal milk production in the case of dairy cows and an optimal number of calving per 
year in the case of suckling cows.  

Artificial insemination (AI), one of the reproductive management tools, has been practised for 
about 50 years in France and is a widespread practice in French breeding. More than 75% of 
dairy calves are procreated by this method and about 13% of the calves from suckling farms 
(Allice, 2021). Successful insemination requires knowing the best moment to inseminate. 
Historically, the breeder would observe the herd several hours a day to spot heat associated 
behaviour expressed by the cows. To overcome the increase of the cows per herd, the lack of 
manpower on farms and the decrease in heat expression (Cutullic E., 2010), several tools to 
help detect cows in heat have been developed and are currently on the market. Most of these 
tools detect behaviours associated with the state of heat of the cow. The sensitivity, 
specificity, practicality and price of these tools cover a very broad spectrum (Allain C. et al., 
2012). As the behaviours detected are not necessarily specific to the heat period, false 
positives can lead to unnecessary inseminations and therefore a financial loss for the farmer. 
Moreover, some cows show little or none of the expected behaviour during heat, and the 
farmer may miss an opportunity to inseminate, or may inseminate at the wrong time which 
also represents a loss of profit. 

A new tool, the HerdNavigator® by Delaval, dedicated to ovulation detection provides 
promising results. Instead of relying on external signs of heat, this tool monitors the level of 
one of the reproductive hormones, progesterone, to predict ovulation and warn the farmer. 
This tool, which is more efficient than previous methods, doses the hormone in the milk of 
cows during milking. Although effective, it can only be used on dairy cows and is adapted for 
herds over 100 cows, requiring a significant investment by the farmer. 

The CEA / VetAgro Sup / INRAe "SmartRepro" project, in which this thesis is included, aims to 
provide a new ovulation detection solution with the following specifications: 

1. Monitoring of the evolution of hormones involved in the oestrus cycle of cows. 
2. Applicable for both dairy and suckling cows.  
3. Easy to use for the farmer. 
4. Reasonable cost to be used by medium-sized farms (about 45 cows for dairy farms 

and 36 for suckling farms, (Alice, 2021)). 
 

To meet these objectives, the tool displayed in Figure 0. 1 was imagined. 
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Figure 0. 1 Schematic view of the SmartRepro tool for ovulation detection. 

This tool, in the form of a patch, will consist of an on-board biosensor capable of analysing 
one or more hormones involved in the oestrus cycle of the cow in real time. These hormones, 
being present for example in the blood (Dieleman et al., 1986; Martin et al., 2013), will have 
to be collected and transferred to the biosensors embedded in the patch. The patch is 
intended to be worn for at least 30 days, to be sure to include an entire oestrus cycle and 
eventually detect some abnormalities (prolonged luteal phases or interruption of cyclicity) 
(Disenhaus C et al., 2008), without requiring any maintenance by the farmer. The design 
makes the tool easy to use for suckling cows, spending part of the year on pasture, but also 
dairy cows in pasture-based systems. When the biosensor detects an ovulation, the patch will 
transmit the information to the farmer.  

As the SmartRepro project started with this thesis, I chose to focus on three axes during the 
three years of research: 

1. Determine the location of the patch. This location must allow for hormone collection, 
be easily accessible to the farmer and be protected from the cow's daily activities to 
remain in place for the required 30 days.  

2. Develop a way to reach the hormones and transfer them to the biosensor.  
3. Develop a biosensor for real time monitoring of the hormones. The selected 

technology should combine sufficient sensitivity and specificity, be suitable for stand-
alone wearable device integration and have low production cost for possible 
industrialisation further down the line.  

 

The following manuscript presents the reasoning in the choice of technologies selected to 
meet the specifications and the solutions developed during this thesis. 
The first chapter will first provide a brief presentation of this thesis context in regard to the 
reproduction management in French herds as the different solutions already on the market 
to help heat detection. In a second part, an overview of the different technologies available 
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to fulfil the thesis objectives will be introduced and discussed with the prism of the 
SmartRepro application and constraints.  
Defining the location of the patch was the first step of the development process as it would 
impact the type of fluids analysed and how to reach them. The strategy to determine the 
location of the patch and the tissues analysis to refine the emplacement choice will be 
presented in Chapter 2. These data led in the second time of this chapter to the design and 
the creation of hollow microneedles (MNs) to sample and transfer the fluids containing the 
hormones to further parts of the patch.  
To monitor the evolution of the hormones in real time, a biosensor was developed and 
characterized electrochemically. Before conducting hormones detection tests, detection of 
molecules whose interactions are well known in the literature were performed. The objective 
of these experiments was to understand the inner mechanisms of the biosensor and its 
unique detection structure when operating in a liquid environment. The fabrication process 
and electrochemical tests results will be presented in Chapter 3. 
Finally probes to detect the targeted hormones with high sensitivity and selectivity were 
selected and tested. The first hormones detection tests and results will be presented in the 
last chapter.  
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 Introduction 
 

This thesis presents a multidisciplinary work that has linked animal sciences with 
biosensors with the objective to develop a new device dedicated to help farmers to find the 
best time to inseminate their cows. This first chapter depicts the context of this work and 
provides a synthetic review of the main biological and technological knowledge that have 
been used to refine our scientific position and research strategy.  

Over the last decades artificial insemination (AI) has considerably increased in dairy herds as 
a way to increase genetic gain and to control the spread of sexually transmitted diseases. At 
the time of writing, about 79% of the dairy cows are inseminated in France whereas AI only 
concerns 13% of beef cows (Allice, 2021). New perspectives of AI development can be pointed 
out in beef with the opportunities from genomic selection (Pimentel & König, 2012) and with 
the recent development of insemination by the breeder.  

Successful AI relies on the farmer's ability to detect when a cow is about to ovulate and to 
determine the best time for insemination (Roelofs, 2005). Traditionally, the detection of the 
ovulation time in cyclic cows relies on visual observation of oestrus (or heat) that is a period 
occurring around 20 to 30 hours before ovulation where cows express sexual behaviours 
(Roelofs et al., 2005). Oestrus detection is necessary to determine when to inseminate cows. 
It plays a key role in the profitability of artificially bred dairy and beef herds as if cows are 
inseminated too early or too late, the chance of fertilization can be affected and, if fertilization 
occurs, the early embryonic development can be altered (Roelofs, 2005) leading to 
reproductive failure. Such reproductive failures have great consequences both on farm 
profitability, as lack of calving means less income (milk and calves), and on cow longevity, as 
failure to conceive often means culling (Bascom & Young, 1998; Hadley et al., 2006). 

Standing to be mounted is the gold standard indicator that a cow is in oestrus (Van 
Eerdenburg et al., 1996) but it is frequently not observed due to either poor intensity of 
oestrus expression (cow effect) or insufficient observation (human effect) or both  (Moore et 
al., 2021). Several studies have reported that the mean duration of standing oestrus is less 
than 10 hours in both dairy and beef cows and that some oestrus may occur without any 
standing behaviour (Bedere, 2017; Blanc et al., 2010) (Figure 1. 1).  Oestrus detection has thus 
become a major limiting factor of reproductive performance and profitability in modern dairy 
herds. 
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Figure 1. 1 From (Bedere, 2017). Duration of the oestrus (heat) in dairy cattle through time (quantitative review of 
39 records from 25 studies between 1927 and 2005: reprinted from (Cutullic E., 2010)) 

To improve oestrus detection rate and help farmers to determine the right time for 
insemination, automated oestrus detection systems have been developed (Saint-Dizier & 
Chastant-Maillard, 2012; Moore et al, 2021). Most of them consist in monitoring mounting 
behaviours, activity or locomotion but few rely on the monitoring of physiological traits that 
can be associated with ovulation. The SmartRepro project in which this thesis is included 
proposes an alternative solution that could be used both in suckling and dairy cows bred in 
pasture-based systems with the objective to be easy to use, more reliable and less expensive 
than the currently available solutions.  

The first part of this “state of the art” chapter proposes a critical analysis of available oestrous 
detection devices in order to highlight their strengths and limitations.  The second part is 
dedicated to biosensors with the aim to analyse what solutions would be interesting to deploy 
for the detection of ovulation time. With the important evolution of micro and nano 
technologies over the last decades, biosensors have taken an important place in our daily 
lives, whether in the medical, agricultural, environmental or, more recently, welfare fields. 
Through the prism of the SmartRepro project, the range of technological solutions developed 
for these applications will be presented. 

 

1.1 Ovulation detection in cows, a critical point in the 
management of reproduction 
 

1.1.1 Controlling reproduction in dairy and suckling herds: a key issue for 
breeding 

 

1.1.1.1 Herd profitability relies heavily on reproductive success 
 Depressed reproductive performance of a cow herd affects its profitability through 
additional expenditures and reduced incomes (Seegers, 2006). Additional expenditures are 
extra straws and extra charges for repeat services by AI technicians, more frequent veterinary 
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examinations and interventions, extra hormonal and other treatments units, additional 
expenses in other corrective or preventive measures (nutritional supplementation, heat 
detection aid devices) and extra labour time for the farmer to manage the problem of cows. 
Reduced incomes result from lengthened calving intervals that induce calf crop reduction and 
reduction in milk yield per year-present cow (Seegers, 2006).  
Besides these direct additional expenditures and reduced incomes, indirect costs are also 
induced from culling due to reproductive problems. In most of dairy and beef herds, 
reproductive failure is one of the main causes of involuntarily culling (Ahlman et al., 2011) and 
leads to reduced cow longevity. Involuntary culling has detrimental economic consequences 
as it means an anticipated exit of the cow in comparison to the optimal culling age (Brzáková 
et al., 2019; Hadley et al., 2006; Seegers, 2006). Consequently, the annual production costs 
associated with raising replacement heifer increase: more replacement stock has to be 
brought in and rearing or purchase costs of heifers are amortised on a lower milk yield 
(Beaudeau et al., 1995) (Figure 1. 2) or a lower number of calves from first calving to exit. 
Another economic impact is that culling for reproductive problems lets less possibilities for 
voluntarily culling of cows having low genetic merit for production traits (Seegers, 2006). In 
dairy herds, total loss due to reproductive failure was estimated to 10 % of the farmer income 
(Dijkhuizen et al., 1985). In beef herds, Boyer et al. (2020) reported that a suckling cow stops 
to be profitable to the breeder after two reproductive failures. 
 

 
Figure 1. 2 Estimated probability (%) for a cow to be culled in first and second lactation according to the postpartum 
days open observed in the same lactation (from Beaudeau et al., 1995) 

Such results clearly highlight why reproductive success is a major issue for dairy and beef 
herds’ profitability.  

 
1.1.2.2 Artificial insemination (AI): a dominant practice in dairy herds, more rare in 
suckling herds 

AI is a widely used technique in dairy herds as 80% of the dairy cows are inseminated in 
Europe (Alice, 2021). The significant deployment of this technique can be justified on two 
main grounds: 
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- Sanitary. As all seeds are checked by the seed collection centres, the risk of 
transmission of venereal diseases is considerably reduced. 

- Genetic. Each breeder cannot rear as many bulls as desired to improve productive 
and functional traits within his herd. An access to a catalogue of bulls’ seeds with 
identified characteristics can allow rapid improvement of the targeted characteristics. 
AI can also be used as a lever to increase genetic diversity within a herd (Rodgers et 
al., 2012). 

 
Despite the interests of AI, this technique is still little used in beef production. In France, only 
15 to 17% of suckling herds use AI (Chanvallon et al., 2015; Boÿreau, 2019). Several reasons 
can partly explain this large gap between dairy and beef herds. First, a large part of the beef 
herds are located in areas were often fewer veterinaries are available to practice AI. Secondly, 
the breeding period often occurs in spring when cows are at pasture and practising AI means 
to spend time to observe cows in paddocks that sometimes are quite far from the farm, to 
isolate cows in oestrous and block them in a stalling device to practice AI. All these steps have 
to be repeated in case of conception failure.  

In her veterinarian thesis, Boÿreau (2019) conducted a survey of breeders and veterinaries to 
identify the obstacles for AI in suckling herds. The study took place in the Creuse department 
(France), which has the largest number of suckling herds in France (22% of the French beef 
herds). From the breeders’ point of view, the main obstacles to AI are:  

- the fact that beef cows spend a majority of their time outdoors, 
- the low profitability of AI compared to natural mating,  
- the amount of time required to observe the cows and to detect oestrus as 93% of the 

breeders interviewed do not use tools for heat detection. 
Veterinarians identified two main obstacles: 

- The lack of veterinarians in rural areas. On average in the Creuse department, a 
veterinarian structure (two to four practitioners) has on average 133 beef herds to 
follow. With pastures often far apart and sometimes difficult to access, it is not 
possible to offer this service to all herds. 

- Very few vets offer this service (only 10% according to the survey) and as the demand 
from farmers is quite low there is a lack of technical training on AI and heat detection 
tools. 

 
With the increase of herd size, suckling farmers gave priority to work simplification at the 
detriment of the development of practices that take time like AI. However such a choice may 
evolve in the future as insemination by the farmer is now possible,  provided that easy to use 
and reliable tools are available for oestrus detection at pasture and that devices are accessible 
to block the cows at pasture in order to inseminate them.  
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1.1.2 Inseminating at the right time requires to assess the reproductive status 
of females  
 

1.1.2.1 Summarized presentation of the oestrus cycle of the cow and the dynamics 
of reproductive hormones during the cycle   
The ovary of the cow ensures two main functions: the production of the female germ 

cells (oocytes) and the synthesis of steroid hormones: progesterone (P4) and oestrogens. Each 
oocyte develops within a structure named a follicle that will also develop itself during the 
oestrus cycle. Folliculogenesis can be divided into three phases according to follicular 
dynamics (Bedere, 2017) (Figure 1. 3): 

 

Figure 1. 3 Schematic representation of hormones and follicles dynamics during the oestrus cycle of a cow with the 
follicle-stimulating hormone (FSH; grey), the luteinizing hormone (LH; blue), the 17β-oestradiol (E2; green), the 
progesterone (P4; red and luteolysing prostaglandins (PGF2α; purple) 

 
1. The basic follicular growth 

During this phase a cohort of primordial follicles is recruited. Each of them contains an oocyte.  
Primordial follicles develop into primary and then into secondary follicles. During this phase 
follicles are not sensitive to gonadotrophins (follicle stimuling hormone, FSH and luteinizing 
hormone, LH) secreted by the pituitary.  

2. The follicular period  
In this phase a vascularised layer of endocrine cells (theca interna) appears around the 
secondary follicles. These theca cells make the follicle sensitive to the increase in plasmatic 
FSH concentration. During the follicular period only 2 or 3 follicles are selected from the 
cohort in response to the increase in FSH. Their granulosa develops, their theca interna starts 
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producing 17β-oestradiol (E2) and cavities filled with follicular fluid appear. The E2 production 
of the selected follicles applies a feedback on the pituitary gland, stimulating the production 
of LH. At the same time, FSH stimulates the secretion of inhibin by the granulosa which, 
together with E2, applies a feed-back on the hypothalamus which is inhibiting the secretion 
of FSH itself. While being exposed to FSH produced by the pituitary, one of the selected 
follicles acquires LH receptors and becomes dominant. The dominant follicle finishes its 
development under LH and growth factors control and the others selected follicles are 
resorbed (Figure 1. 3). The increased magnitude and frequency of LH pulses until the LH peak 
induce important changes in the follicle (growth and meiosis of the oocyte proceeds again) 
and the LH surge induces ovulation. The oocyte that was contained into the follicle is released 
near to the fallopian tube. 
During an oestrus cycle, with the FSH dynamics, follicular waves leading to the emergence of 
a dominant follicle occur every 7 to 10 days. 
 

3. The luteal period 
Once an oocyte is successfully ovulated, the rest of the follicle forms a new structure, the 
corpus luteum that no longer produces E2 but progesterone (P4). P4 has antagonist effects of 
E2 and applies a feed-back on the hypothalamic-pituitary axis which causes LH and FSH drops. 
In consequence, no ovulation can occur as long as the corpus luteum is present and P4 level 
is high. If there is no conception after ovulation, the corpus luteum will be lysed (i.e. luteolysis 
induced by prostaglandins secreted by the endometrium), P4 levels will drop and a new cycle 
will start (Figure 1. 3).    

If the oestrus cycle of cows lasts for approximately 21 days, a large variability exists. In reality, 
oestrus cycles of dairy cows were described to range from 19 to 26 days (Disenhaus et al., 
2008). Such a variability has an impact on the management of reproduction and increases the 
probability that the farmer misses oestruses. 

 

1.1.2.2 Oestrus: behavioural changes that announce the occurrence of an ovulation  
At the end of the follicular phase (before ovulation), the dominant follicle synthesizes 

and secretes increasing quantities of E2. The concentration of E2 circulating in the systemic 
blood reaches a threshold which causes two closely linked events due to positive feedback on 
the brain:  

1. a behavioural response named oestrus,  
2. the surge of release of pituitary gonadotrophic hormones, especially LH, resulting 

in a peak of gonadotrophins that prompts the process of ovulation at a related 
time, commonly some 20-30 h later (Roelofs et al., 2010).  

Oestrus is characterized by the acceptance by the female of the male for mating. In artificial 
inseminated bred herds there is no bull and a cow is considered to be in true oestrus when 
she is standing immobile when being mounted by another cow. However, standing to be 
mounted is not the only sexual behaviour that is observed during oestrus. During oestrus 
there is also an increase in the occurrence of other sexual behaviours: mounting, being 
mounting, flehmens, chin resting or sniffing/licking the vulva of other cows (Chanvallon et al., 
2015; Van Vliet & Van Eerdenburg, 1996) (Figure 1. 4). 
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Figure 1. 4 Pictures extracted from (Chanvallon A. et al., 2015). Behaviours associated with the oestrus event for 
beef herds: A) Ano-genital sniffing B) chin resting and C) mounting and standing to be mounted. 

Standing to be mounted is not a highly expressed behaviour. In beef cows, it is observed in 90 
to 100 % of the oestruses but it represents 2 to 4 % of the total behaviours that are expressed 
during oestrus (Blanc et al., 2010; Chanvallon et al., 2015) (Table 1. 1). In dairy cows (Roelofs 
et al., 2005) observed standing to be mounted in only 58 % of the oestruses and when it was 
expressed it represented less than 3 % of the total sexual behaviours (Figure 1. 5).  
 

 Oestrus period Luteal period 
P 

(Wilcoxon 
test) 

Total number of sexual and social behaviours 812 ± 537 80 ± 44 <0.05 
Proportion of social behaviours (%) 59 ± 11 92 ± 9 <0.05 
Proportion of sexual behaviours (%) 41 ± 11 8 ± 9  
Proportion of flehmen + sniffing or licking of the vagina  
of another cow + resting with the chin on another cow (%) 

30 ± 10 8 ± 9 <0.05 

Proportion of mounting + being mounting + mounting the  
headside (%) 

9 ± 5 0 ± 0 <0.05 

Proportion of standing to be mounted (%) 2 ± 2 0 ± 0 <0.05 

Table 1. 1 From (Blanc et al., 2010). Proportion of sexual and social behaviours observed during the oestrus and 
the luteal period in Charolaise cows (n=69 oestruses) 
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Figure 1. 5 From (Roelofs et al., 2005). Mean number of different signs shown during oestrus (mean ± sd )(Fl: 
flehmen, Sn: sniffing the vagina of another cow, CR: resting with the chin on another cow, BM: being mounted, Mo: 
mounting, MH: mounting the headside; St: standing heat). Above the bars, the percentage of oestrus periods in 
which the sign was displayed at least once is shown. 

Besides the low expression of standing to be mounted, it was observed that the duration of 
oestrus measured by the interval between the first standing to be mounted to the last one 
has decreased over the past decades (Figure 1. 1). In dairy cows, the duration of oestrus has 
been halved, from 15 h to 4-8h, in forty years. In beef cows, (Blanc et al., 2010) reported 
durations ranged from 10 to 6 hours according to the breed.  

Because standing to be mounted is rare and may not be expressed during some oestruses, it 
has been concluded that standing behaviour could not be the only evidence of oestrus in dairy 
and beef cows (Bedere, 2017) and that other signs have to be considered. Van Eerdenburg et 
al., (1996) proposed to rank the different oestrus behaviours and to give them a score 
according to their specificity. A cow is then considered in oestrus when the cumulative score 
reaches a threshold. Chanvallon et al. (2015) reported that when oestrus is defined as the 
period when secondary sexual behaviours (flehmen + sniffing or licking the vagina of another 
cow + resting with the chin on another cow) significantly increase, the duration of oestrus is 2 
to 5 hours higher than the duration defined on standing to be mounted behaviours (Table 1. 
2).  

Breed Based on Standing to be 
mounted (h) 

Based on the expression of 
secondary sexual 

behaviours  (h) 
Charolaise_1* 7.6 ± 4.6 12.4 ± 3.9 
Charolaise_2 * 9.9 ± 3.7 12.1 ± 4.1 
Limousine 8.2 ± 6.3 11.1 ± 4.0 
Blonde d’Aquitaine 6.2 ± 3.4 11.0 ± 2.4 

Table 1. 2 From (Chanvallon et al., 2015), translated from French. Duration of oestrus for beef herds (hours, mean 
± standard deviation). The duration of the oestrus was defined by the time laps in between the first and the last 
standing to be mounted, or by the time laps between the increase and the significant decrease of the secondary 
sexual behaviours (flehmen + sniffing or licking the vagina of another cow + resting with the chin on another cow). 
* The two tests on the Charolaise breed were realized on two different herds and the results were analysed 
separately.  
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With the view of detecting ovulations from oestrus detection several issues have to be 
pointed out. First, several studies have reported that some ovulations (8 to 15%) are not 
accompanied by behavioural changes. They are called “silent ovulations” (Chanvallon et al., 
2015; Kerbrat & Disenhaus, 2004; Palmer et al., 2010; Ranasinghe et al., 2010). Second, 
behavioural traits are difficult to measure and to interpret. When a cow is mounting another 
one, it is not always obvious to know which of the two is in true oestrus. Likewise, when only 
secondary sexual behaviours (licking, sniffing, chin resting) are observed detection errors can 
occur leading to false detected ovulations (detections that occur during the luteal phase). 
Last, oestrus expression is characterised by a high variability, both in duration and in 
expression (type of behaviours expressed and frequency). Several endogenous and 
exogenous factors are known to have an effect on oestrus expression and to enhance this 
variability in oestrus expression (Blanc et al., 2010; Cutullic et al., 2009; Roelofs et al., 2005):    

- Animal factors. Differences between breeds in oestrus expression have been 
reported both in dairy and beef cows (Blanc et al., 2010; Cutullic et al., 2009). In 
Holstein cows Roelofs et al. (2005) observed that oestrus was more intense in 
primiparous cows than in multiparous cows. Productive traits can also affect oestrus 
expression. Several works have demonstrated that high milk production is associated 
with poor oestrus behaviour Cutullic et al (2009), Lopez et al (2004) and other studies  
have pointed out that oestrus expression can be modulated by the nutritional status 
of cows (Cutullic et al., 2009; Blanc et al, 2010). At last, health issues like lameness 
have been associated with a reduction of oestrus intensity in dairy cows. This reduced 
oestrus expression may be caused by physical limitations of the lameness itself 
inducing a reduced frequency of mounting behaviours (J. Roelofs et al., 2010).  

- Environmental factors : The expression of oestrus is influenced mainly by the number 
of cows in oestrus at the same time ((Blanc et al., 2010; Roelofs et al., 2010). When 
the herd is larger, the number of interactions between animals is greater and the 
possibility of forming sexually active groups is higher. Other environmental factors 
like housing conditions, presence of a bull (Roelofs et al., 2008), season (better 
expression in fall and winter) or time of the day have been shown to interfere with 
the intensity of oestrus. Barn housed cattle exhibit more mounts per hour during 
oestrus than cattle housed on pasture mainly because cows on pasture spend more 
time grazing than animals confined in barns (Roelofs et al., 2010). The substrate of 
the floor on which cattle are housed also affects oestrus behaviour. Mounting activity 
is less frequent on  slippery surfaces or areas at grazing with steep slopes  (Chanvallon 
et al., 2015). Vailes & Britt, (1990) showed that duration of oestrus and number of 
mounts were longer and greater on dirt than on concrete floors. As for the effect of 
timing in the day Kerbrat & Disenhaus (2004) reported that sexual behaviours were 
mostly expressed during the night (from 1 to 7 o’clock in the morning). 

 

Causes of variability in oestrus expression are thus quite numerous and clearly make oestrus 
detection a critical step in the management of reproduction. 

1.1.2.3 Other changes associated with oestrus period 
As already mentioned behavioural changes observed during the oestrus period are due 

to hormonal changes preceding ovulation. They are thus associated with physiological 
changes and changes in activity patterns.  
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1. Activity pattern. 
It has been observed that the physical activity of cows increases during the oestrus (Silper et 
al., 2015). Allrich, (1993) and co-workers equipped dairy cows with pedometers and 
measured that their activity pattern increased by a factor of four when they were in oestrus. 
Kiddy, (1977) and co-workers observed the same tendency for dairy cows in comfort stalls 
with an activity 2.75 times higher for cows in heat. Blanc et al (2010) reported in Charolaise, 
Limousine and Blonde d’Aquitaine that time spent standing was significantly higher during 
oestrus than during the luteal phase. 

 
2. Physiological traits. 

Changes in progesterone and/or oestradiol levels that occur at the end of the follicular period 
have a strong correlation with oestrus. Other physiological changes have been reported to 
change when cows were in oestrus and were analysed as potential markers of oestrus: 
reduction in body temperature, decline in milk yield or a decrease in vaginal mucus resistance 
(Firk et al., 2002; Saint-Dizier & Chastant-Maillard, 2012).  

 

Overall, when they have to confirm that a cow is in heat and has to be inseminated, farmers 
pay attention to several oestrus signs and give them different levels of reliability. (Ponsart et 
al., 2010) reported that standing heat is the sign farmers consider to be the most reliable to 
validate an oestrus. They also give a high reliability to vaginal mucus discharges and to the 
expected occurrence of oestrus planned from the reproductive planning. Chin resting, 
bawling and nervousness appeared to be more taken into account by dairy farmers than by 
beef farmers (Table 1. 2).  

Signs Mean score/10 
Beef farmers (n=255) 

Mean score/10 
Dairy farmers (n=64) 

Standing to be mounted  9.3 ± 1.2 9.0 ± 1.4 
Mounting 7.1 ± 2.4 6.7 ± 2.4 

Chin resting 3.7 ± 2.5 4.6 ± 2.9 
Bawling 4.2 ± 2.9 7.0 ± 2.3 

Sniffing the vagina of another 
cow 

5.9 ± 2.4 4.8 ± 2.4 

Nervousness 5.2 ± 2.7 6.1 ± 2.3 
Standing 3.5 ± 2.9 3.6 ± 2.6 

Vaginal mucus 8.2 ± 2.0 7.7 ± 2.4 
Expected time of oestrus from 

the reproductive planning 
6.3 ± 3.3 6.5 ± 3.4 

Table 1. 2 From (Ponsart et al., 2010), translated from French. Average (± sd) scores given by the breeders to 
judge the reliability of the heat signs in beef and dairy herds.  (1= low reliability; 10= high reliability). 

Interestingly, another study conducted by Cutullic et al (2006), showed in dairy cows (Holstein 
and Normande) that conception rates differ according to the signs that are considered to 
confirm oestrus. The highest rate of successful AI (50%) is observed when the decision to 
inseminate a cow is made on the criterion of standing to be mounted (Figure 1. 6). This rate 
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drops to 36 % when insemination is made from mountings signs and decreases to only 28 % 
when insemination is made from slight signs (sniffing, licking, flehmen, chin resting).   

 
Figure 1. 6 From (Cutullic et al., 2009). Success rate of artificial insemination according to the detection "sign" 
mode, Normande and Prim' Holstein breeds combined (n=228). A) Overlap acceptance, B) Mounting, C) Secondary 
signs. 

 

1.1.2.4. A reliable oestrus detection is necessary to define when to inseminate the 
cow  

Behavioural changes that can be observed during oestrus are of great interest to 
predict the occurrence of an ovulation as they account for the underlying physiological status 
of the cow. When oestrus is expressed, it means that the oestrus cycle is at the end of the 
follicular period and that ovulation will occur. Several studies have measured the interval 
between the onset of the oestrus and the ovulation (Figure 1. 7). It appears that this interval 
is highly variable. On average, it ranges between 25 to 30 hours (except in Saumande & 
Humblot, 2005).  
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Figure 1. 7 (From Bedere, 2017, reprinted from Cutullic E., 2010). 1st standing to be mounted –ovulation interval 
(means and standard deviations) of 18 populations of heifers (black circles), cows (grey circles) or both (white 
circles) reported in 18 studies. 

To go further, several authors studied the influence of the timing of artificial insemination 
relative to the timing of oestrus. Insemination time has been shown to influence fertilization 
rate and embryo quality. Dalton et al., (2001) tested three intervals between the onset of 
oestrus and insemination (0h, 12h and 24h). They observed that early insemination results in 
lower fertilization rates (AI 0h : 67%, AI 12h : 79%, AI 24h : 98%) but good embryo quality, 
whereas late insemination (24h after the onset of oestrus) reduced embryo quality but the 
fertilization rate was good. These results indicate that AI 12h after the onset of oestrus (1st 
standing heat) provides a good compromise between potential fertilization failure (AI 0h) and 
embryo failure (AI 24h). These results support the practical a.m-p.m rule used by farmers: 
cows first seen in standing to be mounted in the morning (a.m) would be inseminated in the 
afternoon (p.m) and those observed in standing heat in the evening would be inseminated 
the next morning. They also highlight the importance of performing oestrus detection of high 
quality (determining oestrus onset with precision) to determine the best time to inseminate. 
Such a challenge clearly explains why several devices have been developed to help the farmer 
detecting oestruses (see 1.1.3). Their interest is all the more important that standing heats 
are low expressed and that variability in oestrus expression is high.     

 Another strategy to predict time of ovulation and time to inseminate the cow is to rely on 
the hormonal changes that occur within the hours preceding ovulation.  
LH has been considered as a relevant candidate to predict ovulation time as ovulation is 
triggered by the LH surge. Several studies have thus measured the interval between the LH 
peak and ovulation and have reported that LH peak occurs approximately 25h before 
ovulation (Roelofs, 2005). However, to be able to detect LH surge, blood samples have to be 
taken at short intervals (every 4 hours, Saumande & Humblot, 2005), which is not realistic in 
practice.  
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Surprisingly few works have studied the correlation between levels of oestradiol and timing 
of ovulation. Lopez et al. (2002) reported in primiparous Holstein cows that mean duration 
from the highest level of oestradiol measured in milk until onset of standing behaviour was 
21 ± 3.7 h and until ovulation was 46.7 ± 5.3 h. The mean duration from onset of standing 
behaviour until ovulation was 26.4 ± 4.2 h. Saumande & Humblot (2005) found that the mean 
interval between the highest concentration of oestradiol and ovulation ranged from 22 to 34 
h in Holstein heifers. (Roelofs, 2005) underlined that monitoring of oestrogen levels is 
unsuitable for the prediction of time of ovulation on the farm, because of the large variation 
between animals to time of ovulation and because currently measurements of oestrogens 
levels cannot be easily automated.  
The last hormone candidate to predict time of ovulation is progesterone. Progesterone 
concentrations can be measured in milk and in blood. The possibility of using progesterone 
concentrations to detect the ovulation has been investigated by several studies (Friggens & 
Chagunda, 2005). (Roelofs, 2005) measured the progesterone concentrations in milk and 
plasma of Holstein cows throughout the oestrus cycle. In milk, progesterone concentration 
dropped from levels higher than 15 ng/ml at 97.7± 17.8 h before ovulation to levels around 2 
ng/ml at 70.7±16.8 h before ovulation. Here again, (Roelofs, 2005) outlined the large variation 
in timing of decrease of progesterone concentrations relative to ovulation between animals 
(at best the range is about 2 days) and concluded that monitoring progesterone alone was 
not sufficient to predict ovulation. Such a variability in progesterone profiles has been 
explored by (Blavy et al., 2016) from a large data set (26 dairy herds) and progesterone profile 
features (slope, cycle length, cycle height) were included in a model to estimate the 
probability of insemination success in Holstein cows (Blavy et al., 2018).  
From these data collected in the literature, it is easy to understand that prediction of the 
timing of the ovulation is not an easy task because of the high variability in changes of both 
physiological and behavioural traits that occur during oestrus. However as it was shown that 
insemination time influences fertilization rates, increasing the accuracy of ovulation detection 
is still of high interest. As single parameter approaches have revealed their limits, a significant 
improvement in ovulation detection may come from approaches that will combine several 
predictors.  

 

Controlling the reproduction is a key issue for the profitability of the herd. 
However, in the previous paragraphs, we have seen that oestrus detection 
faces the same difficulties in suckling and dairy cows with an extreme 
variability in oestrus expression in between type of herds, breeds and even 
individuals. However, being able to predict impending ovulation and its 
timing is an essential parameter for the success of the AI. Many articles 
report the predominance of discrete signs with little specificity to oestrus, 
short oestrus durations and high variability in their expression. There is 
therefore a great risk of missing an oestrus or misinterpreting the signs. This 
observation demonstrates the interest in developing tools for the detection 
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of ovulation and not oestrus (Walsh et al., 2011a). Both dairy and suckling 
farms could benefit from this type of detection aid. 

