



Review Article
INGESTIBLE SENSOR : FUTURE OF HEALTHCARE
ABSTRACT
The healthcare industry is constantly evolving with new innovations and technologies being introduced every day. One such technology that is gaining popularity and attention is smart pills. A smart pill is a complex product with several components working together to monitor the oral administration of a drug. Digital pills with ingestible sensors, or smart pills, are a promising technology for enhancing medication adherence and monitoring patient health, offering real-time data on medication ingestion and potentially improving treatment outcomes.The global market for digital pills and ingestible sensors is experiencing significant growth, driven by the increasing prevalence of chronic diseases, the need for remote health monitoring, and advancements in technology, with projections reaching USD 3.29 billion by 2033. So, smart pills are expected to become increasingly prevalent in the future, with ongoing research and development focused on improving their accuracy, safety, and accessibility. This Review presents a comprehensive overview of the current and emerging smart pills.  
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INTRODUCTION
In the modern world, the advancement of digital health instruments is closely linked to the advancement of the healthcare system.Digital technologies are linked to the future of global health, according to the WHO global strategy. The advent of digitalization was intended to support global security, promote health, and offer services to the most vulnerable segments of society [1]. In order to interpret gastrointestinal tract physiology in both health and disease, it is crucial to comprehend the anatomy and function of the gastrointestinal tract.[2] Therefore, ingestible sensors are crucial to digital health solutions.Pharmacotherapy monitoring may benefit from the use of indigestible sensors. Software found on tablets and smartphones can be used to operate these ingestible sensors.  Medication can be given to the patient once the severity of the illness has been monitored.As a result, it can reduce patient complaints [3, 4]. In the areas of mental health and behavioral changes, including schizophrenia, bipolar I disorder, attention deficit and hyperactivity disorder, drug misuse, smoking, pain, sleeplessness, and many more, digital tablets increase therapy adherence and effectiveness. Additionally, scientists are working to create edible medicines to treat a number of illnesses, including diabetes, hepatitis C, AIDS, cancer, tuberculosis, and heart problems. Additionally, it can be used to track the use of opioid medications by patients following surgery and in other situations where the patient's behavior may make admittance difficult (geriatrics, neurological illnesses, etc.) [5,6,7]. 

Digital sensors that resemble pills and carry out sensing tasks inside the human body are known as ingestion sensors. Smart pills are ingestible capsules with mechanical or electronic components that pass through the gastrointestinal (GI) tract for a variety of uses, such as surgery, sampling, diagnosis, or treatment.[8] The ability of smart tablets to monitor stomach pH was first reported in 1965.[9] Research on the drug absorption of smart pills on the gastrointestinal tract was published in 1982 [10]. Later, in 2000, the capsule endoscope (CE) was created. [11] There have been numerous reports of ingestible sensors being used in recent years. [12] The US Food and Drug Administration (US FDA) authorized the first digital pill in November 2017: Aripirazole (Abilify MyCite), produced by Otsuka Pharmaceutical. Doctors can use it to keep an eye on patients with mental illnesses as they take their medications.[13]By 2033, the worldwide market for ingestible sensors and digital pills is projected to reach USD 3.29 billion. [14]These capsules can serve as a platform to advance our knowledge of gastrointestinal pathophysiology, offer novel gastrointestinal and systemic therapeutic delivery methods, and minimally invasively gather tissue and other samples for further examination. [15]As a result, it might offer greater patient compliance than the traditional therapy approach.
ADVANTAGES[16]
1. It is safe to ingest on repeat occasion.
2. It is easy to administered.
3. It can be used to precisely diagnose digestive disorders.
4. After administration patient can do his/her daily activities. It does not required for bowel preparation or sedation.
5. It may reduce the carbon foot print.
DISADVANTAGES[17]
1. It is expensive for manufacturing.
2. It can experience regulatory hurdles as the process is complex. 
3. It may be obstructed by Bowel. 
4. It may raises ethical concern regarding data privacy and security.
Table 1-HISTORY
	YEAR
	SENSOR NAME
	PURPOSE

	1957
	Swallowable Electronic Capsule
	A swallowable electronic capsule that uses radiofrequency (RF) transmission to measure interior temperature and pressure was initially described by Jacobson and Mackay [18]. 

	1968
	Ingestible Telemetric Temperature Pill
	First reported were devices specifically designed to measure core body temperature [19]. 

	2017
	Abilify MyCite
	The first indigestible medication authorized by the US FDA, Abilify MyCite, is used to treat depression in adults, schizophrenia, and manic and mixed episodes linked to bipolar I illness [20].

	2020
	Proteus Digital Health's
	A study was conducted to improve adherence to HIV therapy using an ingestible sensor device, which consists of a wearable patch and a sensor tablet [21]. 

	2023
	Ingestible vitals-monitoring pill
	To improve adherence to HIV therapy, a study used an ingestible sensor device that consists of a wearable patch and a sensor tablet [22]. 

	2024
	Ingestible sensor platform utilizing gastric acid battery
	An ingestible sensor device with the ability to assess core body temperature and other vital signs was proposed by a study using a gastric acid battery for everyday healthcare [23]. 


MATERIALS REQUIRED