 

1.1.3 From oestrus to ovulation detection  
 

Traditionally, oestrus detection was performed by visual observation for signs of 
mounting behaviour. If this detection method is still practiced in some farms, visual detection 
of the oestrus is less used nowadays due to several reasons: 

- The increase of the herd size. 30% of American herds have more than 500 cows, (Lucy, 
2001).  

- The reduction of the available labour force per cow. 
- The decrease in oestrous duration and intensity due to an over selection of the cows 

criteria, mostly for dairy cows, during the last decades (Cutullic et al., 2009). 
These changes reduce the opportunities for visual observation, and lead to an oestrus 
detection often below 50 % (Van Eerdenburg, 2002; Roelofs, 2005).   

 

1.1.3.1 Methods of oestrus detection based on behavioural and activity parameters 
 Over the past decades, breeders have shown a real interest in sensors for oestrus 
detection. According to Rutten (2014, 2018), the investment is considered a “price worth 
paying” to improve the economic health of the herd. The different oestrus detection methods 
and tools available in the market are presented in this section and summarized on Figure 1. 
8. If no reference is provided, information comes from Allain and coworkers (2012).  

 

Figure 1. 8 Schematic summary of the main oestrus detection methods currently available on the market. 
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1. Visual oestrus detection  
This is the traditional way to detect the oestrus. All the external signs of the oestrus are 
observed by the breeder, daily. Firk et al., (2002) reports that five observations of twenty to 
thirty minutes are necessary to detect the majority of the oestrus events. This method is 
extremely time consuming and cannot be applied for large herds.  

2. Mounting acceptance detection 
Standing to be mounted is the most specific sign of oestrus but as shown previously it is rarely 
expressed.  Firk et al. (2002) report that if we only consider standing to be mounted only 20 
% of the oestruses can be detected visually with two to three observation sessions of 30 
minutes per day. Three types of tools have been developed to record being mountings.  

- Electronic. A patch containing the sensor is glued on the cow rump as presented in 
Figure 1. 9.A. The pressure of the mounting cow will trigger the sensor and after two 
seconds of detected pressure an alert will be transmitted to the breeder by a 
software. The tool reliability is variable with a heat detection rate of 69 to 92 %. The 
reliability of alerts is around 96 to 100 % (so a maximum of 4% of false positive alarm) 
which makes it potentially an interesting product. Additional study carried out by At-
Taras & Spahr, (2001) validates this detection rate with 86.8 and 71.1% of detected 
oestrus in two different trials using electronic sensors.  The investment is about 6.5k€ 
for fifty cows. The limit of this device could be its sensitivity when the herd is in barns 
where cows do not necessarily have the possibility to escape a mounting because of 
lack of space. The two seconds required to validate standing to be mounted could 
also be the source of loss of sensitivity in relation with the advertised value (Saint-
Dizier & Chastant-Maillard, 2012a). Furthermore, Firk et al. (2002) reported that chin 
rubbing of other cows on the rump often result in error messages.  

- Mechanical. A patch containing an encapsulated coloured liquid is glued on the cow 
rump as presented on Figure 1. 9.B. The pressure of a mounting cow will pierce the 
capsule and the liquid will spread to the rest of the patch, an indicator that will be 
perceived by the breeder. The heat detection rate is reported to be around 71 to 86% 
according to At-Taras & Spahr, (2001). This device can be found around 2€ a piece on 
catalogues. It can be used only one time and needs to be changed when the capsule 
is burst. It is thus more time consuming than the electronic version. The breeder has 
to verify each cow several times per day and substitute burst detectors with new 
ones. If this can be manageable for small to medium herd size, this cannot be used 
for large herd or beef herds during the grazing period.  

- Marker. Some paint is applied on the cow rump. By friction, the mounting cow will 
remove part of the paint. On Figure 1. 9.C the left cow has an intact paint strip 
whereas the right one had its paint strip removed. A regular observation from the 
breeder leads to detect in heat cows. The cost is low: under 20€ to mark thirty to forty 
cows but its low cost is offset by its controversial effectiveness. Boyd (1984) detected 
mainly false-detected oestrus as the cows rubbed the paint off their rump herself. 
Additionally, it seems that the paint was not always removed when the cow was 
mounted. On these points, it is possible that the quality and characteristics of the 
paint have evolved since 1984. A more recent study by Xu et al., (1998) reports that 
the combination of paint and visual observations led to a detection rate of 98.4 % 
with only 2.4 % of false positive detections. However, this type of tool still needs a lot 
of implication from the breeder when one of the objective of using an oestrus 
detection tool is to reduce the workload of the breeder in addition to herd costs. As 
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often with the detection tools, this option cannot be used for the suckling cows when 
they are at pasture.  
 

 

Figure 1. 9 The three types of overlap detection. A) Electronic detector, B) Mechanical detector before/after the 
mounting and C) Paint stripe before/after mounting. 

3. Video surveillance 
When the cows are in a barn, the building can be filled with cameras. According to (Firk et al., 
2002; Roelofs et al., 2010), viewing the recordings three times thirty minutes per day is 
enough to have an oestrus detection rate in the 74 to 90 % range. The investment is quite 
significant with a budget of 3.5 to 5 k€ for two to three cameras. This kind of tool can be very 
effective as all the signs (mounting acceptance and secondary signs) are visible and even other 
data such as injuries can be recorded and detected by the breeder. Nevertheless, this solution 
still asks for a considerable amount of time from the breeder to watch all the footages as no 
effective software to automatize the detection is on the market yet (Alawneh et al., 2006). 
This type of tool is also mostly used for dairy herds and maybe for suckling herds when in 
barns during the winter.    

4. Pedometer / accelerometer 
Mostly used in dairy herds, the activity monitoring can be done using three types of tools: 

- A pedometer fixed to a cow leg recording the number of steps per time unit. 
- An accelerometer fixed around the neck and recording movement in the three axial 

directions. 
- An accelerometer fixed to the leg to record the steps but also the lying / standing 

behaviours switches (Saint-Dizier & Chastant-Maillard, 2012a).  
The data recorded by the device are transmitted to a software by radiotelemetry. The activity 
of each animal is analysed and compares it to previous reference period. The reliability of this 
type of detection tool is highly variable with a heat detection rate of 63 to 90 % for the 
pedometers and of 59 to 83 % for the accelerometers. The false positive alerts are respectively 
in the 6 to 29 % range for the pedometer and in the 6 to 20 % range for the accelerometer.  
The initial investment can be considered as moderate as it stays within the 4.5 to 8 k€ to equip 
fifty cows.  
The limits of this type of equipment are: 

- Difficulty to interpret the data when going from barns to pasture  
- Necessity to manipulate the cows individually to install and remove the sensor. 
- Do not give the optimal insemination window (see section 1.1.2.1) 
- The device cannot operate as wanted if the cow has a lameness or other issue that 

limits its movement. 
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In suckling herds, an additional issue is that, at pasture, cows may cover different distances 
from one day to another according to the availability of forages resources, weather, 
temperature etc. In these conditions’ detection by comparison with the previous data (hours 
or day) can be biased.  

 

1.1.3.3 Methods of ovulation detection based on physiological parameters 
In addition to sensors developed to detect external signs of heat, sensors to monitor 

physiological parameters have entered the market more recently. This new option may help 
to detect oestrus in all cows, including those that do not express specific behaviour during 
this period of their oestrus cycle. 

1. Corporal temperature 
Fisher et al (2008) tried a new approach of ovulation detection based on the monitoring of 
body temperature. They succeed to correlate variations in body temperature with the time 
of the LH peak: a decrease in temperature two days before the LH peak was measured 
followed by an increase of 0.48°C within the 4 h period of the LH surge. A recent product 
named Anemon was recently launched and combines a vaginal thermometer with a 
transmitter / accelerometer collar (Kohler et al., 2010). An alarm is sent to the breeder’s 
phone when an increase of activity is associated to a decrease followed by an increase in 
temperature. The system was finalized in 2010 but only data providing from the product 
developer were found. Claims for the Anemon system developer (Brielmann, 2014) are a heat 
detection of 87,5 % but no other study was found to challenge these results.   

2. Progesterone levels 
Claus et al., (1983) measured progesterone in milk fat. Results showed that 32 % of the 
oestruses detected from P4 data were not recognised by the farmer. From this observation, 
several products have been developed and put on the market. Actually, two devices are 
marketed: 

- eProCheck ® by Minitüb (Figure 1. 10.A). This tool allows the concentration of P4 to 
be measured in the milk or plasma of the cow. The sample is hand-collected and 
prepared by the user and then analysed by a portable analyser. Interpretation of the 
results is left to the user, who must be trained personnel (veterinarians or 
inseminators). Cost of the equipment and performances were not found.  

- Herd Navigator ® by a Foss and Delaval collaboration (Figure 1. 10.B). This device is 
associated with a milking robot and is therefore exclusively reserved for dairy cows. 
During milking, the device takes a milk sample and analyses its P4 concentration. The 
Herd navigator monitors each cow individually and can warn the farmer when 
ovulation is imminent (drop in P4 concentrations). With this device, the farmer can 
manage the cycle of his cows on his own with the possibility of adapting the periods 
and frequency of dosage while proposing the analysis of other biomarkers. The heat 
detection rate is particularly high, within a 93 to 99 % range. The investment however 
is around 40 to 50 k€ (+55€ /cow/year) and makes the system unaffordable for many 
French farms where the number of cows remains below 100. 
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Figure 1. 10 A) eProCheck ® by Minitüb system and B) Herd Navigator ® by a Foss and Delaval system operating 
principle 

 

Overall, the tools to help predict oestrus and ovulation are now playing an 
important role in bovine reproductive control. Tools based on detection of 
external signs give a wide range of results with very few options that are 
suitable for both suckling and dairy herds, and that require minimal 
maintenance time from the breeder. Techniques based on monitoring 
physiological parameters are very promising as they allow a more successful 
and accurate assessment of the ovulation event, even in cows that do not 
express any external specific signs of heat. Monitoring the hormones 
involved in the oestrus cycle seems to be an interesting path to explore with 
two products already on the market. Based on the literature, the sensor 
developed for the SmartRepro project should use this detection strategy. 
Real time monitoring of hormones implies the need for two main 
components in our system: a way to access a cow fluid (milk, blood or 
interstitial fluid) where the hormones are located and a biosensor to dose 
in real time these hormones through the oestrus cycle to detect the 
approach of the ovulation event.  

 

 

1.2 Detection of physiological parameters in living organisms  
 

The ovulation detection patch proposed in SmartRepro implies to transfer a biological 
fluid into contact with a biodetection system for real time analysis. More concretely, two 
technological building blocks have to be developed:  

- A biosensor to measure the hormones contained in the interstitial fluid. 
- A system to transfer the interstitial fluid from the cow's dermis to the sensor. 
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In recent years, sensors have become the object of a real interest for farmers, but it can 
represent a significant investment that is sometimes difficult to justify. If ovulation detection 
sensors are very popular as they have a direct economic impact on the farmer rent (Rutten et 
al., 2014, 2018), welfare sensors are not yet sufficiently attractive because of an uncertain 
return on investment. 

The sensors used by the breeder presented in Figure 1. 11, can be organized in three 
categories: 

- The at cow sensors. Represented in red zone of Figure 1. 11, they include 
accelerometers, temperature and heart rate monitoring or pH analysis. They can be 
worn, swallowed or inserted into the cow digestive system.  

- The near cow sensor. Represented in the blue zone of Figure 1. 11, they include video 
and sound analysis, climate analysis, feed analysis or GPS.  

- The from cow sensor. In green on Figure 1. 11, they monitor products coming from 
the cow (milk, hair, saliva, sweat, nasal secretion, breath, faeces, etc.). 

 

 

Figure 1. 11 Extracted from (Knight, 2020a). Overview of sensor technologies associated with dairy animals (can 
be extended to suckling breeds). The red zone and individual red dots show ‘At Cow’ sensors, the blue zone shows 
‘Near Cow’ sensors and the green zone shows ‘From Cow’ sensors.  

If it is recognised that biosensors are valuable to the livestock industry in several domains 
(infection and disease detection, reproduction, nutrition…) (Chastant-Maillard & Saint-Dizier, 
2016), only few of them have access the market despite a regular research on it. The only 
ovulation detection sensor that is available on the market is the HerdNavigator ®, introduced 
in 2008, which is a “from cow sensor” and doses the progesterone in the milk from sampling 
during the milking sessions.  So, it is not a wearable device. There is no mention of a ready for 
the market wearable biosensing device in the literature for the ovulation detection. This 
situation is partly due to the difficulty to measure hormones (small molecules and small 
concentrations), to have cheap and reliable production methods for the biosensors, to issues 
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to integrate the sensor in a bigger system as well as stabilization and storage issues(Velasco-
Garcia & Mottram, 2001).  

Despite these difficulties the market seems to be favourable for ovulation detection sensors 
with possible application both in suckling and dairy cows but also in small dairy ruminants 
where AI is also commonly used. The patch developed by SmartRepro should be interesting 
for breeders and competitive with the products already available. It is essential that the 
sensor developed in the project exhibits performances at least equal to the solutions already 
on the market (oestrus detection devices), is affordable and easy to use. The first two points 
are directly related to the type of developed biosensor.  

 

1.2.1 Biosensors 

 
Figure 1. 12 Schematic of a biosensor technological parts 

A biosensor is a device using specific biochemical reactions mediated by isolated enzymes, 
immunosystems, tissues, organelles or whole cells to detect chemical compounds usually by 
electrical, thermal or optical signals (Gold, 2019). It is basically composed of the four 
components presented in Figure 1. 12. 

1. The analyte. The biosensor is brought into contact with a fluid (liquid or gas) that 
contains the element to be detected. 

2. The bioreceptor layer. This layer, in contact with the analyte will bind specifically to 
the targeted molecule. Different kinds of bioreceptors were developed and used 
through the years as presented in Figure 1. 12. 

3. The transducer element. This layer converts the biorecognition event into a 
measurable signal (optical or electrical mostly). 

4. The signal processing module to amplify, analyse and prepare the signal for display.   
 
The conception of biosensors was first described by Clark an Lyons in 1962 with the “enzyme 
electrode” (Clark & Lyons, 1962).  This first biosensor was dedicated to the glucose detection 
in blood. The glucose presents in the blood paired with an enzyme and O2. This reaction 
oxidizes the glucose into gluconic acid and hydrogen peroxide. The oxygen electrode 
developed few years prior to this experiment by Clark then monitor the O2 concentration 
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present in the analyte. The concentration of glucose present in the blood sample is deduced 
from the decrease of O2 concentration.  

Since this first application, the development of biosensors for a still increasing number of 
applications can be witnessed all around the world. Point of care monitoring of treatment and 
disease progression, environmental monitoring, food control and biomedical research are a 
few of these application fields (Mehrotra, 2016).  

If the applications and used technologies can differ, the performance of each biosensor can 
be evaluated on these following points (Morales-Narváez et al., 2016): 

1. The selectivity. The bioreceptor can bind to the target with more or less specificity. A 
high selectivity means that in theory the bioreceptor will only bind to the target while 
totally ignoring the rest of the molecules in the analyte. In practice, the association of 
the bioreceptor with the transducer layer can impact the selectivity of the probe. 

2. The sensitivity. The sensitivity is the amplitude of the transduced signal upon the 
variation of the analyte concentration. This characteristic can be linked to the limit of 
detection (LOD), the minimal concentration of the target that can be detected. 

3. The reproducibility of the results.  
4.  The reusability of the biosensor. If the sensor is to be used several times, it must be 

able to deliver the same response quality from one use to the next. 
5. The reversibility of the biosensor. The ability of the bioreceptor to release the target 

naturally or under external stimuli. This characteristic particularly important for real 
time monitoring biosensors. 

Other criteria can be used as the fast response time, the biocompatibility, the portability or 
the price according to the application.  

The use of biosensors in numerous fields of application has many advantages compared to 
traditional analytical techniques. Miniaturization of the size of the sensor to micro or nano 
scale has improve the signal to noise ratio (Bhalla et al., 2016) and allow to use smaller sample 
volumes implying a reduction of the assay costs. Increasing the surface to volume ratio of the 
sensing layer has led to the creation of probes of size similar to the targets. Such a step 
forward leads to the reduction of the non-specific binding and increase binding performance 
towards the target molecule (Fowler et al., 2008).  

As indicated at the beginning of the section, several types of probes can be functionalized on 
the transducer surface to detect the reaction or recognition of interest. For the SmartRepro 
project, the types of probe we are interested in are those capable of molecular recognition. 
Two types of probes can be used for molecular detection. First antibodies, which are the most 
popular probes for molecular detection. These proteins also known as immunoglobulins, are 
a large family of glycoproteins capable of recognizing antigens with high specificity with their 
binding domains located on the parathope of their “Y” shape. Another type of probe, 
aptamers or small oligonucleotides single strands, can also be used for molecular detection. 
This second type of probe will be discussed later in this chapter.  
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1.2.1.1 Immunosensors  
 Biosensors using antigens as a probe are called immunosensors. The detection event 
is due to interactions between antibodies and antigens on the transducer surface.  

Before going any further, there is a delicate distinction between immunosensors and 
immunoassays. For the immunosensor, the formation of the antibody/antigen complex 
happens on the same platform as the recognition process. For the immunoassay, the 
diagnosis following the formation of the immunocomplex takes place elsewhere. 
The difference between the immunosensor and immunoassay is presented on Figure 1. 13.
  

 

Figure 1. 13 A) From (Felix & Angnes, 2018). Schematic representation of an immunoassay detection steps for 
sandwich-type ELISA (enzyme-linked immunosorbent assay). Ag = antigen and Ab = antibody. The detection signal 
happens away from the detection platform. B) Adapted from (Mollarasouli et al., 2019). Schematic representation 
of Fullerene (Carbon allotrope)-Functionalized Carbon Nanotubes/Ionic Liquid based for tumour detection. The 
signal is emitted from the same platform where the recognition event happens.    

The antigen-antibody bind is often characterized with high selectivity and high affinity. For 
the immunosensor to detect the recognition event, a transducer layer is needed. The next 
section presents an overview of the possibilities for the transducing layer.  
 
1.2.1.2 Immunosensor detection strategies  

Immunosensors detection strategies are using label free techniques in contrast with 
the labelling techniques. The use of the labelling techniques is mainly reserved for the 
immunoassays in which a marker binds to the target and leads to a discrete measure at the 
end of the reaction. Mainly, this technique is used to increase the sensitivity of the detection 
through enzymatic amplification and photon counting. The most common method is the use 
of fluorescent probes (example). This technique, although inexpensive, is generally limited by 
its sensitivity to environmental conditions (pH and temperature which impact probe 
quenching). Furthermore, the labelling techniques require a significant investment of time on 
the part of the user (preparation, analysis of the assay) and cannot be adapted for integration 
into a wearable device or for a stand-alone real-time monitoring application.  

The bovine ovulation detection tool developed by SmartRepro cannot use such techniques 
for these reasons. Therefore, in the rest of this chapter, we will orientate our bibliographic 
work on the so-called "label free" techniques. 
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Label free immunosensors can be classified based on their transduction mode: 

1. Optical and photonic  
On the same model than the ELISA test presented in Figure 1. 13, the binding of the target to 
the probe can realise or activate photoreactive products. Coloration of the reaction 
environment or fluorescence observation under microscope can indicate if the target 
molecule was detected. With this type of assay, the intensity of the signal can be proportional 
to the concentration of the target to a certain extent. Nonetheless, this could not be used in 
this thesis as it cannot deliver real time monitoring.  

A photonic detection option is surface plasmon reasonnance (SPR). The sensitivity of the SPR 
can reach the nanomolar range and the detection method is simple, and the assay is 
inexpensive. The operating principle of the SPR is presented on Figure 1. 14.   

 

Figure 1. 14 Operating principle of a SPR biosensor (Damborský et al., 2016). 

In this system, a thin metal layer (often gold) is applied on a prism. The probe is immobilized 
on this metallic layer. When the target molecule bind to the probe, it creates a local increase 
of the refractive index at the metal surface. The variation of the refractive index induces a 
shift of the resonance angle, proportional to the density of analyte detected. The sensor can 
then be operated by monitoring the resonant incident angle shift (Homola, 2003). This 
technique allows real time measurement. However, it remains an expensive laboratory 
system that cannot be integrated into a wearable device.  

Other optical detection, label free biosensors exist (optical ring resonators (Iqbal et al., 2010), 
wave guides (D. Sun et al., 2014), wave-guide (Yih et al., 2006) or photonic crystals (Shafiee et 
al., 2014)) but they all face the same problem when it comes to miniaturisation, complexity 
and cost of the set up. If very good results can be obtained with these techniques, they are 
not adapted to the project of the thesis. 

2.  Microgravimetry  
Another renowned tool for use in biosensors is the quartz crystal microbalance (QCM). This 
biodetection system, whose operating principle is presented in Figure 1. 15, is based on the 
use of the piezoelectric effect. The probe is anchored to a gold layer, on a QCM. An alternative 
electric field is applied to the QCM inducing constraints in the quartz lattice (expansion and 
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contraction). The resulting resonance frequency of the QCM is related to its thickness or mass 
and it will change according to the probe / target binding event. The QCM is sensitive in the 
nanogram range. This technique was used for different applications like the detection of 
disease biomolecules (Pesquero et al., 2017; Zhou et al., 2002). Nonetheless, like the SPR, it 
is a laboratory instrument, costly and  cannot be integrated into a wearable device.   

 

Figure 1. 15 Operating principle of a QCM biosensor (Afzal et al., 2017). 

If the QCM cannot be miniaturised for further integration in a wearable device, other types 
of biosensors based on the same measurement method are available like SAW (surface 
acoustic wave) or BOW (bulk acoustic wave). Surface acoustic wave sensors rely on the fact 
that mechanical vibrations propagate under piezoelectric solid surfaces when surface or bulk 
acoustic waves Changes in the velocity of the SAW can be correlated to changes in surface 
temperature, viscosity and mass loading. If this type of biosensors is highly sensitive in 
aqueous environment, the biosensor loss in performances in complex medium like blood.  

3. Electrochemical  
The previous detection methods use variations in the reflective index or mass induced by 
biological recognition and then convert this signal into an electrical signal. A first advantage 
of electrochemical detection techniques is that biological detection directly induces an 
electrical signal. In addition, sensors using this type of detection technique are generally 
inexpensive, space-saving and easily integrated into portable devices. 

The biosensor introduced by Clark and Lyons uses the most widespread electrochemical 
detection technique:  amperometry. The concept is based on the measurement of the current 
induced by electrochemical oxidation or reduction of electroactive species at the surface of 
the Clark electrode. This electrode, also called the “working” electrode, has a constant 
potential with respect to a reference electrode. This technique being the most common 
electrochemical detection technique, is included in this section. However, amperometric 
technique uses secondary enzymes or aptamer labels since antibodies and most proteins do 
not present redox catalytic sites electrochemically active in the potential range of 
measurement (Vestergaard et al., 2007).  
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Electrochemical Impedance spectroscopy (EIS) is also a widespread electrochemical 
technique. This technique is well suited for a label-free biosensing application with a low LOD 
in the range of 0.01–100 ng.mL−1 (Luo & Davis, 2013). The LOD of impedimetric biosensors is 
recognized to be lower than for the amperometric sensors by three orders of magnitude 
according to (Bahadır & Sezgintürk, 2016). The concept of this technique relies on the use of 
a small amplitude alternating current (AC) to study the impedance characteristics of the cell. 
Both the amplitude modulation and the phase shift between the AC voltage and the current 
output.  With this technique, the surface property of the biosensing part that are exclusively 
due to the analyte binding at the biosensor surface. However, even with higher sensitivity 
than most amperometric biosensors, the fact is that this technique can hardly be 
miniaturized, and this greatly limits its potential applications in ovulation sensor 
development.   

Finally, a third type of electrochemical detection method was developed.  
First reported in the literature by Bergveld (1970), the advent and widespread use of BioFETs 
(Biosensor Field Effect Transistors) owes much to the rise of microelectronic techniques. The 
first version of the BioFET sensor, called an ISFET (Ion Sensitive Field Effect Transistor) 
combines the principles of a MOSFET Metal Oxyde Field Effect Transistor), widely used in 
electronics and an external electrode (see Figure 1. 16.B). 

 

Figure 1. 16 From (Schöning & Poghossian, 2006). A) Schematic of a Biosensor based on the ISFET technology. B) 
Schematic functioning of the ISFET. 

The transistor is made of a p-doped silicon (Si) substrate with two n-doped regions: the source 
and the drain electrodes. The two electrodes are connected by a channel made of a dielectric 
material (typically silicon dioxide, SiO2). When used for biological detection, the transistor and 
the reference electrode (RE on Figure 1. 16.B) are immersed into a solution. A positive 
potential is applied between the RE and the Si bulk which creates a depletion region in the 
channel, electrically linking the two electrodes (source and drain). When a difference of 
potential is applied between these two electrodes, electrons will flow from the one electrode 
to the other. The presence of charged molecules at the surface of the dielectric will alter the 
electric field, shifting the potential experienced by the transistor channel and leading to a 
modulation of the output current. The overall structure is highly sensitive and the ISFET has 
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been adapted to many applications since for the detection of enzyme, DNA or different ions 
(Fritz et al., 2002; Gumbrecht et al., 1990; Souteyrand et al., 1997). 

The immunosensing combines the advantages of good sensitivity and high 
selectivity. Some of the detection methods as the BioFET can be 
miniaturized to be integrated into stand-alone real-time monitoring 
devices. Yet, if the production of antibodies is nowadays well mastered by 
the industry, their production remains complex and necessitate the use of 
living organisms from the animal to the plants. This type of probe is also 
oversized for the detection of smaller molecules like hormones which are 
about a third of the antibody size (10 – 15 nm) and lack of stability. Around 
the world, many studies report the development and use of new type of 
probes, not necessary belonging to the antigen / antibody category.  

 

1.2.1.3 Aptamers, a new type of probe  
 Aptamers are oligonucleotides (RNA or DNA single strands) or peptides molecules 
capable to bind specifically to a wide range of analytes with a nanomolar affinity. Aptamers 
can be select using the SELEX method (systematic evolution of ligands by exponential 
enrichment), introduced by Ellington and Tuerk in the nineties (Ellington & Szostak, 1990; 
Tuerk & Gold, 1990a). The concept of this method is presented Figure 1. 17. The targeted 
molecule is put in contact with a DNA/RNA library and goes through several selection rounds 
until high degree of selectivity and affinity binding is obtained (Gold L., 1995). When an 
aptamer is selected, its sequence is amplified using the classic PCR (Polymerase Chain 
Reaction) method. Once the aptamer sequence known, it can be artificially produced for 
further batches. This process is cheaper and simpler than the production of antibodies and 
does not require the use of living organisms.  
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Figure 1. 17 From (Wu & Kwon, 2016). Schematic of the SELEX in vitro selection of aptamers. 

The variety of the potential targets is vast, including peptides (Baines & Colas, 2006), toxins 
(Bazin et al., 2017), viruses, bacteria, proteins or hormones. An interesting property for this 
thesis real time monitoring project is the stability of the aptamers across a broad range of 
physiological environments (Cao-An Vu & Wen-Yih Chen, 2020). However, the second 
structure of aptamers can be reversibly denaturated with temperature unlike antibodies. This 
typical feature allows the regeneration of the biosensor aptamer probes after target binding 
(Pereira et al., 2018).  
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Figure 1. 18 Adapted from (Pereira et al., 2018). Aptamer structure, from its production to its interaction and 
bonding with the target. A) The ssDNA fold into secondary and tertiary structure. B) The bases not involved in the 
3D configuration of the aptamer create loops that can interact with the target (binding sites) through hydrogen 
bond or dipolar interactions.  

1.2.1.4 From immunosensors to aptasensors   
Aptasensors are biosensors using aptamers as a recognition element. This type of 

sensor is more recent than the classical immunosensor and is still subject to numerous 
explorations and optimisations. Piro et al (2016) reports that aptasensors have a LOD about 
three orders of magnitude higher than immunosensors due to the highest affinities of 
antibodies. Cao-An Vu and co-workers (2020) acknowledge that at the beginning of the 
aptamers development, aptamer sequences and their binding targets was relatively weak, 
with most of the dissociation constant (KD) value ranging from the hundreds of nanomolar to 
milimolar range. Lowering this KD value was therefore the first challenge to optimize this new 
type of probe. Numerous teams around the world consumed much time and effort in this 
direction.  
As a first step, this affinity of the aptamers with their target molecule can be significantly 
reduced by reworking the sequence of the aptamer. Hilder and Hodgkiss (2017) evaluated the 
affinity of several aptamers designed to bind to the hormone oestradiol, a target hormone in 
this project. Depending on the sequence: presence of loops (Figure 1. 18.B), their size and 
structure or the aptamer length, different affinity values were obtained. For example, the 76 
bases long aptamer developed by Kim and co-workers (2007) and the 22 bases long version 
developed by Svobodová (2017) has respectively a dissociation constant (KD) of 130 and 98 
nM.  
Another path to improve the LOD value was explored with the optimisation of the transducer 
part of the aptasensor. Detecting E2 is the subject of numerous articles for both 
immunosensing and aptasensing methods.  
On the immunosensing side, reported LOD values ranged between 0.1nM (KD estimated 
around 10-7M)  (Kuramitz et al., 2003) to 0.1pM using EIS technique (KD estimated at 5pM) (X. 
Liu et al., 2012). If the first E2 detection using aptamers gave LOD value around 0.1 nM in 
2010 (Olowu et al., 2010), progresses were quickly made and in 2014 and Ke et al (2014) 
obtained a LOD of 5 fM using EIS technique.  
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Among the various biosensors, one in particular has benefited from the advent of aptamers: 
the BioFETs. Since their first use, antibodies were the most widely applied recognition factor 
(Cao-An Vu & Wen-Yih Chen, 2020). However, one of the BioFET limitation is the Debye 
length.  
When the BioFET is used in liquid conditions, ions from the solution will accumulate at the 
electrode surface to maintain the electroneutrality of the system. 
The behaviour of the charges at the electrode/electrolyte interface has long been studied. 
From the double layer model proposed by Helmotz in 1986, through the introduction of the 
diffuse layer by Gouy and Chapman (1910 and 1913 respectively) to the combination of these 
two models by Stern (1924) (Bard & Faulkner, 2001), a stable model of charge interactions at 
the interface can now be proposed (Figure 1. 19).  

 

Figure 1. 19 From (Hugo, 2020). Schematic of the double-layer structure in the case of a negatively charged surface. 
The potential drops across the double-layer is depicted in red, and the Debye length indicated (λ). IHP=Inner 
Helmotz Plane; OHP = Outer Helmotz Plane.  

In this model, the Debye length is the scale over which charged molecules screen out electric 
fields. In other words, it is the maximum distance at which a molecule can be detected by the 
sensor. The Debye length is typically of a few nanometers and the aptamers with a more 
compact structure than the antigens are more likely to detect the target under the Debye 
length where electrical signal is detectable (Cao-An Vu & Wen-Yih Chen, 2020). 

While the antigen/antibody detection system is widely used for several 
applications, the size of these probes is less suitable for detecting small 
molecules (e.g. toxins, hormones). To meet this need, new types of probes 
have emerged over the last twenty years, which avoid the use of living 
organisms during their manufacture. These aptamers, which are highly 
selective have been developed for several years and are now used for 
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detection purpose in many fields. This recognition technique can be coupled 
in an interesting way to BioFETs. These biosensors have a high sensitivity 
and selectivity but are limited by a low Debye distance. Due to their 
compact nature, aptamers allow the detection of the target under this 
Debye limit unlike antigens.  

 
1.2.1.5 Graphene – based SGFET. An emerging technology with great potential for the 
health field 
 As introduced previously, BioFETs sensors associated with aptamers for the detection 
of small molecules has a great potential for the biosensor’s applications. Amid the various 
types of BioFETs, the Gr-SGFET (Graphene based, solution-gated field effect transistor) is a 
transistor device with a graphene channel.  
Graphene and its derivatives have attractive properties for biosensing like their 
heterogeneous chemical and electronic structure, their renowned capabilities for direct 
binding to biomolecules, the possibility to be processed in aqueous conditions and the ability 
to be tuned as an insulator (Morales-Narváez et al., 2016). Graphene exists under different 
forms presented in Figure 1. 20. 
 

 
Figure 1. 20 A) From (Phitsini Suvarnaphaet et al., 2017). From left to right: pristine graphene single layer with 
honeycomb lattice; graphene oxide; reduced graphene oxide; graphene quantum dots.  B) From (Yang et al., 2017) 
polycristaline graphene with close up on the grains boundaries and atoms organisation on these spots. 

Pristine (singe crystalline grain), polycrystalline (single crystalline grains of distinct 
orientations), quantum dots (nanocrystals) or (reduced) graphene oxide (sp2 carbon atoms 
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lattice, disrupted by sp3 carbon bonds, oxygen-containing groups) can all be used in 
biosensing but must be chosen carefully according to the application. For example quantum 
dots have photoluminescent properties that can be tuned with their size and surface 
chemistry (Morales-Narváez et al., 2016). In the case of the Gr-SGFET, an atomic layer of 
polycrystalline graphene is used. The objective is to have a channel with less defects as 
possible (seal grains, rip in the graphene layer) to avoid the creation of chemically active 
region that will react with the species presents in the electrolyte and will noise the signal.   

 
Figure 1. 21 From (Hugo, 2020). Graphene SGFET structure with the graphene layer on Si/SiO2 substrate and 
contacted by metallic electrodes passivated from the liquid environment. An out of plane electrode is inserted in 
the electrolyte to serve as a gate. 

When in liquid environment, the graphene is directly exposed to the electrolyte containing 
charged species.  Unlike the ISFET, introduced in section 1.2.1.1 Immunosensors, the Si bulk 
is not used to electrostatically gate the graphene channel through the dielectric layer. Instead 
an independent gate is introduced in the electrolyte (see on Figure 1. 21) and maintains a 
fixed potential in the solution. The advantage of the Gr-SGFET relies in the graphene layer. 
The high mobility (up to 5 x 10-4cm.V-1.s-1 at room temperature according to Petrone et al. 
(2012)) of the charge carriers directly available at the graphene channel surface is exploited 
to enhance the sensibility of the graphene (Hugo, 2020). This characteristic associated with 
those already presented of the BioFETs (miniaturisation, real time monitoring, small amount 
of biological sample needed) is a promising solution for highly sensitive detection in liquid 
environment and so for this thesis project.  

Advanced biosensing technologies are present in various fields like 
environment, food, and medical or even for large public to enhance sportive 
performance or quality of life. Often presenting high selectivity and 
sensitivity, miniaturization at affordable price cannot be achieved for all of 
them.  
Gr-SGFETs are interesting biosensors as they present all the criteria 
required: high sensitivity and ease of miniaturisation. To detect the targeted 
hormones, combination of Gr-SGFET technology and aptamers was finally 
chosen. This new type of probes allows the detection of small molecules like 
hormones and can be highly selective according to the degree of 
optimisation of the aptamer. Their fabrication process is also affordable and 
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do not involve the use of living hosts (animals, in vitro cells or plants) to be 
produced. Moreover, they have the ability to release their target naturally 
(according to their KD value) or under a temperature stimuli that liberate 
the binding site and allow to have real time analysis.  

 

1.2.2 Microneedles  
 

 While a promising lead has been selected to detect the hormones progesterone and 
oestradiol in the cow's fluids (interstitial fluid or blood), a way to access this fluid has yet to 
be selected. Prior to any test phase, a set of specifications was discussed to guide the 
research. The stand-alone tool to develop will be worn by the cow during approximately thirty 
days and regular sampling of fluids will be realized to follow the hormones levels in real time. 
On the basis of these facts, three challenges were identified:  

How to reach the fluid? The fluids to sample are located underneath the cow’s skin and the 
first challenge will be to bypass this outer protective layer.  
How to transport the fluid from the sampling site to the biosensor? The sampling will happen 
up to several times a day during thirty days, without any maintenance from the breeder. A 
channel should allow the fluid to go from the source of collection to the biosensor. Classical 
hypodermic needles used humans fulfil perfectly this role.  
Animal welfare. The cow will have to keep this device implanted in the skin for several weeks. 
Wearing the patch this long can be painful as the nerves located under the skin could be 
reached.  

Solutions responding to this type of request already exist for the humans since a few decades. 
For people with diabetes, insulin delivery can be realized using a pen equipped with a needle 
penetrating under the skin (Figure 1. 22). Glucose monitoring has been recently available from 
diabetic patients but also to improve sport performance of high-level or amateur athletes. 
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Figure 1. 22 Overview of the different uses and packaging of single needle patch. For medical care or welfare use, 
to sample fluids, these patches do not require professional assistance to install or remove them. The patch can also 
contain biosensors with data analysis available for the consumer on an associated application.   

To access the glucose or to inject insulin, patch containing one short hypodermic needle or 
also called “microneedle” with length ranging between 4 and 8mm is inserted under the 
subcutaneous layer of the skin (see Figure 1. 22). This layer also called the hypodermis is made 
of fat and connective tissues containing blood vessels and nerves. A longer needle would 
increase the chances to touch muscles, to bleed which would also increase the pain level and 
leave bruises.  If sampling solution for glucose monitoring are already widespread on the 
market, current studies for fluids delivery via a microneedle (mostly insulin) are currently 
under development and tests.   

Microneedle (MN) use comes with a series of advantages: no pain during the wearing time, 
no need for professional help to place and remove the patch and less inflammations and 
infection issues (Larrañeta et al., 2016a; Prausnitz, 2004). 
From a practical point of view, the needle patch can also integrate a biosensor for glucose 
monitoring. The glucose profile is then available for consultation on the user smartphone for 
example. This type of device is really interesting for our project as it seems to respond to the 
different challenge with maybe the need to adjust the needle length for the cow.  

However, one of the major limitation of this type of product is its lifespan. After 3 to 4 days, 
the needle must be changed as cannot drain enough fluid any more as the needle channel 
gets clogged by tissues or due to the development of scar tissues around the needles.  
A first way to prolong the lifespan of the needles or to have the capacity to drain enough fluids 
for a longer time is to have needles arrays instead of one. This type of patch with arrays of 
hollow needles does not exist yet. Generally speaking, the actual hollow needle patches are 
created by cutting a pre-existing hypodermic needle to the desired length. Manually creating 
arrays of this type of needles would be time consuming and not transferable for mass 
production.  
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While this first, rather rudimentary, type of microneedle is now well known to the general 
public, the many advantages associated with the MN concept have raised the interest of many 
research teams around the world and a large number of microneedles have been developed 
for a variety of applications. In the context of this thesis, we were interested in the leads and 
results of different teams around the world, in order to create an adapted fluid sampling 
solution for the project. 

 
1.2.2.1 Emergence and use 
 MN arrays were introduced in the seventies by Gerstel and Place (1971) with a patent 
describing “drug delivery device for use in the percutaneous administration of a drug for local 
therapy or systemic therapy”. If the general idea was already there, the term “microneedles” 
was not used yet and it is only in the nineties in parallel to the rise of the microfabrication 
techniques that the MNs really started to be developed (Prausnitz, 2004). 
Since then, numerous paths were explored and better knowledge about the length, the shape 
and the materials of the MNs was acquired. At the time this manuscript was written, more 
than 3 000 publications about microneedles are available (World of Science). MNs have been 
produced and used in a wide range of applications from medical applications like the delivery 
of drugs like insulin (see previous section), fluid sampling or even cosmetic treatments.  

1.2.2.2 A variety of shapes and material 
 Several types of MNs exist as presented on Figure 1. 23. If their design can vary, 
fabrication methods and used materials also offer many possibilities for the creation of a MN 
according to the final application.   
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Figure 1. 23 From (Larrañeta et al., 2016). Schematic representation of the different types of microneedles present 
in the literature. A) Solid microneedles; B) Coated microneedles; C) Dissolvable microneedles; D) Hollow 
microneedles; E) Hydrogel microneedles. 

1. Solid MNs (Figure 1. 23.A) 
The primary goal of solid MNs is to create some holes or cracks in the sratum corneum (SC) 
barrier to help the delivery of a transdermal formulated drug (cream, gel or lotion). This type 
of MN can be fabricated with a large panel of materials. Generally speaking, few 
considerations have to be kept in mind for MNs fabrication: the material should have 
sufficient mechanical strength to penetrate the SC, the geometry must be thought to facilitate 
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the implantation and minimize the pain of the patient. Respecting these criteria, many 
examples of MNs can be found with different materials and shapes Figure 1. 24:  

 

 

Figure 1. 24 Solid microneedles of different shapes and materials (Gill & Prausnitz, 2007a; Oh et al., 2008; Wilke 
et al., 2005). 

Advances in microelectronics led to the creation of MNs within the micron range with nano 
features structures as seen in Figure 1. 24.A (Donnelly et al., 2009). Taking advantage of 
microelectronics production techniques, the fabrication of silicon MNs is easily 
industrialisable at relatively low cost. Their height is limited by the thickness of the Si wafer 
and is around a few hundreds of micrometres.  
Metal MNs presented on Figure 1. 24.B are realized using laser cutting technique on a 75 µm 
stainless steel sheet. Electropolishing was used to soften the MNs edges. MNs were then 
bended to create “out of plane” MNs (Gill & Prausnitz, 2007a).  
The solid polymer MNs (Figure 1. 24.C) are made of polycarbonate, a biocompatible polymer. 
A negative mould of the MNs was used to realize hot embossing on the polymer sheet. Their 
height can vary between 200 and 500µm (Oh et al., 2008). 
We can already acknowledge that all the MNs have a tip radius thinner than the base of the 
MN body. This configuration allows to decrease the penetration force needed to implant the 
MNs patch under the skin (Wilke et al., 2005). 

 
2. Coated MNs (Figure 1. 23.B) 

If previously the MNs were only a tool to create cracks into the SC layer, solid MNs can also 
be used to deliver drugs by coating the MN body. Gill and Prausnitz (2007 b) estimated to 1mg 
the amount delivered by a small MNs array and tests were realized with hyaluronic acid, 
proteins, insulin (…). Figure 1. 25 displays examples of MNs coating tested by Gill and co-
workers.  
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Figure 1. 25 From (Gill & Prausnitz, 2007b). Before and after coating of three different design of stainless steel, in-
plane microneedles.  

MNs designs with cavities in their body were tested. Drugs were loaded in it to reduce the 
amount of drugs wiped off by the skin during the MNs insertion. If this type of MN does not 
present the channel needed for the project, a coating of the body or of the channel could be 
interesting. An outside coating could load anti-inflammatory drugs to delay the clogging issue 
after several days of use.  

3. Dissolving MNs (Figure 1. 23.C) 
Dissolving MNs are of real interest for drug delivery. Their use is very simple as the MNs array 
is left to dissolve under the skin, releasing the drugs encapsulated in the polymer matrix 
within a few minutes. Many polymer formulations are used to create these MNs. Figure 1. 26 
and Figure 1. 27 present MNs realized with six different shapes and formulations.  

 

Figure 1. 26 From (Larrañeta et al., 2016a). SEM photographs of parts from 10 x 10 MN arrays made of: (a) alginat, 
(b–c) hydroxypropyl cellulose, (d) cross-linked PVA-gelatin, and (e) chitosan. 
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Figure 1. 27 From (Champeau M., 2020). Patch of hyaluronic acid-based microneedle fabricated by solvent casting 
molding method.  

These MNs are often made by casting methods but Lee and co-workers (2011) introduced a 
controlled drawing technique to produce polymer MNs. With the matrix MNs made of 
maltose and a lithography-based process (illustrated on Figure 1. 28 (left)), Lee and his team 
were able to obtain MNs about 1,2mm high. 

 

Figure 1. 28 Extracted from (Lee et al., 2011) Schematic of the lithography process for microneedles printing (left) 
and obtained microneedles before and after 20 minutes under the skin (right). 

An interesting point in the use of water-soluble materials is that it eliminates the potential 
risk of leaving biohazardous sharp waste in the skin as opposed to the previously seen solid 
MNs. 

4. Hydrogel MNs (Figure 1. 23.E) 
The hydrogel forming MNs are relatively new in the MN landscape with the first version 
created by (Donnelly et al., 2012). Realized using micro-casting methods, these MNs can 
deliver drugs as well as sample fluids (blood or interstitial fluid) without dissolving. In the case 
of fluid sampling, once inserted under the skin the MN swell, taking up the fluid (Romanyuk 
et al., 2014) for further analysis of analytes or biomarkers in a laboratory setting.  

This MN technology is the first to enable sampling of fluids. Nevertheless, this type of MNs 
only enables single shot measurement so it is not possible to use it for the thesis project.  

5. Hollow MNs (Figure 1. 23.D) 
Hollow MNs have a high potential for the thesis application as it could be the easiest way to 
sample the cow fluids and to bring them to the biosensor. The variety of shapes and 
biocompatible materials to fabricate them is displayed in the literature. Examples are shown 
on Figure 1. 29 and Figure 1. 30. 
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Figure 1. 29 From (Y.-C. Kim et al., 2012). All the presented hollow microneedles are made of silicon except for (i) 
and (k) which are made of glass. 

 

Figure 1. 30 From (Ovsianikov et al., 2007). Ceramic (Ormocer) made hollow microneedles using 2 photons 
polymerization technique.   

Most hollow MNs are made of silicon (Figure 1. 29), due to its biocompatibility and the use of 
microelectronic technologies that allow great freedom of shape. For the shape of the tip 
different options have been tested like straight, tapered or pyramidal. However, there is a 
preponderance of tapered MNs, which allow for easier insertion of MNs and reduces the 
chances of the channel being clogged during insertion (Chua et al., 2013a). 

Hollow MNs made of silica glass as shown on Figure 1. 29 can be found in the literature. 
However, this material is brittle and fabrication of glass MNs is not time efficient, since it is 
typically performed by hand (McAllister et al., 2003). Today, the are mainly used for 
laboratory use but have not been recognized viable yet for commercialisation of drug delivery 
(P. M. Wang et al., 2006).   
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Hollow MNs in Figure 1. 30 are made of a biocompatible hybrid material (Ormocer®) 
containing polymer and ceramic. Ovsianikov and co-workers (2007) used this material with 
an interesting fabrication technique called two photon polymerization (2PP). A femtosecond 
laser radiation induces a highly localised chemical reaction leading to polymerization of the 
photosensitive material with current resolution down to 100 nm. MNs of a few hundreds of 
micrometres height were produced so far. This additive technique is an interesting path to 
investigate for the SmartRepro application.  

 
 

Hollow MNs have emerged as an effective means of reaching the fluids 
containing the hormones and delivering them to the sensor. 
If silica made hollow MNs also have a great potential, they are limited by 
the wafer height. The cow skin being potentially thicker than the human 
one, this fabrication technique might be discarded by this parameter. The 
additive fabrication methods, 2PP or even precise 3D printing could be 
another solution to explore.  

The other MNs fabrication techniques are not suited for the project as they 
don’t have a channel. Nonetheless, some of their characteristics could be 
integrated in the SmartRepro MNs like the release of anti-inflammatory 
drugs in the form of a coating or dissolvable parts. The channel could also 
be coated to help keep the channel unclogged for a longer time.   

 
 

Conclusion. 
 

This first chapter presents the context of this thesis. With increasing herd size and 
decreasing manpower, heat detection in cows is becoming difficult. The control of 
reproduction is a key element of the economic success of a dairy or suckling farm and artificial 
insemination is a common practice in France. With a decrease in the time length and intensity 
of heat signs expressed by cows over the last few decades, the farmer needs tools to help 
detect heat.  
In this chapter, the various commercialised heat detection tools have been critically 
presented. From the observations made, it became clear that none of these products combine 
the three following criteria: 

- Accurate detection of ovulation (no false positives, no missed heats and estimation 
of ovulation to optimise the chances of successful AI). 

- Low cost. 
- Ease of use for the breeder. 
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The objective of the SmartRepro project is to develop a tool combining these three criteria. 
In the framework of this thesis, the objective over three years was to develop a first prototype 
of a patch. The first task was to identify the technological building blocks to be developed, as 
presented in Figure 1. 31.  
To be efficient, the patch will be worn about 30 day by the cow (oestrus cycle) and the 
hormone levels will have to be dosed frequently.  
From hormone monitoring to technical solutions to access them in the cow body (blood or 
interstitial fluids) and transport them to the biosensor, options present in the literature were 
explored in the second part of this chapter.  
To analyse the fluids, biosensor Gr based SGFET is a promising technology with high sensitivity 
and easily miniaturized for integration into an integral into a stand-alone wearable patch. To 
detect the hormones, aptamers (small oligomers) are a rising option to detect small molecules 
with high affinity and sensitivity. Moreover, this type of probe can release the target 
(hormone) under stimulus (naturally or through an increase of the temperature). This would 
make possible to clean the sensor regularly and to allow real-time measurement over several 
days.  
To access the fluids, hollow MNs were chosen. The MN technology has several advantages 
like easy manipulation, avoid pain and infections compared to traditional hypodermic 
needles. From the literature reviewed in this chapter, a hollow MN responding to the needs 
of this thesis will be developed in Chapter 2.   
 

 
Figure 1. 31 Schematic view of the SmartRepro patch.  
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 Introduction 
 

The patch developed in the SmartRepro project is composed of four main elements:  
- a hollow microneedle (MN) array to reach and sample the interstitial fluid 

containing the hormones 
- a fluidic network to forward the fluid into the measuring chamber 
- a sensor to dose in real time the level of hormones in the fluid 
- a pump to help the fluid to travel from the MNs to the measuring chamber.  

The MNs are the primary element of this patch as they sample the interstitial fluid, containing 
the two targeted hormones: oestradiol and progesterone. This fluid is located in the dermis 
layer of the skin, underneath the stratum corneum (SC), the outermost layer. The SC is mainly 
composed of dead tissues (corneocytes arranged in vertical, interlocking columns) and has a 
protective purpose for the body (Elias, 2012).  The first challenge of the MN is then to go 
through this extremely cohesive layer. Once this barrier has been passed, their role is to 
sample the interstitial fluids in the dermis. Thus, to drain the fluids the MNs have to be hollow.   
The use of MNs for medical purpose is well covered in the literature with more than 3,200 
published articles to this day (September 2021). With a variety of shapes and materials, MNs 
can be used for a large range of applications. In the nineties, MNs were first used to create 
holes into the SC (Henry et al., 1998) as the short term created holes facilitates the delivery 
of drugs in the skin derma. Over the last twenty years, new types of MNs have emerged with 
the capacity to directly deliver drugs or sample fluids in human dermis. To respond to 
application needs, a large panel of material and fabrication techniques were developed to 
create MNs. Coatings, dissolvable materials and porous hydrogel were frabricated either to 
infuse drugs or to sample fluids (Larrañeta et al., 2016b). Hollow MNs appeared in the early 
2000’s. Made of silicon, metal, polymers or ceramic, they are often used to deliver drugs into 
the dermis. One can notice that all of the MNs in the literature are designed to be implanted 
under the skin for a period ranging from a few minutes to a few days (less than a week). After 
a few days, scar tissues tend to develop around the MNs, cutting them from the biological 
environment.  
A large panel of MNs already exists for medical applications. Information about where to 
implant them, their height, shape and required implantation force can easily be found in the 
literature. In contrast, information on the subject is limited for cattle use. Dowling and co-
workers (1955) made a first attempt to measure the thickness of the cattle skin but the 
measurements were limited to “the left side behind the shoulder and on the mid-side over 
the second rib”. This study was recently used to support Steinbach and co-workers work 
(2021) on the feasibility to sample interstitial fluids from these areas, using steel MNs. The 
MNs made of steel and coated with an absorbing hydrogel, are designed to sample, within 
minutes, interstitial fluids for further laboratory analyses. This study supports our interest in 
using MNs for health monitoring in cattle but the application and so the MNs design differs. 
Indeed, we intend to use hollow MNs to sample fluids during the entire oestrus cycle (about 
a month) with on board analysis.   
This chapter presents the specifications to select the position of the patch on the cow to 
define the best implantation area for the MNs. Deeper tissue analysis (composition and 
thickness) of the selected area were performed to refine the location choice for the MNs in 
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terms of site and depth of implantation. During this thesis, different fabrication methods were 
explored to obtain a micrometer diameter range channel inside the MNs alongside a good 
global definition of the design of the microneedle. The research for the optimal process to 
produce the MNs is also presented in this chapter.  
 
 

2.1 Defining the implantation area 
 

2.1.1 On-board tool specifications  
 
 It is important to provide primary specifications to define the optimal implantation 
area for the MNs. Discussion within the SmartRepro group led to the following specifications: 

1. Accessibility. The breeder has to be able to place and remove the patch by himself, 
without the help of a veterinarian, so the implantation site should be easy to access. 
The patch also has to stay in place during the oestrus cycle – roughly four weeks – to 
not miss the ovulation. The device must remain in place despite the daily activities of 
the cow such as walking, feeding, lying down, social interactions or rubbing against 
features headlocks or fences present in its environment. 

2. Design. The first purpose of the MNs is to penetrate the SC and the design has to 
facilitate this step. A channel is also needed to sample the fluids. The shape and the 
material selected for the MNs have to be chosen carefully to fulfil these two 
requirements.  

3. Length. The MNs have to be long enough to go through the SC and the tip of the MNs 
should be implanted in the underneath tissue to reach the interstitial fluid. 
  

These technical specifications are mandatory for the wearable monitoring tool to fulfil its 
ovulation detection task. It should also be kept in mind that the overall system should be user 
friendly and affordable to be accessible to the largest public.  

 

2.1.2 Determination of the implantation area for interstitial fluid extraction in 
cows and feasibility of adapted microneedles 

 
 The determination of the implantation area for the MNs on the cow is of paramount 
importance to ensure the proper functioning of the patch along the four cycles. Upstream of 
the thesis, areas were preselected on the cow with three specifications inspired by those from 
the Section 2.1.1:  

- Accessibility to the area for the breeder to position and remove the patch. 
- Accessibility to the fluid. The skin of the cow should be thin enough to increase 

the chances for the MNs to pass through the SC and reach the interstitial fluids.  
- An area protected from the cow daily activities to avoid scratching and removal 

of the patch. 
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Ultrasound was used to investigate these areas and the ear of the cow seemed to be the most 
suitable for the implantation site. The composition of the tissues of this area is not well 
described in the literature. During this thesis, a more detail analysis of the ear tissues was 
realized for seven different breeds of dairy and suckling cows. As a result, the depth of the 
tissue to reach with the tip of the microneedle and the thickness of tissue to be crossed to 
reach it were determined. These two parameters are essential to set the microneedle height 
and from there, several attempts for producing MNs were made (see 2.2.3
 Fabrication). The ears measurement campaign and its outcomes are presented in the 
following article, submitted in Biosystem Engineering journal (August 12th 2021).  
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Abstract 

We present a preliminary study of a wearable system to monitor biomarkers for dairy and 
suckling cattle. Finding the optimal location on the cow body (ears) and designing the adapted 
microneedles to reach the interstitial fluids underneath the cow skin are the two points 
addressed here. 
For the selection of the location, 4 breeds of suckling cows (Aubrac, Charolaise, Limousine, 
Salers) and 3 breeds of dairy cows (Abondance, Montbéliarde, Holstein) were chosen. 
Measurements of the thickness of the ear tissues were conducted on three areas of the ear 
(top, apex and base of the pinna), on the external and internal sides. Results show that the 
apex of the pinna, external side is the best area for microneedle implantation with an 
implantation window of 1403±589 µm (DeepDe), considering all breeds. To reach this 
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implantation window located between the stratum corneum and the cartilage, the 
microneedle has to pass through 1323±404 µm of tissues (SupDe), considering all breeds.   

From these results, a microneedle design was made on SolidWorks. With a conical shape 2.89 
mm in height and a conical channel 300 µm in diameter (at the tip of the microneedle), the 
model was made using 3D printing. The resulting microneedles respect the SolidWorks design 
with fair accuracy. They were connected to a microfluidic channel for sampling or releasing 
fluids.  

Keywords  

Livestock; biosensor; cow; microneedles; 3D printing 

Nomenclature  

SupDe: Superficial Dermis, distance from epidermis to the beginning of the deep dermis  
DeepDe: Deep Dermis, distance from the end of the SupDe to the cartilage 
EpCart: distance from the epidermis to the cartilage 
 

Introduction 
 
Precision livestock farming appears to be a relevant way to compensate for increasing herd 
sizes, to support the farmer in optimising and reorganising his time and to make livestock 
work more attractive for young people (Hostiou et al., 2017). In ruminant farms, and more 
particularly in dairy cattle, many technologies, robots and sensors have been developed to 
monitor and improve dairy cow production, reproduction, health or welfare (Knight, 2020b). 
Among these devices, oestrus detection sensors are currently dominating the market (Knight, 
2020b). They were developed to help the farmer define the optimal time to inseminate the 
cow and consequently to improve herd fertility and profitability. The need for automated 
systems for oestrus detection has increased over recent decades, while expression of oestrus 
behaviours became more discrete in high-producing dairy cows (Walsh et al., 2011b). 
Moreover, herds have become larger and the labour time available for individual visual 
observation of cows has declined. A wide variety of oestrus detection tools has been proposed 
(Mottram, 2016; Saint-Dizier & Chastant-Maillard, 2012b) and corresponds to the three broad 
categories of sensors described by (Knight, 2020b): “at cow” sensors, “near cow” techniques 
and “from cow” sensors.  
“At cow” sensors (like body temperature sensors or activity meters) are carried by the cow or 
swallowed into the reticulorumen or inserted into the reproductive tract. They enable 
individual and real-time monitoring for each cow. For example, they can detect a specific 
behaviour associated with oestrus, like an increase in activity, overlap acceptance or an 
increase in body temperature. 
“Near cow” techniques relate to remote systems that can watch, listen to or track cow 
activity, like a camera-software system that records cow activity and its expression in sexual 
behaviour. These techniques allow global monitoring of the herd within a defined area 
(camera coverage area or under relay signal range). Like “at cow” sensors, these techniques 
provide real-time analysis by making nonspecific measurements based on the cow’s 
behaviour. 
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Finally, “from cow” sensors collect and analyse data related to products from the cow, as with 
milk progesterone assay.  
Currently, commercially available systems dedicated to oestrus detection represent 
essentially “at cow” sensors and “near cow” techniques. However, “at cow” sensors and “near 
cow” techniques are mainly oestrus detection devices since they do not detect ovulation per 
se but rather behaviours and activity changes that begin approximately 30 h before ovulation, 
(J. B. Roelofs, 2005). Only one automated but costly system uses the “from cow approach”: 
the Herd Navigator® by Delaval which is available to detect ovulation by measuring milk 
progesterone levels (Saint-Dizier & Chastant-Maillard, 2012b). Its detection performances are 
high (Mottram, 2016), but it performs discrete measurements. This system is also not fully 
versatile since it cannot be used to detect ovulation in non-milking females (heifers, dry or 
suckling cows). For these animals, plasma immunoassays represent the only alternative. 
However, this methodology is time-consuming and invasive since it requires manipulation of 
the animals several times a day for regular blood sampling. This involves keeping the non-
milking cows indoors, which is not in accordance with animal welfare considerations.   
In fact, physiological indicators, such as progesterone level, appear to be more accurate than 
behavioural indicators in detecting cow oestrus period (O’Connor, 2009). However, they are 
not widely used due to the constraints inherent to the detection methodology, including 
extended handling time, stress on the animals, invasive manipulations and complexity of the 
detection tool. Finally, the aforementioned considerations clearly highlight the need for a 
versatile monitoring tool, working in fields or indoors, which enables the real-time detection 
of physiological oestrus biomarkers in a less invasive manner while being less stressful for the 
animal.  
A wearable monitoring system, which embeds a biological-fluid sampling tool, an ovulation 
biomarker sensor and a data processing and management system would answer this typical 
need. Here, we focus on the first component of the aforementioned monitoring system which 
relies on biological fluid sampling.  This consists of an array of hollow microneedles that 
manages transcutaneous extraction of biological fluids of interest (i.e. capillary blood and/or 
interstitial fluid). The inner channels of the microneedles will be further connected to a 
microfluidic network equipped with a pump and sensors for real-time analysis of 
progesterone or oestrogens. To our knowledge, such a device has not been yet been 
described in the literature on precision livestock farming, so that proof of concept is still to be 
achieved. 
This paper focuses more particularly on the selection of the optimum area for positioning of 
the microneedle array on the cow and the resultant design of the microneedles according to 
the following requirements: i/ The farmer will have to position and remove the embedded 
system on the cow without external assistance of a veterinarian. ii/ The implantation area has 
to be easily and safely accessible to the farmer. iii/ The system has to be implanted in an area 
not easily accessible by other cows in order to avoid scratching. iv/  The target fluids (capillary 
blood and/or interstitial fluid here) have to be accessible with microneedles. In the last part 
of the article, microneedles array connected to a simple microfluidic channel are presented 
as a first proof of concept to study the feasibility of the monitoring system. 
 

Material and methods  
 

1. Defining the target area for implantation 
Cow ears have been considered as a relevant target area for implantation of the future device                                               
as they are quite easily accessible and can be manipulated by the farmer when cows are 
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blocked at the headlock barrier. Ears have also already been selected in previous studies to 
receive implantable biosensors to monitor body temperature (Chung et al., 2020) or 
hormonal subdermal implants to control the ovarian cyclicity of cows (Sá Filho et al., 2013). 
However, no publication providing quantitative data about the thickness of cow ear tissues – 
all breeds combined – was found in the literature. In order to be sure that it would be possible 
to cross the epidermis of ears and find a sufficient thickness of dermis to host microneedles, 
ultrasound measurements were performed on 3 Charolaise and 3 Holstein cows to measure 
the variability of dermis thickness at different parts of the ear: external face near to the apex 
of the pinna (Figure 2. 2.A), internal face near to the apex (Figure 2. 2.B) and internal face at 
the middle of the pinna (Figure 2. 2.C). Measurements were performed using an Aloka 
Prosound 2 unit equipped with a linear probe (ref. UST5820 at 5 MHz; Hitachi Medical 
Systems, Saint Priest, France). The distance from the surface to the white line (cartilage) was 
measured for each ultrasound image and defined as skin thickness (Figure 2. 1). 
 

 
 

2. Ear samples 
Ears from seven different breeds of dairy and suckling cows (Table 2. 1) were collected from 
private slaughterhouses located in Auvergne, France. Ears were cut from the animals at the 
end of the slaughter line. For a given cow, the ear without an ear tag was chosen and the 
pinna was removed from the head with a knife, put into a tight plastic bag including a paper 
giving information on the cow number, its breed and sex. It was then stored at 4°C until slide 
preparation and analysis. Seventy-one ears were collected from Holstein (n=11), 
Montbéliarde (n=12) Abondance (n=5) Charolaise (n=11), Limousine (n=12), Aubrac (n=10) 
and Salers (n=10) breeds in order to explore the variability among genotypes.  

Figure 2.  SEQ Figure_2. \* ARABIC 2 Three areas were considered to measure skin thickness by Figure 2.  SEQ Figure_2. \* ARABIC 1 Measurement of skin thickness defined as the distance from the 

Figure 2. 1 Measurement of skin thickness defined as the distance from the surface to the white 
line on an ultrasound image. 

Figure 2. 2 Three areas were considered to measure skin thickness by ultrasound on live cows (n=6): a) external 
face near the apex, b) internal face near the apex, c) internal face middle of the pinna. 
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3. Slide preparation and analysis 
Histological slides were prepared at the histopathology laboratory of VetAgro Sup. To select 
the optimal site to implant our system, cross-sections were made at three different sites on 
the pinna: top of the pinna, dorsal edge (top_pinna); apex of the pinna (apex_pinna); base of 
the pinna, ventral edge (base_pinna), (Figure 2. 3). 

Figure 2. 3 The three sampling areas considered for histological analyses: (1) Top of the pinna, dorsal edge, (2) Apex 
of the pinna, (3) Base of the pinna, ventral edge. Green lines indicate the direction of the incision. 

At each site, a 5 cm x 5 mm sample was collected and fixed in formalin solution, dehydrated 
and embedded in paraffin. The samples were cut into 5 micrometre sections using a 
microtome, deparaffinised and rehydrated. The sections were stained with hemalun–eosin 
and mounted between slides and coverslips, ready for observation. Slide analysis was done 
on a Zeiss Olympus Bx53 microscope (magnification *1.25) and with the associated CellSens 
(standard version) software at the Clinatec Institute (Grenoble, France). For each sample, two 
types of measurements were performed on both sides of the cartilage (internal side – INT and 
external side – EXT): distance from epidermis to cartilage (EpCart) and distance from 
epidermis to the line that delimits heterogeneous and clear dermis (SupDe) (Figure 2. 4). The 
total number of analysed glass slides is detailed in Table 2. 1. 

 
Figure 2. 4 A) Picture of a sample taken on top of the pinna. The internal (INT) and external (EXT) sides of the ear 
are indicated. B) Close-ups of the slide showing part of the dermis tissues. The superficial dermis (SupDe) is 
heterogeneous and contains follicles and glands, whereas the deeper layer of the dermis (DeepDe) is homogenous 
and contains no hair follicles. The cartilage is also clearly visible (darker layer). Three types of measurements were 
made on each sample: EpCart, the distance from epidermis to cartilage; SupDe, the distance from epidermis to the 
deep dermis; DeepDe, the thickness of the deep dermis.  
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EpCart and SupDe measurements were repeated up to 3 times on each side of the cartilage 
(INT and EXT) for each sample. The mean of these three measurements was used for statistical 
analyses. 
 

Breeds 
Ear sampling area 

Top of pinna Apex of pinna Base of pinna 

Dairy cows 
External 

side 
Internal 

side 
External 

side 
Internal 

side 
External 

side 
Internal 

side 
Abondance 4 4 3 5 4 4 
Montbéliarde 11 11 9 10 11 10 
Holstein 12 12 7 9 12 12 
Suckling cows       
Aubrac 9 9 7 7 10 10 
Charolaise  6 7 5 8 11 11 
Limousine 10 10 8 10 12 12 
Salers 5 3 3 3 9 10 
       

Table 2. 1 Number of slides analysed per breed and ear sampling area. 

4. Designing the microneedle unit and manufacture 
The microneedles were designed using SolidWorks ® software. Once converted from SLDPRT 
to STLformat, the design was printed using a MiiCraft 125 series 3D printer and the YOE 
Mikrofluidic resin. The software used to print the units was MiiUtility (Vers3.2.7). 
Printing parameters: Curing time: 4s, Gap adj(mm):0, Base layer: 2, Base curing: 25s, Buffer 
layer: 4.  
Once printed, the microneedles were washed out three times for 3 minutes into isopropanol 
and for 10 minutes in isopropanol + ultrasound in order to get rid of non-polymerised resin 
remaining on and in the microneedles.  
Visual characterization was done using the Keyence VHX 7000-970F numerical microscope 
and the associated software to take pictures and perform measurements.  
 
  
 
 

Theory/calculation  
 
Differences in skin thicknesses measured on ultrasound images at the apex (external and 
internal) and at the centre of the pinna were tested using Wilcoxon’s test for paired values. 
For histological data, thickness of the deep dermis (DeepDe) was calculated  for each sample 
from the difference between EpCart and SupDe. Effects of breed (Aubrac, Charolaise, 
Limousine, Salers, Abondance, Holstein, Montbéliarde) and ear sampling area 
(Top_pinna_Ext, Top_pinna_Int, Apex_pinna_Ext, Apex_pinna_Int, Base_pinna_Ext and 
Base_pinna_Int) on EpCart, SupDe and DeepDe were analysed using  non-parametric tests as 
normality of the residuals was not observed when using mixed linear models. The Friedman 
test was used to test the effect of ear_sampling_area (repeated measurements from the 
same cow) and the Kruskal-Wallis test was used to analyse the breed effect. Wilcoxon tests 
were used to compare differences between groups. These analyses were performed with the 
statistical software R© (version 4.0.0, (R Development Core Team, 2008). Results were 
considered significant when P≤0.05.   
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Results  
 

1. Validation of the target implantation area from anatomical characteristics 
of the ear 

 
Ultrasound measurements revealed that skin thickness varies along the pinna with values 
being significantly  higher in the middle (internal side, (5.45 [4.92-6.35] mm) than near the 
apex (3.10 [3.02-3.17] mm (P<0.03) and  3.40 [3.32-3.47] mm (P<0.03) for internal and 
external face of the apex, respectively).  
Analysis of histological slides showed that ear skin is composed of four layers whose thickness 
varies between the three sampling areas. Beside the classical epidermis, dermis and cartilage 
division, we found that dermis is divided into two sub-layers. As shown in Figure 2. 4.B, the 
superficial part of the dermis adjacent to the epidermis contains hair follicles and glands, 
blood vessels and hair bulbs (SupDe, Figure 2. 4.B). The second sub-layer of the dermis, 
located deeper, just above the cartilage, appears to be free of follicles and glands and is called 
the deep dermis (DeepDe). Because it is free of hair follicles and glands, the deep dermis 
would be an interesting implantation window for the microneedles, as no “parasitic” fluids 
from glands would complicate hormone detection.  
  

 

1.1 Dermis and ear thickness  
 

Variable
s 

Ear sampling area 
p1 

Top of pinna Apex of pinna Base of pinna 

 
External 

side 
Internal 

side 
External 

side 
Internal 

side 
External 

side 
Internal 

side 
 

EpCart 
(µm) 

1379 
[1222-
1720] 

d 

1328 
[1225-
1815] 

d 

2668 
[2344-
3158] 

a 

1949 
[1649-
2588] 

b 

990 
[894-
1110] 

c 

971 
[857-
1104] 

c 

<0.0001 

SupDe 
(µm) 

816 
[687-904] 

e 

763 
[682-879] 

e 

1251 
[1069-
1500] 

a 

1093 
[811-
1317] 

b 

582 
[530-686] 

c 

535 
[468-625] 

d 
<0.0001 

DeepDe 
(µm) 

610 
[485-833] 

d 

610 
[461-740] 

d 

1328 
[1089-
1700] 

a 

912 
[758-
1280] 

b 

397 
[306-482] 

c 

428 
[341-483] 

c 
<0.0001 

        

Table 2. 2 Effect of ear sampling area on the distance from epidermis to cartilage (EpCart), distance from 
epidermis to deep dermis (SupDe) and deep dermis thickness (DeepDe). 
Data represent median and interquartile interval (Q1-Q3)  
1 Ear sampling area effect was tested using the non-parametric Friedman test 
Variables presenting the same letters on the same line are not significantly different. Differences between 
groups were tested with the Wilcoxon test 
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 Breed    

 Suckling Cows Dairy cows   
 AU CH LI SA AB HO MO p 

EpCart (µm) 

1358 
[1084-
1789]  

ac 

1423 
[1112-
2001]  

a 

1427 
[1059-
2034]  

a 

1125 
[930-
1345]  

bc 

1293 
[1171-
2140]  

ac 

1081 
[894-
1525]  

bc 

1255 
[1065-
2171] 

 a 

<0.01 

SupDe (µm) 

716 
[585-
757] 

a 

780 
[651-
1055] 

ab 

752 
[564-
1072] 

a 

626 
[539-
765] 

ac 

847 
[749-
1098] 

b 

636 
[529-
806] 

c 

825 
[641-
1191] 

b 

<0.001 

DeepDe (µm) 

666 
[455-
890] 

ac 

612 
[448-
1071] 

ac 

646 
[448-
1068] 

c 

518 
[363-
694] 
ab 

518 
[404-
902] 
abc 

455 
[336-
677] 

b 

512 
[391-
747] 
ab 

<0.01 

         

Table 2. 3 Effect of breed on the distance from epidermis to cartilage (EpCart), distance from epidermis to deep 
dermis (SupDe) and deep dermis thickness (DeepDe)  
Suckling cows: AU = Aubrac, CH = Charolaise, LI = Limousine, SA = Salers,  
Dairy cows: AB = Abondance, HO = Holstein, MO = Montbéliarde 
Data represent medians and interquartile intervals (Q1-Q3)  
1 Breed effect was tested using the non-parametric Kruskal-Wallis test 
Variables presenting the same letters on the same line are not significantly different. Differences between 
groups were tested with the Wilcoxon test. 
 

Ear area effect: 
Independently of breed, the thicknesses of dermis tissues (EpCart, SupDe and DeepDe) were 
significantly higher at the apex than at the base or at top of the pinna (p<0.001,  Table 2. 2). 
The lowest values of EpCart, SupDe and DeepDe were observed at the base of the pinna, with 
thicknesses being 1.4 times lower than at the top. No difference between internal and 
external sides was found in EpCart, SupDe and DeepDe when measured at the base and at 
the top of the pinna (Table 2. 2). However, at the apex of the pinna, tissue thicknesses were 
higher on the external side (Table 2. 2).  
 
Breed effect: 
Significant differences in EpCart, SupDe and DeepDe were observed between breeds (Table 
2. 3). EpCart was thinnest in Holstein and Salers cows (1081[894-1525] µm and 1125 [930-
1345] µm, respectively) and thickest in Charolaise, Limousine and Montbéliarde cows (1423 
[1112-2001] µm, 1427 [1059-2034] µm and 1255[1065-2171] µm, respectively). SupDe, which 
is the layer to be crossed by microneedles to reach DeepDe, was significantly thicker in 
Montbéliarde and Abondance cows, with median values of 825 [641-1191] and 847 [749-
1098] µm, respectively, and was significantly thinner in Holstein and Salers cows (636 [529-
806] and 626 [539-765] µm, respectively).  
DeepDe, which is the target layer for microneedles, was quite heterogeneous between 
breeds. The thinnest DeepDe was observed in Holstein cows (455 [336-677] µm) and the 
thickest in Aubrac cows (666 [455-890] µm). DeepDe was very similar in Charolaise and 
Limousine cows (Table 2. 3). 
 

   



 

59 | Page 
 

1.2 Definition of the optimal implantation area: a compromise between 
thickness and tissue composition 
 

The implantation area of the device has to be chosen where DeepDe is as thick as possible in 
order to be sure to have enough thickness at the end despite of the variability observed 
between cows. At the base and top of the pinna, DeepDe thickness is under one millimetre, 
whatever the edge considered (internal or external) (Table 2. 4). In contrast, we observed in 
all breeds that DeepDe exceeds one millimetre on the external side of the apex (Table 2. 4).  
Therefore, from the implantation window point of view, the apex of the pinna, external edge 
seems to be the best location.   
 

 Breed  
 Suckling Cows Dairy cows 

Ear area AU CH LI SA AB HO MO 

Top_pinna_Ext 
723.1 

[333.6] 
698.8 

[204.6] 
841.3 

[393.2] 
608.4 

[164.9] 
427.2 

[226.7] 
523.1 

[206.9] 
495.1 

[115.9] 

Top_pinna_Int 619.5 
[215.7] 

698.6 
[275.1] 

707.0 
[201.9] 

619.4 
[168.8] 

662.4 
[479.6] 

446.4 
[168.8] 

519.0 
[193.5] 

Apex_pinna_Ext 
1308.0 
[718.2] 

1328.3 
[363.2] 

1693.1 
[463.8] 

1523.9 
[477.3] 

1073.3 
[173.6] 

1126.5 
[645.1] 

1250.8 
[443.1] 

Apex_pinna_Int 
794.9 

[212.7] 
1268.9 
[326.1] 

963.0 
[524.5] 

885.5 
[702.8] 

764.3 
[245.5] 

911.2 
[226.8] 

933.9 
[532.1] 

Base_pinna_Ext 
367.7 

[200.4] 
432.0 

[196.8] 
405.6 
[78.2] 

404.6 
[81.8] 

348.5 
[112.6] 

316.2 
[178.1] 

377.4 
[142.0] 

Base_pinna_Int 
428.0 

[188.1] 
438.1 
[72.5] 

461.2 
[216.1] 

455.0 
[192.8] 

389.2 
[114.1] 

370.6 
[188.3] 

366.7 
[93.4] 

 
Table 2. 4 Medians and interquartile ranges (in brackets) of deep dermis thickness (DeepDe, µm) according to ear 
area sampling and breed. Medians and interquartile ranges (in brackets) of deep dermis thickness (DeepDe, µm) 
according to ear area sampling and breed (Suckling cows: AU = Aubrac, CH = Charolaise, LI = Limousine, SA = Salers 
- Dairy cows: AB= Abondance, HO=Holstein, MO= Montbéliarde) 

The second parameter considered in order to choose the implantation area of microneedles 
is the thickness of the SupDe layer and its homogeneity (i.e., low variability) between cows as 
the microneedle is designed to be used on all the different breeds presented in this article. 
An important SupDe layer is interesting as it would help to maintain the microneedle in place 
during the system wear time.  In all breeds, SupDe thickness is greater at the external side of 
the apex (Table 2. 5, thickness results). However, this location also has the highest variability 
results (highest interquartile range [IQR], Table 2. 2 and Table 2. 5). Based on IQR criteria, the 
top and base of the pinna would be more suitable locations for the microneedles, whereas 
based on the thickness criteria, the apex appears to be more relevant.  
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 Breed  
 Suckling Cows Dairy cows 

Ear area AU CH LI SA AB HO MO 

Top_pinna_Ext 
836.7 

[208.4] 
1016.7 
[102.4] 

826.0 
[310.6] 

765.4 
[314.0] 

836.7 
[208.4] 

689.0 
[74.9] 

839.7 
[165.3] 

Top_pinna_Int 746.7 
[93.8] 

877.8 
[323.4] 

799.7 
[390.3] 

748.9 
[74.0] 

746.7 
[93.8] 

674.1 
[201.1] 

754.1 
[175.1] 

Apex_pinna_Ext 
1229.4 
[247.1] 

1462.9 
[417.7] 

1335.5 
[418.6] 

1336.8 
[19.8] 

1229.4 
[247.1] 

1048.8 
[139.5] 

1288.9 
[460.4] 

Apex_pinna_Int 
845.6 

[298.6] 
1131.9 
[402.6] 

937.6 
[517.5] 

825.1 
[522.4] 

845.6 
[298.6] 

806.5 
[386.0] 

1335.3 
[939.4] 

Base_pinna_Ext 
584.0 

[100.7] 
635.5 

[179.5] 
572.1 

[118.2] 
551.7 

[132.9] 
584.0 

[100.7] 
510.4 

[138.9] 
687.1 

[193.1] 

Base_pinna_Int 
495.5 

[225.7] 
574.6 

[268.6] 
521.4 

[119.3] 
568.5 

[158.6] 
495.5 

[225.7] 
503.1 
[61.9] 

555.6 
[191.3] 

Table 2. 5 Medians and interquartile ranges (in brackets) of superficial dermis (SupDe, µm) according to ear area 
sampling and breed (Suckling cows: AU =  Aubrac, CH = Charolaise, LI = Limousine, SA = Salers - Dairy cows: AB = 
Abondance, HO = Holstein, MO = Montbéliarde) 

 

2. Microneedle results 
Once the technical constraints were known, microneedles were designed in-house. The 
design, made on SolidWorks®, was thought to sample the DeepDe interstitial fluids of the 
external face of the apex of the pinna. To reach this sub-layer, the microneedle must pass 
through the SupDe layer of 1323±404 µm, considering all breeds. Several studies on 
microneedles for medical applications show that only about 50 to 60% of the microneedle 
body penetrates underneath the stratum corneum, the upper layer of the skin. According to 
these studies (Chua et al., 2013b; Hutton et al., 2018), we designed a 3 mm microneedle to 
reach the implantation point, in the DeepDe sublayer (1403±589 µm thick when considering 
all breeds).  
A judicious choice of the external microneedle design would facilitate the system-positioning 
step and avoid occlusion of the microneedle channel when penetrating tissues. From the main 
shapes reported in the literature (triangular, straight or tapered, (Larrañeta et al., 2016b), the 
tapered shape was chosen as it presents the lowest penetration pressure and reduces the risk 
of channel occlusion (Chua et al., 2013b).  
For the channel design, two factors were considered. First, the interstitial fluid, which is meant 
to be sampled by the microneedles, is viscous (significantly thicker than blood, (Zurovsky et 
al., 1995)). For this reason, the diameter of the channel must be large enough to allow the 
fluid to cross it. On the other hand, capillarity is an important phenomenon to consider in 
bringing the liquid into the channel. To use the capillarity phenomenon, at least to initiate 
fluid sampling, the channel of the microneedle has to be thin enough according to Jurin’s law.  
To produce the microneedles, we used a 3D printing method as it allowed quick, easy and 
low-cost prototyping and is of real interest for potential batch production, once the prototype 
is validated. The principal limitation of the 3D printing method is its accuracy and the 
microneedle prototype has a high aspect ratio with a 3 mm height and hence a 3 mm long 
channel.  
The channel was the most challenging part to design, as it has to be large enough for viscous 
fluids to cross, thin enough to have a capillarity effect, and be within the 3D printer technical 
limitations. Several printing tests led to a two-segment channel design as presented in Figure 
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2. 5. The first part (Figure 2. 5, in red) is a 150 µm radius microchannel. The second part of the 
channel (in green) is a conical (from 150 µm to 900 µm radius) channel whose function is to 
avoid the occlusion of the channel during the printing step. Liquid resin is likely to stay trapped 
inside a 3 mm long 150 µm radius channel and residual polymerization could lead to the 
occlusion of the channel by the end of printing. The conical channel allowed the evacuation 
of all of the non-polymerized resin before reducing the channel radius near the tip of the 
microneedle.  
The final prototype can be observed in Figure 2. 6. For a first prototype, an array of three 
microneedles was printed with a distance of 1200 µm between each microneedle. The spacing 
is 8 times the minimal distance needed not to increase the force required penetration of 
human skin (Olatunji et al., 2013).  
The channel and the external aspect were checked using numerical microscopy (VHX 7000-
970F numerical microscope and associated software). Comparison between the SolidWorks 
design and the printed product showed that the design was very well conserved, with a 
difference of 2 to 4% (see Appendice A.A). The microneedle array was tested for sampling and 
injecting water and foetal bovine serum (see Appendice A.B). As the final goal is to integrate 
the microneedles into an on-board device, they were also connected to a basic fluidic card for 
a first fluidic check. The connection to the fluidic card was done using some thin double-sided 
adhesive from 3M. A syringe located at the other end of the fluidic card allowed to manually 
inject or sample fluids (foetal bovine serum). No leakage was observed and in sampling mode, 
the liquid would filled the microneedles by capillarity, the syringe would then be used to fill 
the microfluidic channel. 
 

 

Figure 2. 5 SolidWorks design of the microneedle array. The channel is composed of two segments: conic (green) 
and straight (red). 
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Figure 2. 6 Front view (a) and upper view (b) of the 3D-printed microneedle array. The upper view shows the 
channels. Pictures taken with the VHX 7000-970F numerical microscope. 

 

 Discussion / Conclusion  
 
Physiological indicators are rarely used in livestock farming because they demand many 
manipulations of the animal by the breeder and can be stressful for the animal. This stress 
can affect the results of sample analysis in a laboratory. Easy access to targets such as 
hormones or proteins would facilitate the use of this kind of indicator. Here, we present our 
preliminary research on building an on-board tool to monitor physiological indicators. The ear 
of the cow was chosen as the optimal implantation area, following the specifications 
described in the introduction section. Further analyses of the ear tissues were indicated the 
optimal implantation site on the ear. Of the three potential microneedle implantation areas, 
the SupDe skin sub-layer, which contains hair bulbs, glands and blood vessels, is not suitable 
because of the random bio-materials the microneedle would encounter once implanted 
(blood, sweat glands, hair bulb, grease…). In this situation, whereas the microneedle would 
be used to inject or sample some fluids, the results would be random. The location chosen 
must be a compromise and the apex of the pinna, external face seems to be the best one. The 
DeepDe layer is the thickest in this area and the quite consistent thickness of the SupDe could 
allow the microneedles to be more firmly embedded in the ear. The standard deviation of the 
SupDe values should be taken into account during microneedle development to reduce its 
impact when positioning the microneedles in the ear. 
 
The microneedle array prototype is the first step in the production of wearable sensors for in 
situ analysis or automated delivery of drugs for veterinary use. The material used to make the 
microneedles should be chosen carefully because it must be biocompatible and not break 
during positioning and removal, or even during wearing. Ceramics would meet 
biocompatibility and durability expectations, but we chose to use basic resistant polymer for 
reasons of availability and cost. We wanted to show that the printing of such a design is 
feasible, thus laying the foundations for more complex designs in the future, while being 
aware of the technical limitations of 3D printing. Our microneedles array are 2.89 mm long 
and have good external and internal definitions. The tip canal has a radius of 150 µm and 
widens to a radius of 1.8 mm at the base of the microneedle.  
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In this article the histological analysis of 71 ears from six breeds, both dairy and suckling was 
realized. The results highlight that the apex of the pinna, external side, is the best 
emplacement for the ovulation detection patch for all the breeds.  This site has a large 
implantation window (DeepDe1: 1403 ±589 µm) and a rather uniform SupDe2 sublayer for all 
breeds (SupDe: 1323±404µm). It respects the practical specifications as previously stated (see 
2.1.1) and allows satisfactory implantation conditions for the MNs.  

We show in the previous article that hollow MNs could be prototyped and produced using 
3D-printing technology. The objective of this first prototyping phase was to prove that it is 
possible to obtain a 3 mm long channel inside the MN, without any debris inside (resin 
residue). This step didn’t require biocompatible ink and a standard one was mainly used. 
Nevertheless, this type of ink exists like ceramic based ones (silica-filed photopolymer resin) 
which can be used for dental applications.  Some tests were realized also wit this type of resin 
and the results are presented section 2.3.2 Compression test 

 

2.2 Design and fabrication of the microneedles  
 

2.2.1 Choosing the fabrication process 
 

The campaign realized on the cows’ ears in 2.1.2 gives a first idea of the future design 
of the MNs. With these characteristics in mind, several fabrication methods were preselected 
and investigated at the CEA Grenoble.  It appeared quickly that the main challenge in creating 

 
1 Deep Derma 
2 Superficial Derma 
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hollow MNs was to be able to obtain the 3 mm long (see previous article) and few hundreds 
of micrometres diameter channel inside, without clogging issues. An in-house (CEA Grenoble, 
France) prototyping was favoured to have full control of the tests.  We also kept in mind to 
choose a fabrication technique that could make biocompatible MNs from the prototyping 
step or later in the MNs development. 

The CEA Grenoble offers a wide range of techniques and associated equipment in additive or 
subtractive manufacturing. During this thesis, I had the opportunity to explore and 
experiment with several fabrication methods using the CEA resources present in the LETI or 
the LITEN. 

 

1. Hypodermic needles reshaping 
A simple way to produce MNs is by using classical hypodermic needles. Usually made of 
stainless steel, the tip of the hypodermic needle is cut and fixed to a patch. Becton Dickinson 
patented such device in 2002 and a few companies use these single MN for insulin 
administration or glucose monitoring survey for example. In the case of the SmartRepro 
project, rather than a unique MN, an array of MNs is needed for three main reasons: 

- If during the four weeks use a MN gets blocked, the rest of the MNs should 
compensate. 

- Distributing the needles over the area would ensure that enough fluid is drained. 
- If few MNs get damaged during the implantation step, the rest could compensate.  

 
Arrays of MNs could be created using hypodermic needles but the process remains artisanal 
and should not be considered as a solution for a possible industrialisation. For this reason, 
using hypodermic needles was discarded.  

 

2. Subtractive fabrication techniques 
It has been reported that microelectronic fabrication process, using subtractive 
manufacturing, can be used to create hollow MNs arrays (Gardeniers et al., 2003; Roxhed, 
Griss, et al., 2008). Using lithography etching and metal deposition techniques (Figure 2. 7), 
patches of MNs can be produced with exotic designs and channel (50 to 70 µm of diameter). 
In other studies (Stensaas & Stensaas, 1978; Voskerician et al., 2003), silicon has been used in 
brain and subcutaneous implants, validating the silicon for medical implants use. 
Furthermore, microelectronics fabrication techniques can easily be transferred for industrial 
production, advantageously reducing the cost of production.  However, the limitation of the 
technique for the application is the maximum height of the MNs. Silicon MNs are made from 
a 700 µm thick silicon wafer. In some case, two wafers can be assembled to reach around 
1mm thick (SOI – silicon on insulator process). From the results presented in section 2.1.2, the 
MNs need to be around 3 mm high. Unfortunately, this height cannot be achieved using silicon 
substrate and microelectronics fabrication techniques.    
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Figure 2. 7 The principal stages of microelectronics processing for Si hollow microneedles production. 

 

3. Injection – moulding techniques 
Injection-moulding techniques, available at LITEN, were considered as they can offer great 
accuracy in the details, reproducibility and allow a one-step fabrication (Figure 2. 8). The first 
exchanges with experts in this domain gave us the confirmation that the creation of the MNs 
patch as well as the inner channel using the injection moulding technique was challenging but 
possible. Biocompatible materials such as PMMA (polymethyl methacrylate), PEEK 
(Polyetheretherketone), metallic powders or ceramics can be used for injection moulding 
whose process is described on Figure 2. 8. 
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For particular materials such as ceramic, the fabrication process can imply an annealing step, 
post injection. This sintering at high temperature leads to a controlled withdrawal of the 
moulded piece. This can be an advantage for MNs fabrication to obtain thinner features 
(height, channel diameter).  

If most of the requirements are validated to produce the MNs patches, the prototyping of the 
MNs design cannot be done using this technique, as the creation of the aluminium moulds is 
expensive (several thousands of euros for one mould). The aim of the prototyping step is to 
test various designs for the channel or the general shape of MNs. For this reason, this 
technique was not selected for the early stages of MNs prototyping. 

 

4. Additive fabrication techniques 
In recent years, additive fabrication techniques have become more accessible and popular 
thanks to the arrival on the market of affordable and precise 3D-printers. It responds to a 
large range of applications with a wide variety of raw material including photoresists: basic 
polymers, biocompatible ones, polymer/ceramic mix and many others. With a maximum 
accuracy around tens of micrometres depending of the model and the type of resin, this 
solution offers great perspectives for rapid and relatively cheap prototyping.   
The CEA has several models of 3D printers, from filament-based technologies to 
stereolithography (SLA) based technologies. Two kinds of SLA 3D printers were investigated 
during this thesis. Series of protocols were tested to obtain, at the best of the machine 
capabilities, the prototyped MNs (see 2.2.3).  

The first step for the microneedle prototyping was to be sure that the technique could 
produce a continuous channel inside the MN with a good printing quality. The machine prints 
layers of what can be called “3D pixels”. This minimum detail induces a roughness on surfaces 
including the internal walls of the channel. To use this fabrication technique for microfluidic 
purpose, a characterization of the channel surface must be made to ensure it won’t be an 

Figure 2.  8 Presentation of the plastic moulding injection process. 1. Piston 2. Srew 3.Hopper 4.Barrel   5.Heating 
elements   6.Material   7.Nozzle   8.Mould   9. Final product. Reproduction from Protalabs website. 
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issue for fluid transport. Two equipment were in concurrency at the end of the series of trials: 
the “125 series” 3D printer by MiiCraft (propriety of the CNRS – LTM) and the “Form 3” 3D 
printer by Formlabs. These two equipments claimed a precision of 15 and 25 µm respectively.   
Figure 2. 9 presents the global printing process for an SLA type equipment.  

 
Figure 2. 9 Presentation of 3D-printing process using SLA technology. 1. Step by step printing of the design on the 
platform 2. Post treatment of the printed piece once removed from the platform 3. Final piece 

Series of MNs were printed (see section 2.2.2.3) on the Miicraft 3D-printer and on the Form3 
3D printer. The goal was to assess the limits of the printer. MN will be designed taking into 
considerations the limits of the 3D printer.   

 

2.2.2 Designing the microneedle for SLA 3D printing  
    

2.2.2.1 The shape 
Chapter 1 displays a great variety of shapes for MNs. The need to create a channel 

inside the microneedle restricts the possibilities to three main 3D shapes: straight, tapered or 
pyramidal. The main requirement for the MNs is to penetrate biological tissues and especially 
the SC, without breaking or bending. The MNs should also verify a low insertion force and 
high fracture force (Larrañeta et al., 2016b). For the hollow MNs, another requirement is to 
avoid a blockage by residual biological tissues when introduced under the SC.  
If the material choice is obviously important, the design plays a leading role to fulfil these 
requirements. Several studies (Chua et al., 2013b; Davis et al., 2003; Kochhar et al., 2013; 
Sabri et al., 2020), report that external MN designs can have an important impact on the force 
needed for MNs mechanical insertion under the skin. The conclusions were the following: 

- A sharp tip (bevelled) helps the tissues penetrations. 
- A small tip (50 µm diameter compare to 75 µm diameter for electroplated nickel 

MNs in Davis study) and a proportionally large base (up to 300 µm diameter) has 
also an impact on the penetration force required.  

- Thick enough walls are needed to withstand the insertion pressure (10µm in Davis 
study). 
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- MNs must be at a minimum distance from one another with a minimum of 150 
µm on a same array. If the density of the MNs is too important, they will form a 
“bed of nails” and prevent MN penetration. 

 
The straight and conic designs seem to respond effectively to these considerations. The 
pyramid design was left aside at this point as it did not bring additional gain to the other 
designs and maybe more difficult to obtain depending on the fabrication method.  

In between the straight and conic designs, Chua and co-workers (2013) point out two main 
differences.  First, the theoretical minimum applied pressure to penetrate the skin is about 
22x106 Pa for the conic design while it is one order of magnitude higher for the straight design 
(198x106Pa). These values were calculated for MNs patches of the same material (silicon) 
having the same number of MNs and the same centre-to-centre spacing. This article also 
demonstrated that the channel of the straight design is more likely to be obstructed by 
biological material displacement than the conic one during the insertion under the skin. When 
inserted under the skin, the straight design induces “rings cracks” whereas the conic design 
creates “planar cracks” as illustrated in Figure 2. 10. Considering these informations, the conic 
shape was finally selected.  

 

2.2.2.2 The size 
 In the 2.1.2 Determination of the implantation area for interstitial fluid extraction 
in cows and feasibility of adapted microneedles section, the emplacement for the patch was 
chosen. The external side of the apex of the pinna presents the best features to implant the 
MNs as it has a large implantation window (DeepDe: 1403 ±589 µm) and a uniform SupDe 
layer (1323±404µm) to go through for all tested breeds, compared to the two other sites. 

These data are of primary importance to know the target depth where the tip of the 
microneedle should be inserted. If the tip of the microneedle is ideally expected to be located 
in the middle of the DeepDe sublayer, the target depth should roughly be in the [1,3 mm; 2,7 
mm] range. The median would be around 2 mm. This case is presented in Figure 2. 11.A. 
 

 

Figure 2.  SEQ Figure_2. \* ARABIC 10 . Reproduction from Chua et al. 2013. A) TSMA (Tapered Silicon Figure 2. 10  Reproduction from Chua et al. 2013. TSMA (Tapered Silicon Microneedle Array) penetration via 
formation of planar mode-I crack with the arrows depicting the tensile forces propagating the crack. B) SSMA 
(Straight Silicon Microneedle Array) penetration via formation of mode-II ring crack with the arrows depicting 
the shear forces propagating the crack. 
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Figure 2. 11 Expected and real behaviour of microneedle inserted under the stratum corneum. 

When inserted under the skin, the microneedle is unlikely to have the total height of its body 
under the SC as presented in Figure 2. 11.A. According to the literature, only 50 to 60% of the 
MNs will bypass the first skin layer ((Chua et al., 2013b), (Hutton et al., 2018)) as presented in 
Figure 2. 11. B. A height of approximately 3 mm was chosen for a microneedle design to have 
1,5mm to 1,8 mm of the microneedle under the SC once inserted.  

 

2.2.2.3 SolidWorks® designs 
Once the principal features of the MNs had been optimised, the design was created 

on SolidWorks®. SolidWorks® is a 3D modelling computer-aided design software (CAD) 
published by Dassault Systems. This software was used to design all the MNs during this 
thesis. A wide variety of options were explored for the microneedle body, tip and channel. All 
of the fabrication processes considered for prototyping MNs in this thesis need a CAD file, so 
this step was not only an exploration of all the possibilities that crossed our mind but really a 
preliminary step for the fabrication process.   

Some designs were realized to test the limits of the 3D printer for our application. Channels 
of different heights and diameter were printed as presented on Figure 2. 12, Figure 2. 13 and 
Figure 2. 14. For this evaluation step, definition of the body and tip of the MN and possibility 
to create a neat channel of various diameters were the points of interest (see section 2.3). 
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Figure 2. 12 Microneedles patch design for fabrication process testing. Different microneedle body diameters were 
designed: 500, 300 and 200µm (from the last to first row) with a 100µm diameter channel and three tip designs 
were tested: plane, 45° bevel, double 45° bevel.  

 

Figure 2. 13 Microneedles patch design for channel diameter test. A) Sectional view B) Design overview. 

 

Figure 2. 14 Design of three microneedles with the same channel diameter but three heights A) Sectional view B) 
Design overview. 

The fabrication of these designs with an always evolving protocol (printing parameters and 
post-printing treatment) led to the conclusion that it was not possible to obtain a nearly 3mm 
long microchannel with a straight channel as presented in Figure 2. 14. When the design is 
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printed, layer by layer (see Figure 2. 9), some non-polymerized resin is trapped in the growing 
channel as its diameter is not wide enough to facilitate the resin to flow. This resin, stocked 
in the channel will eventually polymerize during the following step of the printing, thus 
blocking the channel like presented in the picture underneath.  
 

This phenomenon, called residual polymerization, can be minimized with the printing angle, 
the choice of the printing step or the resin precision. Nevertheless, these levers are not 
enough to obtain a straight 3mm long channel. To bypass this limitation, a new MNs design 
with a hybrid channel was created and successfully tested.  
 

 
Figure 2. 16 Design of a three conic microneedles array. A) Overview of the MNs patch B) Sectional view of the 
array. The microneedles are designed with an 11° angle from the vertical axis. The channel is divided in two 
segments: a first conical part and a straight channel at the tip of 740µm long. 

The MN has a conic body with a bevelled tip (45°). The channel, as presented on Figure 2. 16 
is made of two segments. The first segment has a conic shape with a 1,8mm diameter at the 
base of the patch and 1,1mm at the base of the MNs. This first segment represents 75% of 
the channel length. Its large diameter allows the non-polymerized resin to flow out of the 
channel for the majority of the printing. The second segment of the channel starts at 740µm 
of the tip of the MN and is made of a straight, 400µm diameter channel.  A straight channel 

Figure 2.  SEQ Figure_2. \* ARABIC 15 Top view of A) clogged and B) hollow microneedle. Pictures done Figure 2. 15 Top view of A) clogged and B) hollow microneedle. Pictures done using the Keyence numerical 
microscope. 
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of this length was the maximum that could be obtained through the conducted tests. In 
further developments of the SmartRepro, a wide diameter on a large part of the channel will 
limit the capillary effect to bring the fluid from the tip of the MN to the microfluidic circuit 
where a pump will take over. This diameter issue is a limitation of the 3D printing technique. 
Further development will involve different techniques as the injection modelling techniques 
described in 2.2.1 section for which a straight, hundreds of microns of diameter channel will 
not be a major issue. 

Alongside the MNs whose purpose is to sample interstitial fluids, another MNs design to 
anchor the patch on the cow ear was created. This microneedle, without channel should be 
as easy to implant as the other ones, help the patch to stay in place during its period of use 
and be as easy and painless as possible to remove. The result of this reflexion is presented in 
Figure 2. 17. 

 
The body of the microneedle is inspired by the famous Coca-Cola® bottle. The base and the 
top of the MN are flared while the centre of the MN has a fillet. This design will allow an easier 
and painless insertion under the skin. Once in place, the biological tissue should rearrange 
around the microneedle. Around the fillet, the tissues will reorganize themselves tighter than 
on the part of the microneedle located deeper in the tissues preventing them from unwanted 
withdraw. When the breeder will pull out the patch, the globally tapered design of the 
microneedle should keep the pain at an acceptable level for the cow.  

This design was realized both to test the 3D printer performances but also with the idea to 
use this design in a more advance stage of the SmartRepro patch.   

 

2.2.3 Fabrication – Printing protocols 
 

For each 3D printer, a catalogue of compatible resin is given by the associated 
company. The choice of resin is induced by the resolution, the colour, the mechanical 
properties or the possible biocompatibility wanted for the final product.  

For the Miicraft 3D printer, the SB – standard blend resin from Fun To Do (FTD) supplier was 
used. This resin is not from the Miicraft catalogue but is compatible with the Miicraft 125 

Figure 2.  17 Design of an « anchor » microneedle to help maintaining the microneedles patch on the cow ear during 
the four weeks of the oestral cycle. 
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series printer. The minimum microlayer height is 20µm which is interesting for microfluidic 
printing.  

For the Formlabs Form 3 printer, two resins were also tested from their catalogue: 

- BioMed Clear, a clear, rigid and biocompatible resin recommended by the company 
for long-term skin or mucosal membrane contact. The minimum microlayer height is 
100 µm. 

- Standard Black, a black resin. The minimum microlayer height is 25 µm. 
  

The Formlabs resins have better accuracy than the resin compatible with the Miicraft printer 
but they were nonetheless selected as they have biocompatible products in their catalogue.   
The printers having respectively a 15µm and 25µm minimum microlayer height (related to 
printing accuracy), the selected resin should be exploited at the best of their potential.   

Once the resin is chosen, it is poured into the printer tank. The designs made on SolidWorks® 
were load on the printer’s software (MiiUtility for Miicraft and PreForm for the Formlabs 
printer). The loaded design is placed on a virtual reproduction of the printing platform.  
From there, some parameters can be changed at the user's convenience. These parameters 
are introduced in Table 2. 6, together with their importance in obtaining hollow MNs. 
 

Printing parameters Importance 
Base layer + 
Printing step ++ 
Curing time +++ 
Supporting structure ++ 
Printing angle +++ 

Table 2. 6 Impact of printing parameters playing a role in the presence printed microneedles (presence of the 
channel and quality of the overall look). 

The base layer is a uniform layer of resin polymerised on the printing platform which thickness 
and polymerisation time are recommended by the manufacturer. The printed object will grow 
on this base (see Figure 2. 18), ensuring a better grip on the platform during the printing.  Its 
role is to ensure that the MNs stay attached to the printing platform.   
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Numerous combinations of printing step and curing time were tested. The two parameters 
have a clear impact on the presence of the channel and also the overall look of the MNs. The 
printing step is the thickness of each printed layer (or the height of the 3D pixel) which range 
from 15 µm to 100µm and the XY resolution is of 65µm. The curing time is the number of 
seconds during which the layer is insulated (ie polymerisation time).  The parameters 15 µm 
and 4 seconds were finally applied. 
 

Figure 2.  18 Example of a microneedle (FTD resin) with its printing structure, side and front side. The microneedle 
has an angle of 45° toward the base layer (part hanging from the printing platform). According to the printed design, 
two to three conic supports are placed in between the base of the microneedle and the base layer. Pictures done 
using the Keyence numerical microscope. 
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Printing angles 0°, 20°, 30° and 45° were tested on the Miicraft printer as presented in Figure 
2. 19. 

Figure 2. 19. Printing angles tested on the Miicraft 3D printer.  

The 0° angle was abandoned right away as the MNs array fell off in the tank for most of the 
attempts. The conic supports (Figure 2. 18) could not support alone the weight of the MNs 
array near the end of the printing. No difference was seen between the three following angles 
concerning the external quality of the MNs.  The difference between the three angles laid in 
the presence or not of the MN channel (see Figure 2. 15). The repeated attempts and 
comparison of the printed MNs led to the conclusion that the 45° tilt is more likely to help to 
have a channel. For the support structure, the goal is to create it as minimal as possible to be 
easily detached from the MNs patch after the printing but strong enough to support the 
structure during the printing, without breaking. The breaking of the support structure can 
lead the structure to fall from the printing platform and crash in the tank causing potential 
damage to the tank itself and making the whole batch unusable. 

Printing speed and step, curing time of the resin for each step are also parameters that the 
user can change to his will. 
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For the two printers, the printing parameters are the following: 

- Miicraft 125 series: 
o Curring time: 4sc 
o Gap adjustment:  0mm 
o Base layer: 2 (no unit) 
o Base curing: 25sc 
o Buffer layer: 4 (no unit) 
o Printing speed: slow 

 
- Formlabs Form3: 

o Base density: 0.6 (no unit) 
o Printing layer: 25 µm (ie height of the 3D pixel) 
o Printing angle: 45° 

 
A post printing treatment was needed for the two printers:  
For the Miicraft printer, the printing platform is removed from the printer and the MNs 
patches are removed from the platform using a putty knife. The post printing 
recommendations from the supplier were tested (demineralized water and 180s ultrasonic 
bath) but were not enough for this project. The MNs patches are first immersed in isopropanol 
for 30s. The majority of the non-polymerized resin sticking to the MNs array is removed. The 
arrays are transferred into a fresh isopropanol solution and a new cleaning step using 
ultrasound for 10 minutes. It was found that this step provides cleaner MNs channels. The 
MNs arrays go under a final cleaning with isopropanol using a pipette and are dried using and 
air gun.  
The Formlabs printer comes with its own post printing treatment devices. The process is 
similar to the one for the Miicraft printer but automated.  

 

2.3 Microneedles characterization 
 

One of the goals of this thesis was to validate a MNs design and a fabrication 
technique, respecting the constraints of the SmartRepro project. The 3D printing technique 
was selected, and numerous trials were realized on the 3D printers with always evolving 
printing parameters and post-printing treatments. The first step of characterization was 
focused on the visual aspect of the MN and was systematically realized after the post printing 
treatment. The observations were used to adjust the next printing process. For the final 
design, replicated with three different resins, the MNs were subject to a compression test to 
know if the resin could support the implantation into the ear of the cow.  
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2.3.1 Visual characterization 
 
 Visual characterization was realized using a Keyence VHX-7000 numerical 
microscope. This instrument delivers high resolution pictures (image sensor CMOS 4K) with 
the possibility to adjust the lighting, has a wide magnification spectrum (20x to 6000x) and 
integrate 2D and 3D measuring tools.  
The following images display the first fabricated MNs designs (see Figure 2. 12) which played 
an important role in the preliminary stages of the 3D printing fabrication. These MNs were 
realized on the Miicraft 125 series printer only as the Formlabs one was not available yet at 
this time.  
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These MNs are printed according to the design presented in Figure 2. 12. Three external 
diameters were tested: 500 µm, 300vµm and 200vµm. If the 200vµm MNs do not seem to 

Figure 2.  20 Hollow microneedles printed using SB, standard blend resin from FTD, th e125 series Miicraft 3D printer 
and observed with the Keyence numerical microscope. A) Front view of the microneedles with their height and 
sectional view of the SolidWorks design with the two segments channel. Heights of the microneedles left to right: 
2829 µm; 2806.94 µm; 2813 µm. B) Top view of the microneedles and the channels. C) Overview of the microneedles 
patch. D) Bottom view of the patch, inside a microneedle, diameter 1741 µm.  
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have enough rigidity to stand by themselves (Figure 2. 20.B), the two other diameters stand 
on the base as expected. The external definition of the MNs is also satisfying: the three type 
of tips are well defined (Figure 2. 20.A) and a height difference between 0.5 and 2.4% between 
the design made on SolidWorks and the printed result. However, none of the MNs have the 
2 to 3 mm long, 100 µm diameter channel which was part of the SolidWorks design.  
If the external features can be printed with acute definition, series of tests have shown that 
obtaining a channel of few hundreds of microns of diameter and few millimeters in length is 
the real challenge for this MNs prototyping project.   

The solution was found with the hybrid design for the channel as presented in Figure 2. 16. 
The two segments channel (conic and straight) printed with the parameters given in section 
2.2.3 and a printing angle of 45° led to the fabrication of a hollow microneedle. Nonetheless, 
this result could be obtained only with the FTD resin and the Miicraft printer. The 
characteristics of the BioClear biocompatible resin and the standard Black resin associated 
with capacities of the Formlabs printer were not enough to obtain a hollow microneedle.  

Figure 2. 21 presents the MNs obtained using the Figure 2. 16 design, the SB resin from FTD 
company and the Miicraft 125 series 3D printer.  

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.  SEQ Figure_2. \* ARABIC 20 First MNs test realized on the Miicraft printer with FTD resin. A) 
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Figure 2.  21 Hollow microneedles printed using SB, standard blend resin from FTD, the 125 series Miicraft 3D printer 
and observed with the Keyence numerical microscope. A) Front view of the microneedles with their height and 
sectional view of the Solidworks design with the two segments channel. Heights of the microneedles left to right: 
2829.94µm; 2806.37µm; 2813.94µm. B) Top view of the microneedles and the channels. C) Overview of the 
microneedles patch. D) Bottom view of the patch, inside a microneedle, diameter 1741.30µm.  
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2.3.2 Compression test  
 

The final design realized in the three different resins has been subjected to a 
compression test. This test was performed to determine whether or not the design can handle 
the insertion in the cow ear without damage.  

The compression tests were done using a TA.XT plus Texture Analyser. During the test, a force 
is gradually applied on the top of the microneedle from 1 mN to the set value. The force gauge 
shaft moves at 1 mm/s. When the force set point is reached, the force gauge shaft applies it 
during ten more seconds before releasing the pressure on the MNs patch. This time value was 
to mimic a manual insertion of the MN. The force is not continuously applied, and the gauge 
shaft has a vertical vibration motion to mimic what could undergo the MNs during the 
insertion in the ear of the cow when going different tissues.  

For this compression test, two forces were applied to the MNs:  

- 49N, the estimated force needed for MNs insertion under the human skin when doing 
it manually.  

- 10N, the needed force to have 100% of the MNs inserted under human skin using a 
commercial applicator (stamp or motor driven micromodelling device) as tested by 
(Sabri et al., 2020).  

 

The impact of the compression tests on the MNs structure is evaluated by measuring the 
height of the MNs before and after for the two compression tests (10 and 49N). The results 
are presented on Figure 2. 22 and Figure 2. 23.    

 

 

 

 

 

 

 

 

 

 

 

 

 



 

82 | Page 
 

The 10 N compression test had very little impact on the Formlabs resins (Figure 2. 22 A) and 
B)) with no lateral deformation of the MN body. The height reduction was around 1% for the 
BioClear and around 2% for the Standard black Formlabs resins. The FTD resin (Figure 2. 22. 
C) was further damaged by the 10N compression test with no lateral deformation of the MNs 
but a clear destruction of the MN tip, weakening the rest of the MNs’ body. The 
measurements after compression show a reduction of the height of 6%. 

 

Figure 2.  SEQ Figure_2. \* ARABIC 22 Before / after the 10N compression test and heights of the Figure 2.  22 Before / after the 10 N compression test and heights of the microneedles for the three type of resin:  
A) BioClear resin from Formlabs. B) Standard Black resin from Formlabs. C) FTD resin. 
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The 49N compression results are shown in Figure 2. 23. For a force application five times 
higher than the previous test, the Formlabs resins did not suffer severe damage (Figure 2. 23. 
A and B).  The tip of the MNs are flattened but the height loss is under 6% for the BioClear 
resin and under 4% for the Stand Black resin. In contrast, the 49 N test force destroyed 100% 
of the MNs made of the FTD resin.  

 

Figure 2.  23 Before / after the 49N compression test and heights of the microneedles for the three type of resin:  A) 
BioClear resin from Formlabs. B) Standard Black resin from Formlabs. C) FTD resin.  
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Conclusion 
 

A substantial part of this thesis was dedicated to the development of a first hollow 
MNs prototype.  

The choice of the patch position on the cow is of critical importance to allow an easy 
application and removal of the patch for the breeder. It will also increase the chances for the 
device to remain in place despite the daily activities of the cow. Upstream of the thesis, a first 
round of ultrasound measures was realized on several parts of the cow to have an idea of the 
skin thickness on these localizations. The cow ear was preselected, and an important 
measurement campaign was realized on the ears of seven breeds (suckling and dairy). The 
best localization for the MNs implantation, based on the measurements presented in the 
article is the apex of the pinna, on the external side of the ear as presented in the article. This 
area offers the best compromise between a large implantation area and a similar thickness of 
tissues to pass through, considering all selected breeds.  

The search for a MN fabrication process meeting our design requirements, which could be 
suitable to use in the first prototype versions of the patch (affordable, quick to make) led to 
the selection of the use of a 3D printer.  
The design evolved along the different fabrication tests to end with a conic shape of 2.9 mm 
high for the external design. The creation of the channel was the main challenge of this part 
of this thesis. Pushing the 3D-printer to the maximum of its abilities and with some 
compromise on our side on the diameter of the channel, a first prototype of hollow MNs can 
be presented at the end of this thesis. The biocompatible aspect of the MN was not at the 
heart of this prototyping step but one biocompatible resin, the BioClear from Formlabs, was 
tested. If the composition of the resin did not allow the creation of the channel, good 
mechanical properties were highlighted when passed through the compression test. The next 
step of the development of the MNs could be oriented on its mechanical properties, now that 
it was proven that the design could be obtained using 3D printing.  

Extensive capillarity testing was not conducted on the MNs. In the article (section 2.1.2) it was 
proven that fetal bovin serum can go through the MNs. However, the capillarity potential of 
the MN is not enough to conduct the fluid to the microfluidic network where a pump can take 
over. If the injection modelling technique could be a solution to bypass this issue, different 
paths can be explored before reaching this MNs stage of development. In this context, options 
like surface functionalisation should be investigated.  
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Introduction 
 
 
The fluid sampled by the microneedles is subsequently analysed by a biosensor. Its 

role is to measure the level of the two reproductive hormones, progesterone and oestradiol, 
(see Chapter 1) in real time to predict the upcoming ovulation event.  
In the sixties, the first biosensor was developed by Clark & Lyons, (1962) to detect glucose 
concentration using enzyme catalysis (𝑔𝑙𝑢𝑐𝑜𝑠𝑒 +  𝑂ଶ  𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑜𝑥𝑦𝑑𝑎𝑠𝑒 ⇔ 𝑔𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 +

 𝐻ଶ𝑂ଶ ) and a Clark oxygen electrode.  Nearly fifty years later, a wide variety of biosensors has 
emerged with numerous detection techniques but they are all made of, at least, three 
components: 

- A bioreceptor layer. The first layer, in contact with the studied environment, reacts 
specifically to the presence of the target. 

- A transducer. This second layer translates the target detection event into a 
measurable signal. 

- A signal processing system to potentially analyse and amplify the signal. 
 

The performances of a biosensor are determined by different features depending on the 
application. In our case, two are of main importance for the first step of the sensor 
development: 

- The selectivity of the sensor. The capacity to detect a specific target in a complex 
medium, as hormones in interstitial fluid in our case, while recognizing no other.  

- The sensitivity of the sensor. Oestradiol and progesterone are present in low 
concentrations through the oestrus cycle of the cow mostly ranging under 10 pg/mL 
and 10 ng/mL respectively (Martin et al., 2013; J. B. Roelofs, 2005).   The sensor’s limit 
of detection determines the minimal amount of analyte (hormones here) that can be 
detected.  

Apart of these two parameters, the response time of the sensor, its stability, reversibility, 
biocompatibility, size and also its cost are criterions that have an impact on the choice of 
sensor and detection strategy for a given application.  

Through past decades, rise of microelectronic has enable the production of highly sensitive 
sensors at low cost with mass-production capacities. In this context, the discovery of highly 
conductive, lightweight, flexible, transparent, mechanically robust, Chemical vapour 
deposition (CVD) graphene has brought interest from the biosensors community. Its high 
specific area, due to its atomic layer thickness is particularly appealing for the detection of 
charged biological species.  Using this technology, the Graphene-based Solution-Gated Field 
Effect Transistor (SGFET) is a very promising and sensitive sensor for the biodetection field 
(Phitsini Suvarnaphaet & Suejit Pechprasarn, 2017).  

Such a sensor was developed in parallel to my thesis by Adrien Hugo, a PhD student from CEA 
Grenoble. A collaboration with him led to run electrochemical characterization tests with the 
SGFET, paving the way for the future hormones detection tests accordingly to the SmartRepro 
project needs.    
Another partnership was created with Grapheal, a French start up based in Grenoble. This 
company also uses the Graphene-based SGFET technology but using different fabrication 
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protocols and characterization benches. In the context of the project, it appeared interesting 
to test the two sources of sensors and compare them in terms of manufacturing (quality, 
production time and cost) and performances.  

In this chapter, the peculiarities of the two SGFETs sensors, from the fabrication process to 
the characterization bench, are presented. 
With a series of tests, the goal was to understand the behaviour of the SGFETs and their 
detection structure in liquid environment. To do so, protocols were developed to detect 
molecules whose interaction mechanisms are well described in the literature.  The type of 
detection structure chosen for the detection of hormones (SGFET sensor and additional 
detection structure) lays on the recognition and binding of target molecules, involving no 
enzymatic reactions and so no charges transfer, unlike the Clark and Lyons experiment 
mentioned above.  
The results of the two types of SGFETS will be compared. From this comparison, we will 
determinate the best suited sensor to undergo the series of experiments on hormones 
detection. 
 
 

3.1 Sensors presentation   
 

 The Graphene-based SGFET is a transistor with a graphene channel which is, when 
used in liquid conditions, directly exposed to the electrolyte. The intrinsic properties of 
graphene make this sensor highly sensitive and reactive to the charged species present at the 
electrolyte / Gr interface (Wang et al., 2016). The quality of the sensor and so its sensitivity is 
highly linked to the graphene quality from its growth to its transfer on the transistor substrate 
(Phitsini Suvarnaphaet & Suejit Pechprasarn, 2017). 

Different techniques are available to obtain single layer of atomic graphene depending on its 
quality, size and cost. In this study, the graphene was grown by Chemical Vapor Deposition 
(CVD), a renowned technique that provides high quality graphene, reported for the first time 
by (Li et al., 2009).  

During this thesis, two types of these SGFET sensors were fabricated and tested. If the 
fundamental function remains the same (SGFET sensors with CVD Gr as a channel), their 
technological fabrication process, substrate material and the way to manipulate the graphene 
differed.  
This section presents their characteristics.   
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3.1.1 Si-SGFET 
 

 This version of the Graphene-based SGFET, called in this manuscript the Si-SGFET, is 
made at the Platefrome de Technologie Amont (PTA) clean room facilities at CEA Grenoble, 
following the protocol established by Adrien Hugo (2020). Figure 3. 1 presents the design of 
the transistor (A) and pictures of the final device (B) with variations in the transistor shapes. 

 The Si-SGFET has two gold electrodes on silicon (Si) substrate. The graphene monolayer starts 
and ends on the top of the electrodes (source and drain) to ensure a good electrical contact 
and create the transistor channel. A passivation layer made of SU8 photoresist (about 2 µm 
thick) covers all the surface of the sensor except for the sensing areas (blue parts on Figure 3. 
1.B) where the graphene lies.  

It has been demonstrated by Yuan et al. (2013) that the Gr edges have a superior 
electrochemical reactivity compared to a pristine Gr basal plane (middle of the Gr sheet). The 
monolayer Gr sheet is polycrystalline and has several types of defects: carbon vacancies, 
dangling bonds, holes (Navalon et al., 2017). When the Si-SGFET is operating in liquid, a 

Figure 3.  1 Presentation of the Si-SGFET. A) Schematic view of the transistor composition, inspired by Adrien Hugo 
thesis manuscript. B) Examples of realized SGFET sensors. Graphene patches can be seen (red dotted lines) for each 
transistor as well as the rectangle window in the SU8 passivation layer, allowing part of the graphene  patch to be 
in contact with the electrolyte (blue rectangles = opening in SU8, graphene in contact with electrolyte ). Pictures 
realized using the Keyence VHX-7000 numerical microscope.  
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difference of potential is applied between a reference electrode (Ag/AgCl electrode also 
called the gate here) and the Gr channel. The contact of the Gr edges or the basal plane 
defects (holes, grain boundaries) with the electrolyte will create active sites responsible for a 
catalytic activity (presence of oxygen groups, charge transfer interaction). These reactions, 
happening on the sensing area of the Gr will generate a current called leakage current 
(𝐼௟௘௔௞௔௚௘) which may interfere with the signal of interest and drastically impact the sensor 
performance. If the basal plan defect can be partially controlled with the quality of the Gr and 
by handling with care, the passivation of the Gr edges (using SU8 resin here) significantly 
reduces the leakage current. This passivation layer also covers the metallic electrodes.  

The quality of the fabrication of the Si-SGFET device is crucial to obtain good sensor quality 
and sensitivity, without Gr deterioration. A robust fabrication protocol was developed by 
Adrien Hugo to obtain high quality sensors. During the training to produce my own Si-SGFETs 
sensors, I helped Adrien Hugo to fine-tune the patterning of the Gr channel and the contact 
passivation step (see Figure 3. 2).  

The key steps of the final fabrication protocol are presented Figure 3. 2.  

 

On a Si/SiO2 substrate, Au/Cr metal electrodes were microfabricated (Figure 3. 2, step 0). A 
sacrificial layer of photoresist was spin-coated on it. Using a mask, the photoresist is 
selectively insulated by UV light, creating the negative of electrodes patterns. A metallic 
composed of a Cr (Chromium) primer layer (15 nm) followed by an Au (Gold) layer (80 nm) 

Figure 3.  2 Schematic presentation of the three main steps of fabrication of the Si-SGFET sensors.  
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was sputtered on the Si/SiO2. The photoresist and the metallic layer above are then removed 
and only the Au/Cr electrodes remain. This technique is broadly used in the microelectronic 
industry to create metal patterns (electrodes here) on a substrate (Si/SiO2 here) using a 
sacrificial layer like a photoresist.   The rest of the fabrication, described in (Hugo, 2020) can 
be summarized into three main steps, presented in Figure 3. 2 and developed below. 

1. Wet transfer of graphene on the Si substrate.  
The graphene is CVD grown on a copper layer by the Graphenea Company. A polymethyl 
methacrylate (PMMA) layer is added on the top of the Gr in the CEA clean rooms for Gr 
protection purpose and for ease of manipulation of the Gr during transfer on the Si chip. The 
transfer on the Si chip is also realized in a clean room environment following the process 
presented in Figure 3. 3.  

2. Transistor channel patterning. 
Using a copper (Cu) sacrificial layer to protect Gr from resin contamination and a lithography 
step, the graphene is patterned as rectangles on the top of each of the thirty-eight transistors 
on the chip.  

During the collaboration with Adrien Hugo, I helped to improve this step. The protocol used 
at this time did not allow graphene patterning to be obtained as expected in a repeatable 
manner from one sensor to another. Graphene was often over-etched at the end of this step 
as shown on Figure 3. 4, left picture.  

 

 

 

 

 

Figure 3.  3 Graphene transfer process. 1. Cu etching with ammonium persulfate solution. 2. Rinsing 5x in deionized 
water. 3. Transfer and drying overnight. 4. PMMA stripping using organic solvent. 
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The patterning of the Gr consists of four steps: 
- Deposit of a Cu layer on the top of Gr (step 1, Figure 3. 4). 
- Deposit of a photoresist on the top of the Cu layer and patterning (step 2, Figure 3. 

4). After the photoresist development, only the photoresist on top of the sensing 
areas remains. 

- Patterning of the Cu layer by wet process (step 3, Figure 3. 4). The chip is immersed 
into a Cu etching solution (Ammonium persulfate (NH4)2S2O8 solution, 0.02 g/mL in 
deionized water). Within seconds, this solution attacks the Cu layer on the areas 
uncovered by the photoresist. As this etching technic is isotropic, the solutions may 
infiltrate underneath the photoresist protective layer, etching the Cu and leaving the 

Figure 3.  4 Comparison of the wet resin development, before graphene patterning. On the left, a VM652 adhesion 
promoter is added on the copper before the addition of the photoresist. On the right, a soft bake (5 min, 120°C) is 
realized on the SGFETs before the addition of the photoresist. Over etching can be spotted on the edges of the 
patterned rectangles on the right picture when the same edges remain clean when the adherence promoter is used. 
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Gr unprotected on the sensing areas of the SGFET. This step requires precautions as 
the freshness of the etching solution components have an impact on the etching time. 
Visual observation is the only way to know when to remove the chip from the etching 
solution. 

- Patterning of the Gr channels. Si-SGFETs are placed into a plasma that attacks the Gr 
in an anisotropic way. Only the Gr none protected by a Cu layer is etched. This method 
is slower than the wet etching, but it is automated and provides a better control of 
the material consumption. 

The Cu is then eventually removed from the Gr surfaces and the result can be seen in 
Figure 3. 2, left picture. 

The conservation of the Cu layer above the Gr channel is therefore of the utmost 
importance. Improving the adhesion of the resin layer to the Cu slows down the 
dissolution of the Cu underneath. A protocol was first tested to enhance this adhesion: 
the dehydration of the chip at 120°C during five minutes before the addition of the 
photoresist. The results (Figure 3. 4, left picture) show that the edge definition lacks 
cleanness and reproducibility from one chip to another. A new protocol was then tested 
with the use of an adherence promoter (reference: VM652) instead of the dehydration 
step (see Figure 3. 4, schematic). The results of this test are shown on Figure 3. 4, right 
picture. On this picture, the Cu underneath the photoresist remains un-etched. This 
technique therefore slowdowns Cu etching process enough so that the Gr channel is fully 
protected. This new protocol was kept in the fabrication protocol. 

3. Passivation of the contacts. 
The metallic electrodes are passivated using SU8 photoresist to prevent any electrochemical 
reaction to happen when the sensor is in operation in a liquid environment.  This passivation 
step is also used to clearly define the graphene sensing area for each transistor as illustrated 
on Figure 3. 2.  When the SU8 resist dries on the sensor, we can see a tendency to the creation 
of some cracks in the corner of the sensing areas.  Tests were carried out in collaboration with 
Adrien Hugo to remove or reduce these cracks. Eventually, a soft bake (5min at 150°C on a 
hot plate) of the devices after the passivation layer drying allows to reduce or eliminate the 
SU8 cracks.     

Each fabrication step is critical when processing graphene, since lattice defects or surface 
contamination can drastically affect its electrical properties. Having a clean graphene through 
the process is essential for a reproducible fabrication process and to obtain a suitable 
graphene-metal electrical contact.  
From the transfer of the Gr on the Si/SiO2 substrate to the end of the process flow, extra care 
was provided to protect the Gr single layer though the addition of protective layers and 
rinsing.   
Microscopic, SEM (Scanning Electron Microscope), topographic and spectroscopic 
characterizations were realized all along the whole optimization of the fabrication process 
(Hugo, 2020). The results are highly promising and extremely good quality sensors were 
produced by using our process flow. In addition to the characterizations during the 
development of the fabrication process, microscopic observations were realized after each 
main step when producing the sensors (see Figure 3. 2) to ensure: 

- The quality of the metallic tracks. 
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- The integrity of the Gr sheet and patterning quality. Manipulation of the monoatomic 
Gr sheet can create breaks or holes in the lattice. It is important to verify the condition 
of the lattice on the top of each SGFET.   

- The integrity and quality of the SU8 passivation layer patterns.  
To manufacture six chips as presented on Figure 3. 2, five days are necessary to one person. 
The different steps of the fabrication have to be realized in a sequential manner as there is 
no possibility to accomplish two steps in parallel. Furthermore, some steps like the Gr transfer 
(Figure 3. 3) are not suited for a future automation and this could be an obstacle in the 
perspective of a future industrialisation of the process. 

 

3.1.2 Poly-SGFET 
 

The second type of Graphene-based SGFET sensors is developed by Grapheal, a start-
up located in Grenoble, France. If the type pf biosensor is the same (SGFET), the used 
materials and the manufacturing steps differ. The interest in starting a collaboration with 
Grapheal lies in two points for this thesis project: 

- The manufacturing time of this second type of SGFET is significantly lower: the 
production of a week at the CEA could be made in a day at Grapheal. This is partly 
due to the fact that several fabrication steps can be realized in parallel which is a real 
time saver compared to the Si-SGFET fabrication.    

- The characterization bench at Grapheal offers the possibility to test several SGFETs in 
parallel (up to sixteen) compared to one at a time using the CEA bench.    

These three aspects allow the multiplication of the tests (reproducibility of the results, 
controls, concentration gradient…) over a short period of time. This was an interesting asset 
to exploit provided that they give similar results to the Si-SGFETs made in clean room. 
Figure 3. 5 presents the structure of this second type of SGFET. 
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The sensor substrate is made of flexible polymer (Polyethylene terephthalate, PET) instead of 
Si. To differentiate this SGFET version from the Si-SGFET, it will be named Poly-SGFET with 
reference to the type of substrate used here. 
The electrodes are screen-printed on it using a silver ink. The electrode design includes a 
common gate electrode as presented in Figure 3. 5. The Gr is CVD grown on a Cu sheet (in 
house or other sources) and transferred on a polymer layer to ease its manipulation. The Gr, 
pealed from its polymer layer using tweezers, is positioned in between the Source and Drain 
electrodes, as for the CEA sensor. The electrical contacts are kept safe from any contact with 
the electrolyte by adding another polymer layer (same as the substrate underneath the Gr), 
sealed to the first layer using heat. This last layer, which plays the same role as the SU8 resin 
for the SI-SGFET, is previously laser cut to allow the Gr to be in contact with the electrolyte.  
Around ten devices as the one presented on Figure 3. 5.B (right) can be made in a day by one 
person. 

 

 

Figure 3. 5 Presentation of the Grapheal version of the SGFET. A) Schematic view of the transistor composition. B) 
Presentation of the SGFET Grapheal design and picture of a complete device (four sensing areas). One gate electrode 
is associated with two graphene sensing areas.   
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3.2 Characterization benches: validation of the sensors’ quality 
and electrochemical tests    
 

 Si-SGFETs and Poly-SGFETs were tested on their dedicated characterization benches.  
After the presentation of the characterization benches, the results for the Si-SGFET and Poly-
SGFET will be presented and compared.   

3.2.1 Si-SGFET 
 3.2.1.1 Characterization bench 
 The Si-SGFETs were characterized in dry and liquid conditions using an adapted 
characterization bench presented in Figure 3. 6. 

 

 

 

Figure 3.  6 SGFET experimental setup for CEA sensors with: A) Picture of the chip glued and wire-bonded to the 
PCB, B) Picture of the chip and reference electrode maintained in position by a home-made holder and soaking in a 
beaker, C) The electrical schematic of the setup.  
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First, the chip presented in Section 3.1.1 is bonded to a Printed Circuit Board (PCB) as 
presented in Figure 3. 6.A. The electrical contacts of the chip are wire-bonded using gold wires 
to the corresponding pads. Each contact can be individually addressed using the pin headers 
at the top of the PCB. Using a holder, the chip and an Ag/AgCl reference electrode are 
positioned in a beaker (Figure 3. 6.B). This holder allows the chip and the reference electrode 
to always have the same relative position (1 cm) in between them for all the tests. The 
electrodes are connected to a modular PGSTAT128N potentiostat from Metrohm. This 
potentiostat is equipped with a bi-potentiostat module to allow the control of both drain-
source potential and gate current (Figure 3. 6.C).  For all the measurements, the set up was 
placed into a Faraday cage to avoid background noise. 

The measurements are realized with the NOVA 2.1.4 software from Methrom. Two type of 
measurements were performed on this software: 

- A resistance test performed at 0 V gate voltage before the liquid characterization. 
This test gives an information on the Gr / metal contact interface. 

- A field effect test performed in liquid conditions. This test is realized using a PBS 10-

3M (Phosphate Buffer Saline) solution with a Drain-Source polarization (VDS) of 0.1 V.  
The Gate Source potential (𝑉 ௔௧௘ ) evolved in a [-0.25V; 0.25V] scan window at a scan 
rate of 0.01 V/s. The scan window can possibly be extended to [-0.4 V; 0.4V] when 
needed. The drain source current (𝐼஽ௌ) as well as the Gate Source current (𝐼ீௌ or also 
known as the leakage current, 𝐼௟௘௔௞௔௚௘ ) are recorded. The number of scans can be 
chosen to reach the stability of the sensor if needed.  

An additional Python program was used to organize the files generated by the NOVA software 
for each test.  

3.2.1.2 Extraction and exploitation of the data 
Gr is a semimetal material, also classified as a zero gap semi-conductor. It is made of 

carbon atoms arranged in hexagonal structure, as shown in Figure 3. 7.A,B. Figure 3. 7.C 
showcases the unique energy band diagram of the Gr. Due to the presence of the π-orbitals, 
the energy spectrum has two energy bands: a valence band (at lower energies) and a 
conduction band (at higher energies). The conduction and valence bands intersect in some 
particular points as visible on Figure 3. 7.C. This point coincides with the Fermi level of the 
neutral system in the energy spectrum which is called the Dirac point. At this point, the 
Density of State (DOS) is zero but in the same time, there is no gap in the band structure, 
giving the Gr the name “zero gap semi-conductor”.  
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Figure 3. 7 A) Schematic of the graphene atomic monolayer, B) σ and π bonds and energy band diagram of the 
graphene. The figure is adapted from Basu et al. (2010) and Castro Neto et al. (2009) 

 

The transition of the Gr channel electrons from the valence to the conduction band and the 
position of the Dirac point are visible during a field effect test, as described on Figure 3. 8, 
from (Hugo, 2020). 

 

Figure 3. 8 Graphene channel characteristic transfer curve when subjected to different grid voltage. The 
conductance, proportional to the current is reported on the y-axis. Figure from Adrien thesis manuscript.  
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At the beginning of an experiment, only the bare Gr layer is present. A field effect test is run 
within the [-0,25V; 0,25V] 𝑉 ௔௧௘ range and the black curve is schematized in Figure 3. 9.  

 

The Dirac point (𝑉஽௜௥௔௖), introduced previously is commonly used to localize the obtained 
transfer curve.   
When biomolecules are introduced at the electrolyte / Gr interface (functionalization of the 
Gr or molecule detection), the organisation of the charges at the interface (Helmotz layer, 
Figure 3. 9) changes. These charges interact with the ones (electrons and holes) within the Gr 
layer. The thickness of this interface is controlled by the electrolyte composition (9.6 nm thick 
here in PBS 10-3M). The new composition of the Helmotz layer shifts the neutrality point of 
the Gr/electrolyte interface (𝑉஽௜௥௔௖) to a new value. If the charges introduced at the interface 
are positive (blue case on Figure 3. 9), some electrons will accumulate in the conduction band 
of the Gr atomic layer, leading to an n-doping of the Gr. On the transfer curve, the result is a 
shift of the curve and so the Dirac point towards negative voltage values.   
 
As introduced in the 3.1.1 section, the leakage current 𝐼௟௘௔௞௔௚௘ needs to be as minimal as 
possible to increase the SGFET performances. In the CEA characterization bench, 𝐼௟௘௔௞௔௚௘ is 
measured between the gate electrode and the transistor source, simultaneously with the 
drain-source current thanks to the bipotensiostat module. Typically, the leakage current for 
the CEA SGFETs is under 10 nA as illustrated on the following graph.  

Figure 3.  9 Presentation of the transfer curve obtain when a field effect test is run and illustration of the effect of 
doping on the Dirac point of the curve 
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Within the appropriated voltage window, the leakage current remains reversible (capacitive 
current). When approaching the limit of this window, the leakage current increases quickly 
and may cause hysteresis. In aqueous conditions, applying potentials outside of this window 
can induce water electrolysis, producing O2 and H2 during the oxidation and reduction 
reactions (faradic current). The chemical modifications induced at the Gr / electrolyte 
interface and is irreversible and can damage the Gr structure. It is therefore essential to stay 
within a scanning window that avoids this phenomenon.  
All the data were processed using the Origin, a scientific data processing and analysis 
software.  

3.2.2 Poly-SGFET 

During the collaboration with Grapheal, the characterization bench has been in 
constant evolution. Nevertheless, the characterization conditions and protocols of the two 
sources of sensors are close enough to enable the comparison of the results (see section 3.4). 

Figure 3.  10  𝐼௟௘௔௞௔௚௘  curve for a Si-SGFET without any functionalization on the graphene channel.   is measured in 
parallel of using the bipotensiostat module.  
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3.2.2.1 Characterization bench 
 As for the CEA transistors, the Poly-SGFEts sensors are bonded on a PCB board. The 
contacts are made using traditional tin solder (Figure 3. 11.A right).  

Each PCB exhibits four Poly-SGFETs as presented in Figure 3. 11.A. Two Poly-SGFETs (sensing 
area in Figure 3. 11) share one Gate electrode and the same Drain electrode. These two Poly-
SGFETs share also the same electrolyte, kept on the top of the electrodes by a polymer well. 
200µL of solution can be poured in a well without leakage issues.  

Four PCBs can be loaded in parallel on a deck developed by Grapheal (Figure 3. 11.A) so that 
a total of sixteen Poly-SGFETs can be tested at the same time. The deck is connected to several 
modules creating the voltage divider bridge presented in Figure 3. 11.B, to obtain the 
resistivity of the channel (𝑅஽ௌ).  

𝑉௫ =
𝑉஻௜௔௦ × 𝑅஽ௌ

𝑅஻௜௔௦ + 𝑅஽ௌ
  ⇒   𝑅஽ௌ =

𝑅஻௜௔௦ × 𝑉௫

𝑉஻௜௔௦ − 𝑉௫
 

Among the components of the previous figure and formula, 𝑅஻௜௔௦ had a value of 100 kΩ and 
𝑉஻௜௔௦ a value of -0,6V. During the test in liquid conditions 𝑉 ௌ swept in between 0,0V and 0,8V 

Figure 3.  11  SGFET experimental setup for Grapheal sensors with: A) Picture of PCBs loaded on the deck and close 
up on a PCB with 4 SGFETs, B) The electrical schematic of the setup. 
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and 𝑉௫  was recorded. The Grapheal bench measures a resistivity whereas CEA bench measures 
a current. This will change the look of the transfer curve (upside down compared to  Figure 3. 
9) but the position of the Dirac point remains the same.  

Before operating in a liquid environment, a capacitance measurement was performed on 
each SGFET, similar to the one done at the CEA, to quantify the quality of Gr / metal contact 
interface. 

The measurements in liquid conditions were realized with the Grapheal software. Three types 
of measurements were performed: 

- A resistance test, performed at 0 V gate voltage before the liquid characterization. 
This test gives an information on the Gr / metal contact interface. 

- A field effect test. These tests were realized in a PBS 10-3M solution. PB 10-3M (PBS 
without the salt) could also be used to extend the Debye layer of a few nanometers.  
The Gate Source potential evolved in a maximal scan window of [0,0V; 0,8V] at a scan 
rate of 1 mV/s. The resistance 𝑅஽ௌ in between the Drain and the Source was recorded.  

- A live test, allowing to measure the 𝑅஽ௌ through time. A gate voltage can be applied 
during the recording.  

  

3.2.2.2 Extraction and exploitation of the data 
 The recorded data were exploited in the same way than for the Si-SGFET. The only 
difference is that the resistance 𝑅஽ௌ is displayed on the plot instead of the 𝐼஽ௌ current. The 
main point of interest in the plot is the position of the Dirac point and its shift from one 
functionalisation step to another. For this reason, this difference does not have any impact 
on the exploited data. 𝐼௟௘௔௞௔௚௘ was not recorded as the setup did not allow to measure a 
second parameter in parallel of 𝑅஽ௌ. This way, the quality check of the Poly-SGFET is realized 
only at the beginning of a test, by measuring its resistance. If the doping of the Si-SGFETs was 
consistent from one batch to another one, the doping of the poly-SGFETs could vary from 
positive to negative doping. This did not affect the experiments conducted thereafter. All the 
data are processed using the Origin software as for the Si-SGFET data.  

  

3.3 SGFETs functionalization and characterization of their 
behaviour 
  

After the validation of the fabrication, the next step in the development of a sensor 
for biodetection is the characterization of its behaviour in liquid conditions, in presence of 
bioreceptors and targets.  
Alava et al. (2013) demonstrated that single layer Gr is interesting for lab-on-chip analysis 
systems but they pointed out that some biomolecules may not keep their 3D integrity and 
functionality when in contact with Gr.  For proteins, important deformations leading to the 
loss of their functions can be observed depending on the stability of their 3D folding structure. 
Various parameters can impact this stability like the nature of the sorbent or the number of 
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nonpolar amino acids and the energetics of the equilibrium between folded and denatured 
states.  
To overcome this issue, linker molecules as PBASE (1-PyreneButyric Acid N-
hydroxySuccinimide Ester) interface bioreceptors with the surface of Gr. The PBASE linker, 
presented on Figure 3. 12 (from Hugo, 2020) is widely used in the literature (Mukherjee et al., 
2015; Park & Yan, 2013).  
 

 
Figure 3. 12 A) PBASE interacting with graphene by π-π interactions. B) Chemical reactions of bioreceptors grafting 
to PBASE by nucleophilic attack of the primary amine on the NHS leaving group. From Adrien Hugo thesis 
manuscript.  

It is made of an aromatic pyrene foot which interacts with the π electrons of the graphene 
layer through π-π interactions. A NHS ester group is attached to the pyrene feet (see Figure 
3. 12.B). It is known to be a good leaving group having a nucleophilic reaction with the primary 
amines group contained in the proteins and in the side-chain of lysine amino acid residues.  
This linker is an interesting option to link with proteins and keep them at proximity of the Gr 
while avoiding denaturation by stacking on the Gr. 
 
Although PBASE is commonly used, it is not unambiguously and systematically proven that 
the biomolecules functionalized on the linker keeps its functionality (Alava et al., 2013). The 
PBASE has a certain rotation degree angle, showed in Figure 3. 13.A. This flexibility does not 
guaranty the orientation and the distance of the biomolecule relatively to the Gr. So even 
with this linker, there is still a non-negligible probability that it will stack on the Gr and be 
denaturised (Mann & Dichtel, 2013a). 
Cooperative work between the CEA-LETI and Pr. William Dichtel from Northwestern university 
led to the design synthesis of a new and innovative linker, called the tripod (Mann et al., 2013; 
Mann & Dichtel, 2013b).  
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Figure 3. 13 A) Presence of a rotational degree of freedom along the carbon chain of the PBASE linker, B) 
Representation of the tripod linker stacked on graphene thanks to its three pyrene feet (red) projecting its 
functionality (green) away from the graphene surface. The atomic structure is shown in inset.  

This molecule, presented in Figure 3. 13.B is composed by three pyrenes feet that are non-
covalently adsorbed on the Gr, as for the PBASE linker. The three feet bring stability to the 
linker / functionalized protein structure (no linker flexibility) and avoid the protein 
denaturation. As for the PBASE, the tripod is equipped with a NHS functionality to bind to 
targeted biological molecules. The fact that there is no rotational degree of freedom in this 
linker and anchors the molecules at constant distance of the Gr. 
Previous studies (Alava et al., 2013; Bharadwaj et al., 2016; Mann & Dichtel, 2013a, 2013b; C. 
Sun et al., 2015) have compared the two linkers and reported the following observations: 

- The tripod – Gr interaction is more stable with a desorption rate in THF 1000 lower 
than the PBASE which is disappearing under 10 min. After 12 hours, the tripod was 
still present on the Gr at 86% of its initial coverage (Mann & Dichtel, 2013a). The 
tripod feature was also successfully tested in aqueous environment by Sun et al. 
(2015) to passivate graphitic regions of a graphene oxide substrate.  

- The tripod has a slower charge transfer than the PBASE. The most likely hypothesis is 
that the tripod projects its active function further away from the Gr than the PBASE 
does. This hypothesis was confirmed by an additional work developed by Dichtel and 
his team (Mann & Dichtel, 2013b) on the tripod by testing several “foot motives”. 
They observed that the PBASE footprint larger was than the one of the pyrene moiety 
(1,7 mm² and 0.7 mm² respectively). The footprint of the tripod was 2.3 mm², a result 
very close from the expectation.   

- The tripod can effectively maintain biomolecules away from Gr while protecting them 
from denaturation. Anti-E.Coli antibodies were immobilized onto PBASE, tripod and 
onto bare Gr (Mann & Dichtel, 2013a) . During the E.Coli cells recognition step, only 
the tripod showed a cell density noticeably different than the negative control tests. 
This result exhibits the fact that E.Coli cells demonstrate little or no affinity with the 
Anti-E.Coli antibodies adsorbed on bare Gr or on the PBASE linker, highlighting their 
loss of functionality. Other works (Alava et al., 2013; Bharadwaj et al., 2016) 
showcased similar results obtained with enzymes and proteins. 
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As displayed above, the tripod is a real asset in developing a SGFET sensor for biosensing 
applications and was functionalized on the Gr of our SGFET as the first layer of the 
biodetection structure.  
Unlike for the Clark and Lyons experiment mentioned at the Chapter 3 introduction, the 
detection structure used in this thesis is based on the "capture" of target molecules. This 
strategy does not involve catalytic reactions where the product of an enzymatic reaction is 
detected by the transducer layer. Without electron transfer from this type of reaction, we had 
to investigate and understand the mechanisms of the Gr – tripod detection structure in 
aqueous environment. To do so, some proteins whose interaction mechanisms have been 
well described in the literature were used to functionalize the detection structure and to 
study the behaviour of our sensors. 
 
The following article submitted for publication in ACS (Applied Materials & Interfaces) 
describes the realized tests and lead to the validation of an electrochemical model for both 
Si-SGFET and Poly-SGFET sensors.  

 

______________________________________________________________________ 
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Abstract:  

Biosensors for medical or veterinary sciences have to be highly sensitive, easily adaptable for 
various type of detections, compact, minimally invasive, inexpensive and electable for mass-
production. Through past decades, rise of microelectronic has enable the production of highly 
sensitive sensors at low cost with mass-production capacities.  

In this context, the discovery of highly conductive, lightweight, flexible, transparent, 
mechanically robust, CVD graphene has brought interest from the biosensors community. 
Indeed, graphene high specific area due to its atomic thickness is particularly appealing for 
the detection of charged biological species. Previous work in our group demonstrated an 
innovative protocol for the fabrication of highly sensitive graphene-based Solution Gated 
Field Effect Transistor (SGFET). This study presents the results of the biological detection 
campaign realized to understand the behaviour of the charges at the sensor / electrolyte 
interface. Graphene was functionalized with a unique tripodal molecular compound and 
charged proteins. After each functionalization step, the evolution of the current in a [-0.25; 
0.25V] voltage window was recorded. Unexpectedly the negatively charged proteins led to 
the n-doping of the Gr. Several tests on the selected proteins led to the validation of an 
electrochemical model of our detection structure based on our observations.  

Keywords 

 SGFET; biosensors; CVD graphene; biological detection 
 

Introduction 

Biosensors have an increasing role in medical and veterinary science. To be competitive these 
biosensors have to be highly sensitive, easily adaptable for various types of detections, 
minimally invasive, compact unexpansive and be mass-produced. Through past decades, the 
rise of microelectronic has enabled the production of highly sensitive sensors at low cost with 
mass-production capacities. The first Field-Effect-Transistor (FET) based biosensors were 
introduced by Bergveld and coworkers (1970). These type of sensors called ISFET (Ion-
Sensitive Field-Effect-Transistor) are made of a p-doped Si substrate with two n-doped areas 
(Source and Drain) separated by a Si/SiO2 channel. The potential applied between a reference 
electrode and the Si bulk substrate creates a channel between the Source and the Drain 
whereby the electrons flows when a difference of potential is applied between these two 
points. This type of device transduces a surface charge variation into a current modulation 
and is historically used for application such as pH sensing.  
More recently, the discovery of highly conductive, lightweight, flexible, transparent, 
mechanically robust, Chemical Vapor Deposition (CVD) graphene has brought interest from 
the biosensors community (Bae et al., 2010; Li et al., 2009). Indeed graphene (Gr) high specific 
area due to its atomic thickness is particularly appealing for the detection of charged 
biological species as illustrated by Chen et al. (2012) and Mukherjee (2015).  
 Previous work in our group (Hugo, 2020) demonstrated a unique fabrication protocol of a 
Graphene-based Solution-Gated Field-Effect-Transistor (SGFET) technology operating in an 
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aqueous environment. The heightened electrical sensitivity of SGFET combined with the 
graphene characteristics is an encouraging path for a new generation of highly sensitive 
biosensors.  
The graphene has a polarizable and hydrophobic surface, which can interact strongly with 
biomolecules. It is expected that the binding of a charged molecule induces a corresponding 
doping in the Gr single layer. Depending of the nature of the charge introduced at the Gr / 
electrolyte interface (positive or negative), the Gr channel will be doped accordingly (n-doping 
or p-doping respectively). The doping of the Gr channel can be observed with field effect tests 
before / after a recognition phenomenon as the transfer characteristic IDS/VG presented on 
Figure 1 will shift accordingly to the Gr doping.    
 

The position of the transfer curve is usually indicated by the Dirac point, showed on Figure 3. 
14, black curve. This point represents the Fermi level of the neutral system in the energy 
spectrum of the Gr.  
However, it was shown that direct contact with graphene can deteriorate the function of 
some proteins like biomolecules (Katoch et al., 2012). To avoid this phenomena, a linker 
between the Gr and the molecule can be used to keep the molecule functionality away from 
the Gr surface.  Alava and coworkers (Alava et al., 2013; Mann et al., 2011; Mann & Dichtel, 
2013b) designed and tested an innovative tripodal linker (Figure 3. 15) that works around this 
challenge by anchoring proteins away from the Gr surface, preventing a loss of function and 
without disrupting graphene’s desirable electronic structure. Compared to the commonly 
used in the literature P-BASE linker (1-pyrenebutanoic acid succinimidyl ester), the tripod has 
a series of advantages: no rotational angle (see Figure 3. 14), the functionality of the molecule 
is kept away from the Gr preventing the denaturation risk; a constant distance between the 
molecule and the Gr layer; a desorption rate 1000 times lower than P-BASE (Mann & Dichtel, 
2013a).  

 

Figure 3.  14  Schematic of the transfer curve shift of a Graphene-based SGFET. Black curve represents the transfer 
curve before introduction of charged species at the graphene/electrolyte interface. The introduction of charged 
species induce an n or p-doping of the graphene channel, observable by a corresponding shift of the transfer curve.
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Figure 3. 15 .  a) PBASE structure with NHS termination, non-covalently bonded to the Graphene lattice and with 
its rotational degree of freedom. b) Tripodal structure. Three pyrene feet are non-covalently bonded to the 
graphene layer. An NHS ester group is attached to the structure for further probe functionalization. Figure from 
(Hugo, 2020) 

In the present article, Gr surface was non-covalently functionalized with the tripodal molecule 
as the first layer of the biodetection structure. The objective of this article is to detect a 
probe/target recognition phenomenon with this detection structure.  Several model proteins 
whose interaction mechanisms are well described in the literature and without charge 
transfer during their recognition phenomena were selected and tested. The impact of the 
probe / target recognition was observed with the associated shift of the transfer curve. Avidin 
molecule and its derivative (neutravidin and streptavidin) were chosen along with biotin for 
a first probe / target complex. The functionalization steps are presented on Figure 3. 16.   

 

Figure 3. 16 Probe / target recognition steps using the graphene / tripod detection structure. a) Biotin derivated 
molecule (Biotitn-PEG-NH2) is functionalized on the tripod. B) One of the four binding sites of avidin or derivatives 
binds to biotin. c) A second biotin derivated molecule binds to a second recognition site of the avidin or derivative. 

Avidin and its derivatives have a relatively low dissociation constant value: 10-14M 
(streptavidin,(Duan et al., 2012)); 10-15M (avidin: (Kamperman et al., 2019)); 10−11M 
(neutravidin, (Vermette et al., 2003)), ensuring a stable bond with biotin. These proteins have 
four binding sites. The detection of a second biotin can be done to have both small probe / 
large target and large probe / small target recognition phenomena in the same experiment. 
A second recognition system was tested with the Concanavalin A (Con A) and Methyl alpha D 
mannoside (Methyl α) molecules. In this configuration, a NH2 terminated Con A was 
functionalized on the tripod to further detect the Methyl α molecule. All these molecules 
being differently charged (see Table 1), the different shifts should induce different direction 
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shifts of the Dirac point. These data will help us to understand the inner mechanisms of the 
Gr / tripod detection structure during a probe / target recognition phenomena. 

 
Material and methods 

1. Chemicals and graphene 
Avidin, Neutravidin, Streptavidin, Concanavalin A (NH2 terminated), Methyl alpha D 
mannoside, Biotin-PEG-NH2 were purchased from Fisher-Scientific. The tripodal molecule 
(NHS-Tripod) was provided by the William Dichtel’s team from Northwestern University, 
Illinois. Tetrahydrofuran (THF, ≥99.9% purity) was purchased from Sigma-Aldrich. Single layer 
of graphene was purchased on copper foil from Graphenea company. 
 

2. SGFET sensor 
 

SGFET chips were produced in the PTA (Upstream Technological Platform) clean rooms (class 
1000 or ISO6), located at the CEA Grenoble, France. The fabrication process and the graphene 
transfer method are described in (Hugo, 2020). The single layer of Gr is transferred on a 
Si/SiO2 substrate with pre-patterned electrodes. The Gr is patterned to fit in between the 
SGFET electrodes as presented in Figure 3. 17. Designed to perform to be operated in a liquid 
environment, electrical contacts of the chip are insulated to prevent any parasitic leakage 
current. SU8, a photosensitive resist, was used to passivate the metallic contacts while 
keeping the graphene areas exposed to the electrolyte.  
A second source of SGFETs used for additional tests were provided by the Grapheal company 
(Grenoble, France). 

 
3. Electrochemical setup  
The SGFET chip was bonded to a Printed Circuit Board (PCB) (Figure 3. 18.B) via gold 

wires. Each electrode can be addressed individually using the pin headers at the top of the 
PCB. A homemade substrate holder was designed to hold the PCB and the reference electrode 
(Ag/AgCl). The electrodes were connected to modular PGSTAT128N potentiostat from 
Metrohm and the measurements were performed using the associated NOVA 2.1.4 software. 

Figure 3.  17 .   A) SGFETs device produced CEA clean rooms with close up on the sensing part B) Schematic of the 
architecture of a SGFET devices. 
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Figure 3. 18 (from (Hugo, 2020)(Hugo, 2020)) Electrochemical bench presentation. A) PCB with device glued on and 
wire-bounded. Each electrode on the chip is connected to a pin on the upper part of the PCB. B) Close up on the 
beaker containing the electrolyte, the reference electrode and the chip. C) Electrical schematic of the setup. 

This potentiostat was equipped with a bi-potentiostat module that allows the control of both 
drain-source and gate-source potential (Figure 3. 18.D).  IDS and IGS were recorded as shown 
on Figure 3. 18.D. The IDS measurement allows to follow the evolution of the SGFET doping 
while the IGS measurement gives information on the sensor quality. When the GFET is 
operating in liquid, a difference of potential is applied between a reference electrode 
(Ag/AgCl electrode also called the gate here) and the Gr channel. This can cause 
electrochemical reactions to happen between the reference electrode and the Gr channel. 
These reactions would be detectable by measuring the leakage current (IGS). For all the 
measurements, the set up was placed into a Faraday cage to prevent background noise.  

 
4. Grafting and bio detection protocol 
 
Electrochemical tests were conducted in between each functionalization step in a 10-3 M 

PBS (Phosphate Buffer Saline) solution at pH 7.6 within a [-0.25; 0.25V] potential window. 
These ionic strength was chosen to get a Debye length of approximately 9.6 nm. The NHS-
Tripod linker is about 2 nm high, the avidin and derivated molecules have a diameter of 
approximately 5 nm, 8 nm for Con A (Mangold & Cloninger, 2006). Biotin-PEG-NH2 and 
Methyl α are small water-soluble organic molecule. The size of all these molecules allow the 
different recognition event to happen within the Debye layer. 
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The graphene surface was functionalized with the tripod linker by incubating the device in a 
100 µM solution of NHS-Tripod. The sensor was then rinsed with pure THF (2 x 1 min) followed 
by deionized (DI) water (3 x 1min). The biotinylation of the tripod was realized with a 1 µg/L 
solution in 10-2M PBS solution. After five minutes of functionalization, the sensor was rinsed 
with DI water (5 min).  The targets recognition took place in 10-2M PBS with a 50 µg/mL target 
concentration (30 min). Eventually, another biotin-NH2 molecule was added at the top of the 
avidin, streptavidin or neutravidin to test the ability of the sensor to detect two successive 
events.  
For the second type of test, Con A (NH2 terminated) was functionalized on the top of tripod 
with a 50µg/mL solution in 10-2M PBS solution. After 30 minutes, the sensor was rinsed with 
DI water (5 min). Recognition of the Methyl α protein took place in a 10-2M PBS solution at 
50µg/mL during 30 min.  

 

Results and discussion 

1. Assembly follow-up for targets detection 
Avidin, Streptavidin and Neutravidin are biotin-binding proteins with four biotin-binding 

sites on each of them. Their isoelectric point makes them positively or negatively charged in 
this study experimental setting (see Table 3. 1). Con A is also a negatively charged protein 
which can bind to the non-charged Methyl α D protein. Figure 3. 19.A presents the transfer 
curves for the streptavidin test. From these data, the Dirac point was extracted as presented 
in Figure 3. 19.b for reasons of readability.  
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The first Dirac point shift is visible after the tripod functionalization on the Gr. The direction 
of the shift towards negative voltage values (ΔVDirac = -60 mV, Figure 3. 19.B) indicates an n-
doping effect when a p-doping one is expected due to the presence of the NHS ester, an 
aromatic molecule which carries an electron donor group. The biotinylation, corresponding 
to the withdrawal of the NHS molecule (NHS / NH2 chemistry) induces a shift in the same 
direction (n-doping with ΔVDirac = -15 mV, Figure 3. 19.B). The negatively charged 
streptavidin protein causes a large left shift of the Dirac point (- 50 mV, Figure 3. 19.B). It was 
previously expected that a negatively charge protein would induce a p-doping of the Gr single 
layer but the reverse effect is observed on several steps of this test. As a last detection event 
another Biotin derivated molecule was functionalized and detected as a large n-doping can 
be observed on Figure 3. 19.B. It is interesting to point out that both small probe/ large target 
and large probe / small target detection were detected, even when the last recognition 
happened near the limit of detection of the SGFET (Debye layer). 

Alongside the field tests realized at each functionalization or recognition step, the leakage 
current was measured. The corresponding curves are presented on Figure 3. 19.C The SGFET 
operates with a low leakage current under 10 nA. This current is drastically reduced after the 
Tripod functionalization, indicating that this step could help screening from the electrolyte 
the eventual graphene defects, which could be a source of leakage current.  

Figure 3.  19 Transfer curve (a), successive Dirac point (b) and leakage current (c) of the functionalized SGFET. Field 
effect tests were realized in PBS 10-3M. 
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Functionalization 
step

Molecule
Isolectric 

Point
Net charge in PBS     

10-3M - pH  7,6
Expected 

shift
Observed 

shift

Tripod
Tripodal 
linker

Probe Biotin-NH2 -- 

Con A 5 negative

Target 1 Streptavidin 5,6 negative

Neutravidin 6,3 negative

Avidin 10.5 positive

Methyl 
alpha

neutral No charge

Target 2 Biotin-NH2
 

Table 3. 1 Summary table of the different molecules used, their isoelectric point and their net charge in 10-3M PBS 
medium. The expected doping following the functionalization of these molecules on the SGFET as well as the 
observed doping are presented on the right of the table (right shift: positive doping, left shift, negative doping). 

For the Neutravidin and Avidin tests, shifts are equivalent to the streptavidin for the tripod 
and biotin functionalization steps as shown on Figure 3. 20.A. The Dirac point shift for the 
neutravidin recognition indicates an n-doping of the Gr, as for the streptavidin recognition.  
The Avidin which is positively charged in our experimental conditions and also shifts toward 
negative voltage values (-20 mV, Figure 3. 20.B). For the Con A functionalization on the tripod 
(Figure 3. 20.B) a negative shift of the Dirac point is observed (-10 mV). The Steptavidin, 
Neutravidin and Con A are negatively charged proteins and induces a shift toward negative 
values. If these results are not what were expected, they are nevertheless consistent. The 
Methyl α protein, detected by the Con A protein is not charged and generate a negligible 2mV 
shift as presented on Figure 3. 20.B (Dirac point detection ±5mV).  

 

 
Figure 3. 20 Successive Dirac point for avidin, neutravidin and streptavidin tests (A) as well as for Con A test (A). 
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From the results of the negative and neutral molecules recognition, an electrochemical model 
can be proposed.  
The immobilization of the negatively charge protein on the tripod, at 2 nm from the Gr can 
affect the ionic distribution of the Helmotz layer in between them. It is possible that, as 
presented in Figure 3. 21.B , the targeted protein is screened from the Gr layer by the excess 
of cations present in the EDL. The charges within the Gr react then to this ionic procession 
instead of reacting directly to the charge of the protein as visible on Figure 3. 21.A.  

 

Figure 3. 21 Schematic interpretation of A) the expected and B) the actual electrochemical model for the SGFET 
sensor functionalized by the tripod linker. 

2. The avidin case 
This model presented above provides a possible explanation to interpret the negative shifts 
observed with negative charged proteins but it cannot explain the Avidin case (negative shift 
with a positive charged protein). It is reported in the literature that Avidin and bare Gr can 
form a stable complexe, primarily via hydrophobic forces along with electrostatic, and Van 
der Waals forces and hydrogen bonding interactions. (Macwan et al., 2017) work investigated 
this adsorption phenomena, demonstrating an attractive interaction in between avidin and 
bare Gr. This particular behaviour, schematizes on Figure 3. 21  could explain the right shift 
observed previously on Figure 3. 21.A.  

 

To validate this hypothesis, three trials were performed on the Graphene-based SGFETs from 
Grapheal. A replication of the test realized in Figure 3. 20 to ensure that the same behaviour 
occurs on the two types of sensors. An attempt at detecting Avidin without biotin derivated 
molecule functionnalized on the tripod linker. A second attempt at detecting Avidin with only 
the bare Gr layer.  
For these three trials, the results shown on Figure 3. 23, present a shift of the Dirac point 
towards negative values for at the avidin step. The n-doping of the Gr layer for each of the 
three tests validates the avidin adsorption hypothesis. We can also see that the easier the 

Figure 3.  SEQ Figure_3. \* ARABIC 22 Schematic view of avidin’s hypothetic behaviour during the 
SGFET functionalization. 
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avidin has access to Gr (absence of biotin and then absence of biotin and tripod), the greater 
the shift. 

 
Figure 3. 23 A) Dirac point shift for the Biotin-Avidin recognition step (red), Tripod-Avidin recognition step (blue) 
and Graphene-Avidin recognition step. Each test was replicated four to eight times. B) Dirac point shift for the 
Biotin-Avidin recognition step (red), Tripod-Avidin recognition step (blue) and Graphene-Avidin recognition step. 
Each test was replicated between four and eight times. The mean value is presented here for each type of test. 

 

Conclusion and opening  

The primary objective of this study was to understand the behaviour of the developed 
SGFET sensor and tripodal linker when used for biosensing. The tripodal linker used to keep 
the proteins for being denaturised keeps a 2 nm space in between Gr surface and the targeted 
charged protein. This space impacted the electrochemical model of the SGFET sensor when is 
used in liquid environment. The charges in the single layer Gr channel react to the charged 
species present at the Gr / electrolyte interface. Due to the space in between the target 
proteins and the Gr, ions present in the electrolyte accumulate around the target, screening 
it from the Gr single layer. The Gr responds to this screen. In practice, when the detected 
charge is negative, cations accumulate around it and eventually the Gr channel is n-doped. 
This theory was tested with negatively or positively charged and neutral proteins. Only the 
Avidin, the only positively charged target, did not have the expected behaviour. The second 
objective of this study was to understand this specific behaviour. It was proved with additional 
tests that avidin has a great adsorption capacity on bare Gr unlike the other tested proteins. 
Even if some avidin do bind to the probe (Biotin-PEG-NH2), they will be screened by the ones 
adsorbed on the Gr. Our team is currently performing new studies in which new probes are 
tested to detect smaller molecules like hormones.  
 

______________________________________________________________________ 
______________________________________________________________________ 
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3.4 Comparison of CEA and Grapheal SGFETs 
 

 In the previous section, the results of the electrochemical characterization were 
discussed and the transfer function of the SGFETs was presented. During the thesis, two 
sources of SGFETs sensors were used: CEA (Si-SGFET) and Grapheal (poly-SGFET). The tests 
with avidin and streptavidin realised on the Si-SGFET sensors were also conducted on the 
Poly-SGFET sensors to compare them. Each test was realized on one Si-SGFET and one Poly-
SGFET. 

Figure 3. 24 and Figure 3. 25 present the successive ∆𝑉஽௜௥௔௖ shifts through the whole 
experiment of avidin and streptavidin detection with the two types of SGFETs. 

 

 
The first 𝑉஽௜௥௔௖ visible on Figure 3. 24.C (Gr + tripod) is on opposite direction for the two 
sensors. This is due to the original doping of the Gr, acquired during the sensor fabrication 
and manipulation before the test. Biotynilation induces a shift toward positive voltage values 
(p-doping of the Gr channel) in both cases. For the functionalization of streptavidin, a large 

Figure 3.  24 Transfer curves for the Si-SGFET (A) and Poly-SGFET (B) and successive shifts (C) through the whole 
biosensing experiment of Streptavidin detection on the two sources of SGFET. 
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shift towards negative values (n-doping) and of similar amplitudes (-40 mV for Poly-SGFET and 
-45 mV for Si-SGFET) is visible on both sensors.  

The avidin detection experiment was also duplicated on the Grapheal sensors and the results 
compared to the ones of the CEA SGFETs are shown in Figure 3. 25.  

 

Both Si-SGFET and Poly-SGFET have an n-doped Gr at the beginning of the experiment. The 
fact that on both Figure 3. 24 and Figure 3. 25, the CEA sensors have a lesser doping than the 
Grapheal sensors comes from the fabrication methods and environment as the CEA SGFETs 
are produced in clean rooms. It was also found that depending of the manipulation or the 
source of the Gr monoatomic layer at Grapheal, the initial doping of the Gr could change. A 
resistivity measurement on the Gr sheet before the manufacturing of the sensor was realized 
to check on the doping.  

The biotin induces a shift in the same direction (n-doping) but the Poly-SGFET presents a shift 
twice as important as for the Si-SGFET. As already discussed in part 3.3 this result is 
unexpected for a positive charged protein as an n-doping effect has already been observed 
and explained with negative charged molecules such as streptavidin. As suggested in the 
article of section 3.3, the hypothesis is that avidin is adsorbed on the Gr surface rather than 
on the Biotin-NH2 molecule.  

To recapitulate this Si-SGFET / Poly-SGFET sensors and characterization bench comparison: 

The fabrication protocol of the Si-SGFET sensors ensures the production of high quality 
sensors with the verification of the quality all along the fabrication process. They can be 
produced by batches of five to six sensors (five days of fabrication).  
The Poly-SGFET sensor fabrication protocol conditions are very different from the Si-SGFET 
ones. Apart from the Gr produced in a different facility, the Poly-SGFETs are fabricated in an 
electronic lab, without the precautionary measures to avoid contamination applied at the 
CEA. The production of a batch of five to six devices (PCBs) could easily be made within a day.  

Figure 3.  25 Successive shifts (C) through the whole biosensing experiment of Avidin detection on the two sources 
of SGFETs 



 

117 | Page 
 

The characterization bench used for the Si-SGFETs can test one device at a time but has a 
bipotentiostat module allowing the user to perform two measurements in parallel (𝐼஽ௌ 
and 𝐼௟௘௔௞௔௚௘) with good accuracy (±5mV for the determination of the Dirac point). 
The characterization bench for the Poly-SFGETs has less options to personalize the tests than 
for the CEA bench as Grapheal develops its own software. However, the Grapheal bench 
offers the significant advantage to allow testing up to sixteen Poly-SGFETs in parallel (or 4 
PCBs as presented in Figure 3. 11). This feature is of high interest for the next steps of the 
biosensor development to move forward more quickly on the hormones detection tests. It 
was reported by the Grapheal team that the measurement of the Dirac point was within a 
±10mV accuracy.  

 

 

Conclusion 
 

 This chapter was dedicated to the development and characterization of a SGFET 
sensor for biosensing applications. It was given the opportunity to test two versions of a 
Graphene-based SGFET sensor.  

The Si-SGFET version, developed in CEA is made in clean room facilities. The fabrication 
protocol is robust and produces high quality sensors, suitable for biosensing. The 
electrochemical setup offers potent, flexible and complete characterisation options in air and 
liquid environment. A SGFET electrochemical characterisation campaign was realized using 
this set up to test the Graphene-based SGFET sensors as well as the efficacy of the tripodal 
linker. Results shown that the Si-SGFET in conjunction with the tripod have good potential to 
be used as biosensors. The results also highlighted the impact of the tripod on the Si-SGFET 
behaviour leading to the proposition of an electrochemical model for the sensor.  

If promising results were obtained with the Si-SGFETs, a second type of Graphene-based 
SGFETs sensors was also tested and compared to the Si-SGFET. The Grapheal French start-up 
has developed its own sensors, fabricated on classical electrical benches. The fabrication of 
these Poly-SGFETs is about five times quicker but the quality of the Gr/metallic contacts as 
well as the cleanness of the Gr atomic monolayer is not as guaranteed as for the Si-SGFET. 
Nevertheless, the obtained results shown comparable behaviour to the Si-SGFET one.  

After the realization and characterisation of the microneedles presented in Chapter 2, the 
second main objective of this thesis was to develop a protocol for the detection of two 
hormones: progesterone and oestradiol. Due to the Covid-19 pandemic putting a hold on the 
experimental part of this thesis, time to design and realize a second detection campaign on 
Si-SGFET and associated characterization bench was not feasible. As the Poly-SGFETs shown 
promising results in the first campaign, I made the decision to conduct the hormones 
detection campaign exclusively on the Poly-SGFETs, allowing to duplicate and sequence tests 
much faster than with the Si-SGFETs.  With this decision, the goal was to validate a detection 
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protocol before the end of the thesis. The next chapter will present the biosensing 
experiments realized to detect oestradiol and progesterone.  

This first series of experiments and the results were presented at several conferences during 
the course of the thesis: 

- Graphene 2020, largest European Conference & Exhibition in Graphene and 2D 
Materials for an oral contribution. 

- Biosensors 2021, world largest conference on this theme for poster contribution. 
- ESEAC 2022, International conference on Electroanalysis for an oral contribution. This 

conference was initially planned in 2020 but postponed to June 2022. 
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- Chapter 4 - 

 

Hormones: from dosage to 
detection 
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Introduction 
 

In Chapter 2, the location of the patch was chosen according to the following criteria:  
- Ease of access and handling for the farmer 
- Low risk of soiling and impact 
- Optimal tissue thickness and composition for microneedle implantation. 

In Chapter 3, we developed a sensor and tested it for biosensing applications. Chapter 4 is at 
the interface of the two previous chapters.  

To definitively validate the location of the patch (apex of the pinna, external side), we need 
to ensure the presence of the two targeted hormones (progesterone and oestradiol) in the 
cow's ear interstitial fluid and determine their concentration throughout the oestrus cycle. 
This monitoring of hormone levels in the cow's ear has not been presented yet in the 
literature to our knowledge. However, this information is of primary importance to detect an 
ovulation event. To respond to this need of information, a fluids sampling campaign was 
carried out on ten cows at the INRAe centre (Clermont-Ferrand, France). The strategy, 
experimental set-up and the exploitation of the data collected are presented in the first part 
of this chapter.  

Hormones are molecules difficult to detect essentially because of their small size. The choice 
of the probe to be functionalized on the tripod gave rise to an important investigation phase 
of the different methods available with the following specifications: 

- A small size to ensure that the recognition will happen under the Debye length. 
- A high selectivity to recognize only the targeted hormones and avoid a “false positive” 

event during the ovulation detection.  
- The possibility for the sensor to release the targets every few hours. The hormones 

should not accumulate on the sensor over a period of days, as the measurement 
should be representative of an instant "t". In order to follow the evolution of the 
hormone levels, the sensor surface must be able to release the targets naturally or by 
using an external stimulus.  

In the second part of this chapter, the hormones detection method will be investigated. From 
the one selected, functionalization and detection protocols will be developed.  

 

 

4.1 Validation of the fluids sampling area  
 

 This part of this thesis is of great importance to validate the patch’s localisation on 
the cow and to determine the concentrations to be detected for each of the two hormones. 
An experiment was carried out by the SmartRepro team based at the UMRH (Unité Mixte de 
Recherche sur les Herbivores, INRAE Clermont-Ferrand) in order to measure progesterone 
and oestradiol concentrations in the ear derma of dairy cows. I took part to the sampling 
campaign and to data analyses. The INRAe Clermont-Ferrand team carried out the 
development of the hormone’s dosage.     



 

121 | Page 
 

4.1.1 Strategy 
 

The sensor will have to detect the hormones in a mix of interstitial fluid and blood 
located in the ears of the cow. To this day, no data is available concerning the presence of 
reproductive hormones in the cow’s ears (interstitial fluids or blood). The use of animal 
samples is therefore essential. It allows researchers to obtain reference data on the presence 
of progesterone (P4) and oestradiol (E2) in the fluids collected from the ear and to assess the 
range of variation of hormone concentrations in these fluids during the oestrus cycle.  

As no available technology was found to collect interstitial fluids in sufficient amounts to 
measure hormone concentrations using standard analytical methods (ELISA and 
Radioimmunoassay (RIA)), we decided to collect capillary blood and assume that if hormones 
were found in ear capillaries, they may also be found in interstitial fluids.  

This experimental strategy can be summarised in two mains actions: 
- The monitoring of the dynamics of P4 and E2 concentrations in ear derma.  
- The comparison of these results with hormone concentrations measured in systemic 

blood (caudal vein) and milk during the oestrus cycle. 
 

4.1.1.1 Experimental design  
 Ten multiparous Prim'Holstein cows were selected according to their expected 

calving date (grouped calving on September 29, 2018 (± 2 days)). Forty-eight days after calving 
they underwent an oestrous synchronization treatment (PRID® Delta + PMSG protocol, 
(Med’Vet, 2021)) to synchronise their oestrus cycles.  During the pre-experimental period 
(from calving to the end of the hormonal treatment, i.e. 48 days post-calving) cows were 
housed in an open free-stall barn. Two days before PMSG injection (D0) they were tied to 
allow milk and blood samples during the 33 days of the experimental period (from D-2 to  
D30) (Figure 4. 1). From calving to the end of the experimental period, cows were fed with an 
ad libitum complete diet composed by maize silage, grass silage, hay and concentrates (Table 
4. 1). Amounts of each component of the diet was determined to meet cows’ predicted net 
energy and metabolizable protein requirements (Inra, 2007).  
The diet was distributed at 8:30 AM (2/3) and at 5:30 PM (1/3). Cows were fed individually 
and refusals were measured each day in order to know the intake of each animal. Refusals 
from the previous day were systematically removed before the morning meal was offered. 
200 g of a mineral and vitamin supplement (Galaphos) were offered each day to each cow 
and salt and water were available ad libitum.  
 
The experimental protocol is presented on Figure 4. 1. The 33-day experimental period (from 
D-2 to D30) was supposed to include the induced and the successive natural ovulation 
windows. 
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Figure 4. 1 Schematic representation of the experimental protocol developed to monitor progesterone (P4) and 
oestradiol (E2) concentrations in the epidermis of cow’ ears around ovulation. Comparison with the kinetics 
observed in the caudal blood and milk. 

 

 % MS 
Maize silage 40.0 
Grass silage 20.0 
Hay 6.0 
INRAe concentrates 28.5 
Soybean meal 5.5 

 
Table 4. 1 Composition of the basic ration for dairy cows. (MS = mass served) 

4.1.1.2 Routine zootechnical measurements (Figure 4. 1):  
This section presents the different parameters measured during the experiment. When 

the first four are routine measurements carried out for all types of experiments on cows, 
the fifth one has a direct link with the oestrus detection. 

1. Body weight:  Cows were weighed two times per day when leaving the milking 
parlour.  

2. Body condition: Body condition score was assessed at the beginning of the trial 
before calving and then once every 15 days until the end of the experimental period.  
The notation system scales from 0 to 5 points the cow body outline (skeletal, bony, 
almost smooth, rounded, bulging due to fat). 

3. Feed intake:  Amounts of feed offered and refused were recorded individually every 
day. Dry matter (103°c for 24h), ash (550°c for 6h) and chemical composition (neutral 
and acid detergent fibre, starch, and fat content, crude protein) were analysed twice 
a week.  
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4. Milk yield:  Milk yield was recorded daily at 8 am and 5 pm from calving to the end of 
the experimental period. Milk composition (fat and protein content, cells, lactose, 
urea) was assessed once a week during the experimental period.  

5. Oestrus detection: all cows were equipped with the Heatime® heat monitoring 
system (cf Chapter 1) from day 10 postpartum to the end of the experimental period. 
Visual observation of oestrus expression was added around the expected ovulation 
days.   

4.1.1.3 Measurement of progesterone and oestradiol levels around ovulation  
Milk samples were collected every day from D-2 to D10 and from D12 to D30, at each 

milking (8 AM and 4:30 PM). Milk P4 profiles are thus quite complete along the experimental 
period except for a two-day period without measurements. Milk samples were stored at -20°c 
in 30 ml tubes without any preservative. Milk progesterone concentrations were assayed 
using a commercial ELISA kit (Ridgeway Research Ltd, UK). Dosage range, repeatability and 
reproducibility data of the assay are presented Table 4. 2.  

Blood samples were collected four times a day at 7.30 AM, 11 AM, 4 PM and 9 PM from D-2 
to D5 and from D19 to D26. They were reduced at 3 times a day (7.30 AM, 1.30 PM, 9 PM) 
from D6 to D8 and from D27 to D28. Plasma progesterone profiles are thus incomplete as we 
decided to limit blood sampling to the theoretical ovulation windows in order to prevent 
injuries on the caudal vein and ear capillaries. At each sampling time, blood samples were 
performed simultaneously from the caudal vein and from ear capillaries. Caudal blood was 
drawn into 9 ml evacuated tubes containing sodium heparin (Greiner) and ear capillary blood 
was collected into 200 μl minivette® POCT lithium heparin tubes (Sarstedt  n°17.2112.200) 
after poking the skin with a lancet (penetration depth: 1.2 mm, blade width: 1.5 mm, Sarstedt 
n° 85.1019). Ear skin was disinfected with biseptine after each blood collection. 

 

Figure 4.  2  Material and pictures of the blood sampling process from A) the ears capillaries (lancette to 
access the blood and minivette + tubes to collect it), B) the caudal vein (blood drawn in a tube).  
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Plasma was separated by centrifugation at 3000 g for 20 min at +4°C, was then distributed 
into 550 μL and 2000 μL tubes and stored at -20°c until analysed for P4 and E2 respectively. 
Plasma P4 concentrations were assayed using a commercial ELISA kit (Ridgeway Research Ltd, 
UK). Dosage range, repeatability and reproducibility data of the assay are presented Table 4. 
2. 

Type of 
assay 

Dosage 
range 

Validation 
range 

CV Repeatability 
(ng/mL) 

CV Reproducibility 
(ng/mL) 

5 10 40 5 10 40 

P4 in milk 0 to  50 
ng/mL 

4.75 to 50 
ng/mL 6.73 4.30 2.53 4.04 12.13 4.66 

 1.08 10.8 15.338 1.08 10.8 15.338 

P4 in 
plasma 

0 to 20 
ng/mL 

1.08 to 
15.338 
ng/mL 

6.65 3.56 7.63 4.66 6.82 6.89 

Table 4. 2 Milk and plasma progesterone dosing kits characteristics.  CV = coefficient of variation  

E2 concentrations were assayed using a commercial RIA kit (DSL4800 from Beckman Coulter). 
RIA is a highly selective bioanalytical method that measures the concentration of analytes (E2 
here) in a solution using radiolabelled molecules in a stepwise formation of a complex with 
E2.  
 
4.1.1.4  Data analysis 

Milk P4 concentrations were plotted against days of experimentation to establish 
individual profiles over the oestrus cycle and to determine cows with normal vs abnormal 
cycles.  
Milk P4 is usually assessed to analyse oestrous cycle in dairy cows whereas plasma P4 is the 
reference method used in suckling cows. Few studies have compared the two methods and 
comparisons were mainly performed through global correlations (Meisterling & Dailey, 1987; 
J. B. Roelofs et al., 2006). P4 measurements obtained from milk, caudal vein and ear capillaries 
were compared using the Bland-Altman method (Altman & Bland (1983)), which is considered 
the standard approach of agreement between two methods of measurement (Mansournia et 
al., 2021). 
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Figure 4. 3 Figure extracted from (Altman & Bland, 1983). A) Direct comparison of the two methods. B) Data 
presented in A) replotted to show the difference between the two methods against the mean of the two methods. 

The Bland-Altman plot represents the difference between single measures of the two 
methods (A – B) against their mean ((A + B)/2) (Figure 4. 3.B). It was proposed as an alternative 
to the often-used correlation plot (Figure 4. 3.A) which has limits because “much of the plot 
will often be empty space. Also, the greater the range of measurements the better the 
agreement will appear to be.” (Altman & Bland, 1983). In the Bland-Altman approach, the 
mean of the differences is the relative bias and their standard deviation is the estimate of 
error.  The Bland-Altman plot also enables researchers to see if there is a correlation between 
the differences and the mean of measurements as shown in Figure 4. 3.B (higher differences 
for high values of the average measurement). The magnitude of disagreement (both error 
and bias), outliers and possible trends can thus be spotted easily.  

Caudal plasma data were first compared to milk P4 concentrations, which was considered the 
reference, as data are available all along the experimental period. Then we compared 
progesterone concentrations from ear and caudal measurements to evaluate the agreement 
between the two sampling sites.  

  

4.1.2 Results 
 

For each cow, the P4 values from milk, caudal and ear plasma were plotted to have a 
first reading level. Additional statistical analysis using the Bland-Altman comparison method 
was used for a two-by-two comparison of the measurements from the three methods.  

 

4.1.2.1 Progesterone concentrations  
1. Description of the progesterone profiles  

The variation levels of progesterone were tracked during the oestrus cycle following the 
hormonal treatment (see section 4.1.1.1). Ten complete profiles of milk progesterone 
concentration were available but only five account for a complete oestrus cycle (Figure 4. 4, 
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cows n°2632, n° 2014, n°5461, n°6582, n°6543). Ear plasma P4 measurements are quite 
incomplete for the first theoretical ovulation window as we encountered difficulties to collect 
enough amounts of blood from capillaries at the beginning of the experimental period.  

 

As reported in Figure 4. 4, a large variability was found between milk progesterone profiles of 
individual animals. It is known that not all cows respond equally to hormone treatment in 
terms of temporality or intensity (Grimard et al., 2003). Among the ten cows, three presented 
abnormal oestrus cycles (acyclicity for cow n°4937, interruption of cyclicity for cow n° 1152 
and prolonged luteal phase for cow n° 6577). The particularities of each profile can be better 
observed in Figure 4. 5.  

 

Figure 4.  4 The ten cows’ progesterone concentration profiles throughout the all experiment for milk dosages. 
Cow n°2632 profile will be later analysed on this chapter. 
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Figure 4. 5 All ten cows’ profiles for progesterone levels in milk, caudal vein plasma and ear capillaries plasma. The 
progesterone levels in milk are the same colour in Figure 4. 4 and here.  
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Figure 4. 6 Progesterone concentration profiles of cow n°2632 from three sampling places: the milk (blue triangle), 
the caudal vein plasma (red) and the ear capillaries plasma (blue snowflake). 

Figure 4. 6 shows a normal ovarian profile with two ovulation periods (low P4 concentrations) 
delimiting an 18 days luteal phase (P4>5ng/ml) (cf Chapter 1). The decrease in plasma 
progesterone data (tail and ear) is synchronised with the decrease in milk P4 concentrations.  
 

2. Comparisons of progesterone concentrations from milk, caudal and ear plasma 
Milk P4 concentrations are on average higher than plasma caudal concentrations (8.7±7.9 
ng/ml vs 5.1±5.3 ng/ml, p<0.001). Such a difference between milk and plasma P4 levels has 
already been reported in dairy cows (Dobson,H et al., 1975; Meisterling & Dailey, 1987; Rabiee 
et al., 2002). No difference was observed between mean of caudal and ear concentrations for 
plasma P4 (5.1±5.3 ng/ml vs 5.0±5.2 ng/ml, p=0.52) during the entire cycle.  
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Figure 4. 7 Comparison of milk and caudal plasma progesterone values. Data from the ten cows are included. 

 

 

Figure 4. 8 Bland-Altman plot for milk and caudal plasma progesterone values. Data from the ten cows are included. 
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Figure 4. 7 shows that concentrations of progesterone in milk and in caudal plasma are 
correlated (r_spearman = 0.93, p<0.001) 

The mean of differences between plasma caudal and milk progesterone concentrations is 
negative (-2.55±3.82 ng/ml, p<0.001) meaning that there is a bias between the two methods. 
The Bland-Altman plot (Figure 4. 8) clearly shows an association between the difference and 
the mean of single measurements of caudal and milk progesterone concentrations. The 
agreement of the two measurements is high for low P4 values (<5ng/ml) but decreases when 
entering the luteal phase (P4>5 ng/ml). For P4 values higher than 5 ng/ml, differences 
between caudal plasma and milk measurements increase with the mean of P4 concentration, 
with some differences being higher than 10 ng/ml. These results mean that thresholds used 
to define the characteristics of P4 profile have to be defined separately for plasma and milk 
measurements as already done by Roelofs et al (2006). Comparison between milk and caudal 
plasma P4 concentrations is more relevant to assess changes in P4 along the oestrus cycle 
than to determine true values of P4 levels.  

 

 

Figure 4. 9 Comparison of caudal plasma and ear capillaries plasma progesterone values. Data from the ten cows 
are included. 
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Figure 4. 10 Bland-Altman plot for caudal plasma and ear capillaries plasma progesterone values. Data from the 
ten cows are included. 

Figure 4. 9 compares the P4 plasma concentrations from the caudal vein and the ear 
capillaries. The correlation between the two sites is high and significant (r_spearman = 0.97, 
p<0.001). P4 values appear to be close to the regression line, meaning that the concentration 
of caudal and ear plasma progesterone agree all along the oestrus cycle, with a better 
agreement as the ovulation is approaching (data closer to the regression line when P4 is lower 
than 5 ng/ml).   
The mean of the differences between caudal and ear progesterone concentrations is close to 
zero (0.027±1.11 ng/ml, p=0.53) meaning that there is no bias between the two methods. The 
Bland-Altman plot (Figure 4. 10) shows that there is no association between the differences 
and the mean value of P4 concentration, meaning that P4 values from the two sites are in 
good agreement. The variability in P4 differences increases for P4 > 10 ng/ml but the 
differences mainly stay under ±5 ng/mL.  

This analysis allows us to conclude that the evolution of the P4 level in the ear capillary is 
comparable in timing with the levels observed in the caudal vein. We can therefore validate 
that it would be possible to measure progesterone dynamics along the oestrus cycle with a 
patch implanted on the external side of the apex of the pinna. 
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4.1.2.2 Oestradiol concentrations  
 E2 concentrations were significantly lower than for the P4 by a factor of 1000. After 
several trials to dose E2 using different ELISA kits, the decision was made by the INRAe team 
to use RIA method. The trials to develop an adapted protocol to dose the E2 using RIA are still 
ongoing during the redaction of the manuscript. For this reason, statistical analysis cannot be 
realized for now.   

 

Figure 4. 11 presents the different profiles obtained for P4 and E2 hormones during the 
experiment. For the first oestrus cycle (induced), the E2 coming from the tail vein plasma 
presents a peak at 8 pg/mL, which coincides with the low plateau of P4. For the second cycle, 
the peak is not as neat as the precedent one and the concentration does not exceed 5 pg/mL. 

The concentration variations of E2 coming from the ear capillaries are more difficult to 
analyse for both cycles for this cow. During the first cycle, maximal concentrations are 
recorded around 5 pg/mL but do not present a peak. During the second oestrus, E2 
concentrations remain noisy but seem to follow the same behaviour than for the E2 plasma 
from the tail vein, with equivalent concentrations. Data from the nine other cows are needed 
to conclude on the E2 level comparison between the tail vein and the ear capillaries.  

 

To conclude on this part, the levels of P4 measured in the milk and in the plasma (tail vein and 
ear capillaries) showed that the variation of hormone level happens simultaneously along the 
oestrus cycle. Plasma from the caudal vein and the ear capillaries displays similar levels of 
hormone during the cycle as well (Figure 4. 10) indicating that the ear is a suitable 
emplacement to follow the evolution of P4 level to detect an oestrus event.  

For the E2, preliminary results indicate that the hormone is present in the ear in similar 
concentrations than in the tail vein plasmas. E2 variations in the two plasmas seems to 

Figure 4.  11 Plot of P4 and E2 variations all through the experiment (induced and natural cycle) for cow 
n°2014. 



 

134 | Page 
 

happen concurrently. The levels of E2 appear to be 1000 times lower than for the P4 at their 
maximal concentration, which should be taken into account in the development of the sensor. 

 

4.2 Going tiny: toward the detection of oestradiol and 
progesterone 
 

In Chapter 3, the Si-SGFET and Poly-SGFET sensors were tested for biodetection and 
the Poly-SGFET was selected at the end of the trial to be used for hormone detection. For 
reasons presented in Chapter 1, aptamers are promising probes to detect small molecules like 
hormones. The following section presents the selection and functionalisation of the probe on 
the SGFET-Tripod detection structure.  
 

4.2.1 Choice of the aptamers for progesterone and oestradiol detection  

 Aptamers are short single-stranded nucleic acid ligands that are capable of binding 
almost any targets. Their dissociation constant (KD) is in the micromolar to nanomolar range 
and is reported to have exceptional specificities (Zhuo et al., 2017). Aptamers are artificially 
made using the SELEX method, developed in the nineties (Ellington & Szostak, 1990; Tuerk & 
Gold, 1990b). In the literature a broad spectrum of aptamers have already been synthetized 
to bind specifically numbers of molecules like proteins, cells or organic compounds (Bayat et 
al., 2018). 

In this context, several teams around the world have already synthetized various aptamers 
for oestradiol and progesterone detection. To select the aptamer sequences for 
functionalisation of the Poly-SGFET sensor, we search for sequences used by several research 
laboratories. The use of an aptamer that has been successfully tested by several teams 
provides more guarantees on the robustness of recognition.  

 

4.2.1.1 Oestradiol   
 Aptamers for oestradiol detection are subject to numerous articles (128 on Scopus 
database in September 2021) as the hormone is a common indicator for various clinical 
conditions such as precocious puberty, infertility and tumours in the ovaries (R. Wang et al., 
2016). Among the developed aptamers, Alsager and co-workers (2015) as well as other 
research teams (J. Liu et al., 2015; Zhu et al., 2015) have generated an aptamer with highly 
sensitive detection of E2.  
The E2 aptamer presented in these articles is a 22 bases oligonucleotide created out of a 75 
bases oligonucleotide synthetized by (Alsager et al., 2014). Based on Alsager article (2015), 
the truncated version of the aptamer has several advantages:  

- The dissociation constant of the aptamer (KD) decreases when the number of bases is 
lowering. This was achieved by simply removing flanking nucleotides on either sides 
of the inner core of the aptamer. The 75, 35 and 22 bases versions were tested and 
the associated KD were 25nM, 14nM and 11 nM.  
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- A shorter aptamer will eventually prevent other molecules to bind as the sequence 
offers less oligonucleotides combinations. 

 For this project, having a truncated version of the aptamer also increases the chances that 
the active part of the aptamer is in the sensor's detection zone, under the Debye length. 

In addition to these results, Hilder and co-worker (2017) has run computational modelling 
over several version of a wide range of E2 aptamers in the literature. This study gives more 
information about the properties of the aptamer binding affinity, important binding positions, 
minimal binding sequence or mutations to enhance binding. Sequences presented on Figure 
4. 12 were tested in this article. 

Figure 4. 12 Extracted from (Hilder & Hodgkiss, 2017). Representative 2D structure of E2-specific aptamers from 
the literature, tested via computational modelling. The thymine (T) bases implicated in the T-loop binding region 
are highlighted in red. The A22 aptamer is the one selected for E2 detection in this thesis.  

The computational modelling confirmed ae stronger target binding of the 22 bases aptamer 
compared to the 76 bases aptamer (A22 and A76 respectively on Figure 4. 12). KD is also 
slightly lower than in the Alsager article with 10.95 nM instead of 11 nM.  
Based on the use of this aptamer in the literature and the additional data provided by the 
Hilder and co-workers article, the 22 bases aptamer was chosen for E2 detection.  

 

4.2.1.2 Progesterone   
 Compared to the oestradiol binding aptamers, significantly less articles were found 
on the development of progesterone aptamers. Alhadrami and co-workers (2017), based on 
previous work (Jimenez et al., 2015), shortened a 60 bases long aptamer for P4 detection: 
5’-GCATCACACACCGATACTCACCCGCCTGATTAACATTAGCCCACCGCCCACCCCCGCTGC-3’ 
to a 25 bases version: 5’-GATTAACATTAGCCCACCGCCCACC-3’. 
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The dissociation constant appeared to decrease by a factor of 16 when shortening the original 
sequence to obtain a 2.1 nM value. 
The aptamer was also tested with E2 hormone in this article to validate its discrimination 
against this hormone. The results obtained by fluorescence measurements are presented on 
Figure 4. 13. Non-significant cross reactivity was observed with, among others, the E2 
compound.   
 

 
Figure 4. 13 Extracted from (Alhadrami et al., 2017). Cross reactivity of the progesterone aptamer against 17-β-
oestradiol, vitamin-D, Bisphenol A, obtained by fluorescence measurements.  

Based the results of this paper, the 25 bases, P4 aptamer developed and tested aptamer from 
the Alhadrami article (2017) was selected for P4 detection.  
 

4.2.2 Adaptation and validation of the detection structure stability 
 
Once the aptamers for E2 and P4 selected, a functionalization strategy was set up to 

anchor it on the top of the Gr / Tripod detection structure described in Chapter 3.  

  

4.2.2.1 Recognition of the complementary DNA strand strategy 
 The stability of the detection structure including the graphene, tripod and aptamer is 
crucial to ensure the further detection of hormones. Prior to the hormones detection assays, 
functionalization protocols were tested and refine until validation of the stability of the 
detection structure.   

To validate the stability of the structure, a two steps strategy was developed. First, the 
aptamer is functionalized on the tripod and a field effect test is realized (Figure 4. 14.A). By 
comparison with the previous field effect test (tripod functionalization on Gr), a first 
estimation of the success of the grafting is done. To validate the stability in time of the 
structure, the aptamer complementary DNA strand is introduced (Figure 4. 14.B). A last field 
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effect test is then realized. If a new shift of the Dirac point is observed, this means that the 
complementary DNA strand has been successfully grafted on the aptamer. 

   

 
4.2.2.2 Material and methods 

E2 and P4 aptamers as their complementary sequences were ordered from Eurogentec 
with the following addition to the initial sequence: 

- Addition of five thymines bases (T) at the 5’ end to add a degree of freedom to the 
aptamer once functionalized on the tripod.  

- Addition of an amine (NH2) at the 5’ end for functionalization on the tripod (NHS 
terminated). 
 

In total, four sequences were ordered: 

P4 aptamer sequence (modified): 5’ NH2 – TTT-TTG-ATT-AAC-ATT-AGC-CCA-CCG-CCC-ACC 3’  
P4 complementary aptamer sequence: 5’ GGT-GGG-CGG-TGG-GCT-AAT-GTT-AAT-C 3’ 
E2 aptamer sequence (modified) 5’ NH2 – TTT-TTG-CCG-TTT-GGG-CCC-AAG-TTC-GGC 3’ 
E2 complementary sequence: 5’ GCC-GAA-CTT-GGG-CCC-AAA-CGG-C 3’ 

Resuspension of the aptamers was realized in a PBS solution (10-3M) according to the supplier 
recommendations and concentration of the obtained solution was verified using a Nanodrop 
(spectrophotometer device). Stock solutions were kept at -20°C in between utilisations as 
recommended by the supplier.  

Functionalisation of the aptamer takes place after the non-covalent functionalisation of the 
tripod linker on the Gr and the associated field effect test (cf Chapter 3). The aptamer 
functionalization and binding stability experiment includes ten steps:  

Figure 4.  14 Scheme of the aptamer functionalization validation strategy. A) The aptamer, NH2 terminated is 
functionalized on the tripod-NHS and a field effect test is realized. B) The complementary aptamer binds to the 
aptamer. The associated shift observed on the field effect test validates the stability of the detection structure. 
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1. Aptamer solution preparation at 10µM in NaHCO3 buffer (pH= 8,3) from Thermo 
Fisher. The concentration was chosen to obtain a saturation situation of the aptamer 
(Reynaud et al., 2021). The basic pH was found to help the NHS-NH2 reaction to occur.  

2. The well containing the electrolyte on the top of the sensing part of the sensor (Gr 
area) was rinse three times with NaHCO3 buffer. 

3. 100µL of the prepared aptamer solution was poured in the well for a one-hour long 
functionalisation. This step was followed using real time analysis on the Grapheal 
software.  

4. The well was rinsed three times using a rinsing buffer (see recipe in Appendice B ). 
5. 200µL of PBS 10-3M was poured into the well and a field effect test was carried out.  
6. 200µL of rinsing buffer was poured into well and let there for five minutes to ensure 

that nothing aside the Gr-tripod-aptamer detection structure was present on the 
detection structure.  

7. A 1µM complementary aptamer solution was prepared in a hybridation buffer (see 
recipe Appendice C). 

8. 100µL was poured in the well and the chip was incubated at 57°C (for all types of 
aptamers) during 15 min according to the aptamer supplier advices.  

9. The well was rinsed three times using DI water. 
10. 200µL of PBS 10-3M was poured into the well and a field effect test was carried out.  

 
As for the previous trials presented in Chapter 3, we looked at the shift of the Dirac point 
(VDirac) after each functionalisation step. The results are presented on Figure 4. 15. 

 

 

 

 

 

 

 

 

 

 

 



 

139 | Page 
 

4.2.2.3 Results 

 

 

Figure 4.  15 Successive Dirac points of the functionalized SGFETs for A) & B) the functionalisation of the P4 and E2 
complementary aptamer as the final step and C) & D) only the presence of the hybridation buffer (without the 
respective complementary aptamer). E) & F) are the comparison of the Δ VDirac in between each step for the two 
different tests (with complementary aptamer in blue or with only the hybridation buffer in red). 
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The test presented on Figure 4. 15.A was repeated six times with the same Dirac point shift  
(-40 mV) for the P4 complementary aptamer recognition. In the case of the E2 complementary 
aptamer recognition, the test was carried out eleven times with a consistent shift of -60 mV 
for this step. This repeatability of these results indicates the successful and stable grafting of 
the aptamer on the tripod. DNA has a global negative charge due to its backbone structure 
made of phosphate. Based on the model proposed in Chapter 3 (Figure 3. 21), the Dirac point 
is supposed to shift toward negative tension values when molecule binding is negatively 
charged. The results on Figure 4. 15.E and .F supports this model.     

A hybridation buffer was used to help the two DNA strands recognition in each test. The 
buffer, whom the recipe is presented in the Appendice C could also have an impact on the 
Dirac point shift. It contains among other components some salmon DNA (10 mg/mL) which 
role is to block the sensing surface of the SGFET (non occupied by the tripod). This prevents 
any other molecules present in the electrolyte from being deposited on the Gr and could 
induce unknown Dirac point shift. 
A second type of test was realized to know the impact of the hybridation buffer and salmon 
DNA on the -40 and -60 mV sifts observed for the P4 and E2 complementary DNA strand 
respectively. Results are presented Figure 4. 15.C & .D. From the protocol given previously, 
step 7 to 10 where modified as only the hybridation buffer was used.  
The following field effect tests showed a Dirac point shift of -20 mV for all tests, which were 
conducted four times with the P4 aptamer and four times with the E2 aptamer.  A comparison 
of the shifts of the Dirac points is visible on Figure 4. 15.E & .F.  Eventually, the recognition of 
the complementary aptamers is a success as the the Dirac point shift due to their binding to 
the aptamers is of -20 ±10 mV for P4 and -40±10 mV for E2 if we take into account the margin 
of error linked to the measurement.  

We can conclude that the developed protocol allows a stable grafting of the two aptamers on 
the tripodal linker.   

 

 

4.3 Hormones detection  
 
 The validation of the detection structure stability led to the hormones detection trials, 
using the Graphene based SGFETs from Grapheal.  

4.3.1 Experiment strategy   
The hormones detection assays realized during the thesis includes three main steps: 

1. Validation of the detection protocol. As presented on Figure 4. 16.A, once the 
aptamer is grafted on the tripodal linker, the associated hormone solution is poured 
in the sensor’s well. The concentration of the solution is 14 ng/mL for the P4 hormone 
and 8 pg/mL for the E2 hormone. These concentrations correspond to the highest 
levels of hormones measured in the caudal vein plasma in section 4.1.1.4. After a ten 
minutes incubation time, as recommended in Alsager (2015), a field effect test is run 
and the Dirac point is compared to the one obtained after the aptamer grafting step. 



 

141 | Page 
 

A shift superior to ±10 mV (margin of error for the Poly SGFET, cf Chapter 3) will be 
attributed to the hormone recognition by the detection structure.  
In parallel, as in the section 4.2.2, a test with only the binding buffer, without the 
hormone is realized to evaluate the impact of the binding buffer on the Dirac point 
shift.  

2. Validation of the selectivity of the two aptamers. This test is designed to ensure the 
discrimination of the P4 aptamer toward E2 hormone and the discrimination of the 
E2 aptamer toward P4 hormone. As for the previous test, the comparison of the Dirac 
points before and after the introduction of the hormones are compared. It is expected 
that the obtained shift is 0V, minus the impact of the binding buffer on the Dirac point 
shift which will also be measured.  

3. Concentration range assays. Once the hormones detection protocol validated, a 
range of P4 and E2 concentrations will be tested in an attempt to test the sensitivity 
of the Poly SGFET (14, 7 and 0 ng/mL for P4 and 20 ng/mL, 8, 2 and 0pg/mL for E2).  
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4.3.2 Material and methods   
 
Hormones 

E2 and P4 hormones were purchased from Sigma Aldrich and stock solution were prepared 
following advised protocol from the supplier:  

- P4 stock solution was prepared in DMSO (Dimethyl sulfoxide) at 1 mg/mL 
concentration and kept at -20°C in between uses.  

- E2 stock solution was prepared in pure ethanol at 1mg/mL concentration and kept at 
-20°C in between uses.  

Figure 4.  16 Schematic of the hormone detection experiment strategy. In both cases, the aptamer, is 
functionalized on the tripod and a field effect test is realized. A) The introduction of the associated hormone 
in binding buffer should led to the hormone recognition. A field effect test will validate or not the recognition 
by comparison of the two Dirac points. B) The introduction of the wrong hormone should lead to no Dirac 
point shift in the second case. 
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Buffers 

Both Alsager (2015) and Alhadrami (2017) developed all-in-one biding and rinsing buffer for 
to use with the aptamer sequences used in this PhD. These buffers were recreated and used 
in our tests. 

- P4 binding and rinsing buffer: 50mM Tris-HCL, keeping the buffer solution at pH 7.5; 
150nM NaCl and 5mM MgCl2. 

- E2 binding and rinsing buffer: 2mM Tris-HCl and pH 7,5; 10nM NaCl; 0.5 mM KCl; 0,2 
mM MgCl2; 0,1mM CaCl2 ; 5% ethanol, added in the buffer / hormone mix to help the 
hormone dissolution.  

The buffers were kept at 5°C until further use. 

 
Detection protocol  

1. Aliquots of different hormones concentrations, based on the results obtained from 
the dosages on the cow were realized.  

For P4, a 14 ng/mL and 7 ng/mL were prepared. The first concentration correspond roughly 
to the high plateau before the oestrus (see Figure 4. 6). The second one is on the way to the 
concentration fall to 0 ng/mL, just a few hours before the oestrus.  

For E2, a larger range of concentration was used. E2 levels are 1000 lower than P4 levels with 
a maximum peak at 8 pg/mL. As it was not sure to be able to detect such small concentration 
at the stage of the sensor and characterisation platform development, we started the 
detection protocol with an E2 concentration of 14 ng/mL. We then move to concentrations 
that are more realistic in our application with an 8 pg/mL and 2 pg/mL solutions (see Figure 
4. 11). 

2. Once the aptamer grafted on the tripod, 100µL of the buffer solution was poured in 
the sensor well for 5 minutes.  

3. 100µL of the hormones solutions were then poured in the sensor well and led to 
incubate 10 minutes at room temperature. This step was followed using real time 
analysis on the Grapheal software. 

4. The well was rinsed three times using a DI water. 
5. 200µL of PBS 10-3M was poured into the well and a field effect test was carried out.  

 
 

4.3.3 Results  
 
 In this section, the focus will be on the hormones detection by the Poly SGFET. The 
steps prior to the aptamer grafting on the tripod will not be addressed as they were already 
discussed in the previous chapter.  

4.3.3.1 Results for progesterone assay 
 The results of the detection assays with the P4 aptamer can be separated in two parts 
as presented on Figure 4. 17: 

- The tests to detect the P4. 
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- The tests to determine if the chosen P4 aptamer discriminate the E2.  
 

On Figure 4. 17.A, three concentrations are tested.  
For the 14 ng/mL concentration, seven sensors were tested with Dirac point shifts ranging 
from 60 to 120 mV and a mean value of 84.4 mV. For the 7 ng/mL concentration, seven 
sensors were tested. The Dirac shift varying from 80 to 140 mV with a mean value of 114.3 
mV. Finally, the test with only the binding buffer allow us to observe its impact on the two 
previous shifts as realized on nine Poly SGFETs. The Dirac point ranges between 0 and 40 mV 
with a mean value of 13.3 mV.  

From these first results, it is clear that the P4 hormone detection was a success with a large 
shift of the Dirac point for the 14 and 7 ng/mL concentration, the impact of the biding buffer 
and the possible measurement error of ± 10 mV taking into consideration. However, it was 
expected to observe a smaller Dirac point shift for the 7 ng/mL than for the 14 ng/mL 
concentration. This tendency, visible after testing each concentration seven times has not yet 
found an explanation.  

Results for the P4 aptamer / E2 hormone discrimination test are presented on Figure 4. 17.B. 
An E2 detection test was performed using a 14 ng/mL solution on five sensors. The resulting 
shifts were included in a [80; 100 mV] range and with a mean value of 96.7 mV. Another test 
was realized to evaluate the impact of the E2 binding buffer on the previous shift. This test 
was performed on three sensors and a shift ranging from 70 to 120 mV was recorded with a 
mean value of 90 mV. By also taking into account the ± 10 mV margin of error, we can consider 
than the 14 ng/mL and 0 ng/mL shift are equivalent. The discrimination of the P4 aptamer 
toward the E2 hormone is therefore validated.  

If the overall results allow us to say that hormone detection has indeed taken place, the 
difference in results for the same test is much greater than the +10mV of measurement error 
expected.  This observation is valid for all the tests performed with the Poly SGFET and can 
partially be attributed to the fact the reproducibility of the Poly-SGFET sensors is not yet 
enough. This point should be investigated and improved in the next stages of the sensor's 
development.  

Figure 4.  17 VDirac shifts of the detection by the progesterone aptamer of A) three concentrations of progesterone 
and B) two concentrations of oestradiol. For each concentration, the minimal, mean and maximal shifts value are 
indicated.  
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4.3.3.2 Results for oestradiol assay 
 The results of the detection assays with the E2 aptamer are as for the previous section 
presented in two parts: 

- The tests to detect different concentrations of E2. 
- The tests to evaluate the E2 aptamer response to the presence of P4 hormone.    

 

During the oestrus cycle, the E2 hormone has a peak of concentration during the oestrus 
event, a few hours before the ovulation. This peak was around 8 pg/mL in the caudal vein 
plasma (see section 4.1.2.2).  A first series of E2 detection test was realized and the results 
are presented in Figure 4. 18.A. For a concentration of 8 pg/mL, corresponding to the E2 peak 
value, four sensors were tested with a Dirac point shift ranging from 90 to 150 mV and a mean 
value of 127 mV.  
A second test, with a concentration of 2 pg/mL was realized on two sensors. Both showed a 
shift of 120 mV which is very close from the result obtained with the 8 pg/mL concentration. 
The influence of the binding buffer on the previously recorded shifts was investigated on 
seven sensors. The resulting Dirac point shifts are ranging from 120 to 140mV with a mean 
value of 131.4 mV. This result is overlapping with the 8 and 2 pg/mL concentrations. If we 
subtract the impact of the buffer on the two previous results, a zero-value shift is obtained 
meaning that no detection took place. To know if the issues was the sensitivity of the sensor 
or the detection protocol, a test with a concentration 10 000 times higher, in the same range 
that the maximal P4 concentration, was realized. A 20 ng/mL E2 solution was used on five 
sensors. The results showed a shift in the 70 – 90 mV range, with a mean value of 80 mV. This 
value, far from the 8 pg/mL and 2 pg/mL shifts give a -51 mV shift once the impact of the E2 
buffer deduced.  
This last result highlights the lack of sensitivity of the Poly SGFET sensor when detecting pg/mL 
concentrations. If the fall of the P4 concentration is already a good indicator of the upcoming 
oestrus, the dosing of E2 brings a more accurate estimate of the ovulation moment and 
confirms the event. This is why this technical lock should be addressed in the next step of the 
SmartRepro project.  

On Figure 4. 18.B the results of the tests to verify the E2 aptamer selectivity against the P4 
hormone are presented. A concentration of 14 ng/mL of P4 solution was first put to the test 

Figure 4.  18 VDirac shifts of the detection by the oestradiol aptamer of A) four concentration of oestradiol and B) 
two concentrations of progesterone. 
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on six sensors. The resulting point of Dirac evolves between -30 and -40 mV with a mean value 
of -33.3 mV. As for the precedent tests, the impact of the P4 binding buffer was evaluated. 
The test, carried out on three sensors presented Dirac points ranging from -40 to -50 mV. The 
two tests give similar results when taking into account the ±10 mV error margin. Alhadrami  
and co-workers (Alhadrami et al., 2017) also  showed in their results that the P4 aptamer has 
a small but real response to the presence of P4 (see Figure 4. 13). More tests should be 
conducted to see if this 10 mV difference between the two results mean can be reduced to 
conclusively show a clear discrimination of the E2 aptamer toward P4 hormone.   

 

 

Conclusion  
 

 The last part of this thesis was dedicated to the development of the patch core: the 
detection of the two targeted hormones (oestradiol and progesterone).  
This objective required two main elements: 

- To know the order of magnitude of the hormones concentrations as well as their 
dynamics throughout the oestrus cycle to recognize the oestrus event.  

- To have an efficient probe for each hormone.  
 
In the absence of data in the literature on the dynamics of progesterone and oestradiol levels 
in the cow's ear, an animal experiment had to be set up by INRAe. During this experiment, the 
hormones levels of ten cows were followed during two oestrus cycles. Three type of samples 
were collected: milk, caudal vein plasma and ear capillaries plasma. From the collected data, 
several conclusions can be used in this project.    
If a large variablity can be found on the recorded profiles of P4, trends can be identified by 
comparing the results from the three sampling sites. 
The variation in P4 concentrations seems to be synchronised at all three sites. However, 
although the concentrations seem to be equivalent in both plasma (ear and tail) over the 
whole cycle, they are generally lower than in milk (8.7±7.9 ng/ml vs 5.1±5.3 ng/ml).  The 
measurement of P4 in tail vein plasma is a reference method. The fact that the ear capillaries 
plasma gives results close to those the caudal vein in concentration and dynamic, especially 
near the oestrus event, allow us to validate the patch localisation on the external side of the 
apex of the pinna for the P4 hormone. 
For the E2 hormone, several dosage trials reveal very low levels of E2 in the ear and caudal 
vein plasma. The first results, obtained at the end of this thesis for one cow and two sampling 
locations (caudal vein and ear capillaries), showcased concentrations in the pg/mL range with 
a peak around 8pg/mL when approaching the ovulation. With the current data, it seems that 
as for the P4, the caudal vein and ear capillaries concentration have similar profiles in 
concentration and dynamic. However, additional data will be needed to make a decision 
about the external side of the apex of the pinna is validated for E2 real time monitoring or 
not. 
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To detect the hormones, two aptamers were selected from the literature. A protocol to 
functionalize them on the Poly-SGFET / tripodal linker complex was developed. Once the 
stability of the detection structure was validated for the two aptamers, series of trials were 
set up to detect hormones. A satisfactory discrimination of the P4 aptamer against E2 
hormone and of the E2 aptamer against the P4 hormone was obtained. A successful hormone 
detection was realized for both oestradiol and progesterone for concentrations in the ng/mL 
range. However, trials to detect pg/mL oestradiol concentration were unsuccessful. In order 
to detect the low E2 concentration few improvement to the actual set up could be made. A 
first trial could consist in enhancing the hormone binding signal. In a second time, the 
measurement software associated with the Poly-SGFET could be improved to reduce the 
measurement margin error which is currently of ±10 mV. This would allow the Dirac shifts to 
be detected with more accuracy and would have an impact on the repeatability of the tests. 

For the further development of the sensor, several steps are still to be validated. When using 
the sensor on the cow, the hormone measurement will have to be continuous. To be able to 
accurately reflect the hormone level at a given time, the sensor will have to be regularly 
cleaned of the hormones previously accumulated on the sensor. This cleaning can be done 
naturally (dissociation of the aptamer/hormone pair after a certain period of time) or by 
heating the sensor for example. Preliminary tests were done by leaving the hormone / 
aptamer complex for 4 hours in DI water. No shift of the Dirac point, which could be associated 
with dissociation of the complex, was observed after this time. Finally, tests including 
circulating fluids and a more complex environment such as plasma should be carried out to 
get closer from the application. 
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Conclusion & perspectives 
 
 

This thesis work focused on the development of the first technological building blocks 
of the SmartRepro ovulation detection patch. The work was organised around three axes 
dealing with different scientific fields: finding the location of the patch on the cow, developing 
hollow MNs to reach and transport the interstitial fluid/blood mixture containing the 
hormones, developing a biosensor to dose the hormones (E2 and P4) in real time.    

 

The emplacement of the patch on the cow was the first axis addressed, as it would 
have an impact on how to reach the fluid. A set of specifications was drawn up to guide the 
research. The chosen location must be easily accessible to the farmer, allowing for simple 
installation and removal of the patch, without the assistance of a veterinarian. The chosen 
area should also be protected from the cow's daily activities, allowing the patch to remain in 
place for approximately 30 days (duration of the oestrus cycle). According to these primary 
requirements, the cow's ear was pre-selected. No literature on the anatomy of the cow's ear 
tissue was found and a measurement campaign was carried out on ears of 7 breeds of cows 
(dairy and suckling).  For each cow, 3 samples were taken from different areas and histological 
sections were taken and analysed. From the acquired data, it was found that the optimal 
location is the apex of the pinna, external side of the ear. This area offers the best compromise 
between a large implantation area and a similar thickness of tissues to penetrate, considering 
all selected breeds. This site has a large implantation depth window (DeepDe3 : 1403 ±589 
µm) and a rather uniform SupDe sublayer for all breeds (SupDe4: 1323±404µm) which could 
lead to the design of a single patch for all suckling and dairy breeds. 

 

The MNs developed during the thesis were designed to reach the middle of the 
DeepDe layer. Several studies have shown that only 50-60% of the MNs penetrate below the 
epidermis and the final length of the MNs was about 3mm. If many hollow MNs are present 
in the literature, they generally have a height of a few hundreds of micrometres. The 
realisation of a channel of 3mm high and few hundreds of micrometres in diameter was a real 
challenge and many technologies have been considered to create these MNs. For this phase 
of prototyping, the main objective was to prove that hollow MNs could be made. Thanks to 
3D printing, I was able to design the first prototypes of hollow MNs with channel diameter 
from 300µm to 400µm.  
3D printing is perfect for this stage of the project's development because it allows to test a 
large number of designs at a reduced cost and with short manufacturing time (1 hour of 
printing to obtain 6 MNs arrays). The resin used to make the MNS is not biocompatible. 
However, a test was carried out with a biocompatible resin (Formlabs Company). Like many 
biocompatible resins on the market, its definition was lower than the resin used during this 
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thesis and the channel clogged during printing. However, the biocompatible resin showed 
good resistance during compression tests at 10 and 49 N which is interesting for the insertion 
stage of the MNs. The research or creation of a biocompatible ink that would allow a channel 
to be obtained and that could withstand the stresses undergone during the insertion of the 
patch and throughout its use would be a very interesting route to explore. New designs could 
also be tested to help anchor the device in the cow ear while taking into account the pain 
factor for the animal from the application to the removal of the patch. Increasing the 
capillarity of the channel using surface chemistry should also be an important point to develop 
to ease the transfer of the fluid from the sampling area to the biosensor. For a more advanced 
stage in the development of MNs, other techniques such as injection moulding should also be 
explored to reduce the diameter of the channel and increase the capillarity performance of 
the MN.  
The work on cow ear tissue and the creation of the hollow microneedles were reported in an 
article, currently under review for the journal Biosystem Engineering. 

 

The third axis of work of this thesis concerned the development of a biosensor to 
monitor in real time the evolution of E2 and P4 hormones in the cow's ear (blood and 
interstitial fluid). The choice of the technology was made by considering its sensitivity, its 
selectivity, its potential to be miniaturised for future integration into an embedded system 
and its price with a view to future industrialisation. SGFET biosensors were selected for this 
project. CVD Gr, classified as a semi-metal has many interesting properties for biosensor 
application: highly conductive, lightweight, flexible, transparent and mechanically robust. Its 
high specific area due to its atomic thickness is particularly appealing for the detection of 
charged biological species. In parallel to my thesis, a CEA PhD student, Adrien Hugo 
demonstrated a unique, robust and reproducible fabrication protocol of a Graphene-based 
Solution-Gated Field-Effect-Transistor (SGFET) technology operating in an aqueous 
environment. After training for the fabrication of robust and reproducible Si-SGFET sensors, 
we were able to collaborate on the refinement of certain fabrication steps as well as on the 
first electrochemical characterizations of the sensor in a liquid environment. 

The detection structure is composed of three layer: the Gr monolayer, the tripod and a probe.  
To avoid denaturation of the target proteins by contact with the Gr, a unique tripodal linker 
was first non-covalently functionalized on the Gr for all tests through well-known π-stacking 
interaction between the pyrene groups and the Gr. This linker keeps the bioreceptors and 
targets at a fixed distance from the Gr in order to avoid possible denaturation by contact with 
the Gr. 

In a first step, molecules whose interactions are well known in the literature (Biotin, avidin, 
streptavidin, neutravidin, Con A and Methyl alpha D) were detected. The evolution of the Gr 
doping for each molecule detected (negatively or positively charged) allowed me to 
understand the behaviour of charges at the Gr/electrolyte interface. In parallel with the 
characterisation of Si-SGFETs, a collaboration with the start-up Grapheal (Grenoble, France) 
allowed me to test another version of SGFETs. The Poly-SGFETs made at Grapheal have a less 
robust and less reproducible fabrication process than the Si-SGFETs but a duplication of the 
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experiments conducted on the Si-SGFETs gave comparable results. The sensors developed by 
Grapheal as well as their electrochemical characterisation bench have significant advantages: 
five times faster fabrication of the sensors and the possibility of testing up to 16 sensors in 
parallel instead of one for Si-SGFETs. This collaboration at the end of the thesis enabled me 
to meet the objectives we had set at the beginning of the thesis for this axis. The detection of 
P4 and E2 hormones was thus made possible, despite the delays caused by Covid-19 and other 
technical problems throughout this thesis. 

For the detection of target hormones, aptamers, short strands of oligonucleotides, were 
chosen as probes. Aptamers can bind their target with high specificity and affinity. They can 
be reversibly denatured, enabling the biorecognition layer regeneration for real-time 
monitoring purpose. This feature is of high interest for real time measurement through the 
entire oestrus cycle. They are also considerably smaller than antibodies (≈2 nm), and have the 
ability to bring the target closer to the surface by conformational changes induced by the 
binding event, which is appealing for working in complex solutions such as blood. Each 
aptamer was chosen on the basis of its sensitivity and selectivity towards the target hormone 
but also on its ability to discriminate the other hormone. Protocols for grafting the aptamers 
onto the tripod and detecting the hormones in a simple medium were set up. The results 
validate the detection of both hormones by their respective aptamers for ng/mL 
concentrations. In both case, the aptamers demonstrated a good discrimination of P4 in the 
case of the E2 aptamer and E2 in the case of the P4 aptamer.  

The work on the electrochemical characterization of the Si-SGFET was reported in an article, 
currently under review for the ACS journal. This work and the hormone detection results were 
also selected by the following conferences:  

- Graphene 2020, largest European Conference & Exhibition in Graphene and 2D 
Materials for an oral contribution. 

- Biosensors 2021, world largest conference on this theme for poster contribution. 
- ESEAC 2022, International conference on Electroanalysis for an oral contribution. This 

conference was initially planned in 2020 but postponed to June 2022.  
 
During this thesis, an experiment to determine the hormone levels in the interstitial 
fluid/blood mix of the ear capillaries was conducted at INRAe. The level and dynamics of 
hormones during two oestrus cycles in the ear were compared with two reference methods: 
caudal plasma and milk. Although the results show a certain synchronisation of the evolution 
of the levels between the three sources, the hormone levels differ. Thus, while P4 is present 
at ng/mL levels in the ear, E2 concentration are a thousand time lower. Concentrations in the 
ng/mL range could be detected but this was not the case for pg/mL levels. Several paths could 
be explored to increase the biosensor sensitivity towards E2. First, continue the development 
of the Poly-SGFETs with a more reproducible quality and a reduction of the uncertainty 
window in the measurement (currently ± 10mV). A more specific E2 aptamer could also be 
created using the SELEX method, with a lower KD. Amplifying the detection signal could also 
be a solution with the grafting of a polyanion (molecule or chemical complex having negative 
charges at several sites) at the end of the aptamer sequence. The conformational change of 
the aptamer when binding with the target (hormone) would bring the polyanion closer to the 
Gr surface which would react accordingly. During this thesis, the electrochemical tests were 
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performed using DC current and only the analyte within the Debye length could be detected. 
In PBS 10-3 M medium, the Debye length was around 9 nm but this value considerably 
decreases when working in a complex medium such as blood. In future studies tests using 
frequency modulation using EIS technique (Electrochemical Impedance Spectroscopy) using 
small amplitude AC current could be used to overcome this limitation.  

In addition to the different development paths presented in this section for the next phase of 
the SmartRepro project, microfluidic integration of the MNs and the biosensor as well as 
pumping solutions will also have to be developed in a future stage of the project. In the longer 
term, it would be also interesting to develop new aptamers to detect the presence of other 
hormones related to the oestrus cycle of the cow. For example, LH has a higher concentration 
than E2 at peak. This solution could be a real asset for the patch and stands out from existing 
solutions. Indeed, this solution is not currently envisaged for predicting ovulation in cows for 
several reasons (J. B. Roelofs, 2005):  

- LH peak cannot be detected by blood tests because the samples would have to be 
taken very frequently and this operation would be too invasive for the cow. 

- LH cannot be measured in the milk.  
A last long term perspective for the SmartRepro project would be the validation that the MNs 
can sample interstitial fluids for the thirty days use of the patch.   

 

This thesis work paved the way for further promising development of the SmartRepro 
ovulation detection tool. The main contribution of this work consists in finding the patch 
emplacement on the cow, the development of hollow MNs array as well as the development 
of a biosensor for E2 and P4 detection.  
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Appendice A  
 

 
Microneedle cross-section measurements using a VHX 7000-970F numerical microscope and associated software. 
The three microneedle heights are measured from base to tip. 

 

 

 
 
Connection of the microneedle array to a microfluidic channel for fluidic tests. 
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Appendice B – Rinsing buffer recipe 
 

Recipe from CREAB (Chimie pour la Reconnaissance et l’Étude d’Assemblages Biologiques) 
CEA laboratory. 

 

Products Supplier References Quantity for 1L 
PBS tablets Sigma Aldrich P4417 5 (PBS 10x) 

NaCl Sigma Aldrich S3014 23.375 g 
Tween 20 Sigma Aldrich 274348 1.5 mL 

H20 (pure water) / / Fill up to 1L 
 

1. Dertermine the volume to prepare 
2. Weigh the NaCl 
3. Dissolve NaCl and PBS tablets with pure water into volumetric flask 
4. Add the needed volume of Tween 20 
5. Complete to the gauge line and homogenize.  
6. Filter the solution with a 0,22µm filter  

 

The solution can be kept 6 months at -20°C and 15 days at +4°C. 
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Appendice C – Hybridation buffer recipe 
 

Recipe from CREAB (Chimie pour la Reconnaissance et l’Étude d’Assemblages Biologiques) 
CEA laboratory. 

Products Supplier References Quantity for 1L 
PBS tablets Sigma Aldrich P4417 1 (PBS 10x) 

NaCl Sigma Aldrich S3014 4.675 g 
Tween 20 Sigma Aldrich 274348 4 mL 

Denhart 50x Sigma Aldrich D2532 0.2 mL 
Salmon DNA (10 mg/mL) Sigma Aldrich D9156 0.3 mL 

H20 (pure water) / / Fill up to 1L 
 

1. Dertermine the volume to prepare 
2. Weigh the NaCl 
3. Dissolve NaCl and PBS tablets with pure water into volumetric flask 
4. Add the needed volume of Denhart and Salmon DNA 
5. Add the needed volume of Tween 20 
6. Complete to the gauge line and homogenize.  
7. Filter the solution with a 0,22µm filter  

 

The solution can be kept 6 months at -20°C and 15 days at +4°C. 
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Abstract  
In cattle herds using animal insemination (80% of dairy and 13% of suckling cows), reproductive management involves 

a decisive step that consists of detecting the ovulation time. This step conditions the success of the reproduction and, 

consequently, the economic results of the farm. Traditionally, ovulation detection is done by observing the sexual 

behaviour (oestrus or heat) that cows express in the 25 to 30 hours preceding ovulation. However, oestrus detection 

faces two major problems: 1/ the increase in herd size, which makes this activity particularly time-consuming, and 2/ 

a reduction in oestrus expression (in duration and intensity) observed in animals with high milk production potential. 

Defects in oestrus expression challenge the tools used to help detect ovulations based on the recording of sexual 

behaviour and lead to the development of tools based on the monitoring of physiological signals (hormonal dynamics) 

that announce ovulation.  This thesis, supported by INRAE, VetAgro Sup and CEA, aims to create a first prototype for 

monitoring the reproductive hormones in the form of a portable patch capable of measuring hormone concentrations 

during the ovarian cycle from interstitial fluid samples. This device will be able to predict the occurrence of ovulation 

associated with a peak in oestradiol, after the fall in progesterone and will warn the breeder. In this context, this thesis 

work aimed to develop the first technological building blocks of the patch. The first step was the design and creation 

of hollow microneedles (MNs). Their role is to collect the interstitial fluids (between the cells of the dermis) in which 

the hormones are present. Parallel research for the location of the patch on the cow helped to define the length 

required for the MNs to reach the targeted tissues. Secondly, the development of a microfluidic network to deliver the 

fluids from the MNs to a measurement chamber. The third and final part developed during this thesis was the biosensor 

for hormone detection. Using graphene-based SGFET (solution-gated-field-effect-transistors) technology, various 

biological detection tests were realized using model molecules to understand the biosensor’s response in liquid 

environment. Finally, hormones detection tests were performed using aptamers (small single-stranded DNA) as 

probes. To be competitive on the market, the patch will have to be easy to use for the farmer without veterinary 

assistance, to be affordable, made of biocompatible materials and comfortable enough not to be a source of 

discomfort for the cow. The communication between the patch and the farmer is not part of the objectives of this 

thesis and will be developed later on the SmartRepro project. 

Résumé 
Dans les troupeaux bovins pratiquant l’insémination animale (80% des vaches laitières et 13% des vaches allaitantes), 

la gestion de la reproduction passe par une étape déterminante: la détection des ovulations. Cette étape conditionne 

la réussite de la reproduction et, de ce fait, les résultats économiques de l’exploitation. Traditionnellement, la 

détection des ovulations se fait par l’observation des comportements sexuels (œstrus ou chaleurs) que les vaches 

expriment dans les 25 à 30 heures qui précèdent l’ovulation. La détection des œstrus se heurte toutefois à deux 

problèmes majeurs : 1/ l’agrandissement de la taille des troupeaux qui rend cette activité particulièrement 

chronophage et 2/ une réduction de l’expression de l’œstrus (en durée et en intensité) observée chez les animaux à 

fort potentiel laitier. Les défauts d’expression des œstrus remettent en question les outils d’aide à la détection des 

ovulations basés sur l’enregistrement des comportements sexuels et orientent les réflexions vers le développement 

d’outils s’appuyant sur le suivi de signaux physiologiques (dynamiques hormonales) annonciateurs de l’ovulation.  Le 

projet de cette thèse, porté par l'INRAE, VetAgro Sup et le CEA, est de créer un premier prototype de monitoring des 

hormones de la reproduction sous forme d’un patch portable capable de mesurer les concentrations en hormones au 

cours du cycle ovarien à partir de prélèvements de fluides interstitiels. Ce dispositif sera en mesure de prédire 

l’occurrence d’une ovulation associée à un pic d’œstradiol détecté après la chute de progestérone et d’en avertir 

l’éleveur. Dans ce contexte, ces travaux de thèse ont visé à développer les premières briques technologiques du patch. 

La première étape fut la conception et la création de microaiguilles (MAs) creuses. Leur rôle est de collecter les fluides 

interstitiels (entre les cellules du derme) dans lesquels les hormones sont présentes. Une recherche en parallèle de 

l’emplacement du patch a permis de définir la longueur requise pour les MAs afin d’atteindre les tissus cibles situés 

dans le derme. Deuxièmement, le développement d’une carte microfluidique pour amener les fluides des MAs jusqu’à 

la chambre de mesure. La troisième et dernière partie développée au cours de cette thèse est le biocapteur pour la 

détection des hormones. En utilisant la technologie SGFET (solution-gated-field-effect-transistors) à grille de graphène, 

différents tests de détection biologiques ont été réalisés avec des molécules modèles pour comprendre la réponse de 

ce type de capteur émergent avant de passer à la détection des hormones en utilisant des aptamères (petit ADN simple 

brin) comme sondes.  Pour être compétitif sur le marché, le patch devra être facile d’utilisation pour l'éleveur sans 

aide vétérinaire, peu coûteux, suffisamment confortable pour ne pas être source d'inconfort pour la vache et être 

développé avec des matériaux biocompatibles pour ne pas induire de réactions inflammatoires. La communication 

entre le patch et l'éleveur ne fait pas partie des objectifs de thèse et sera développée ultérieurement.  


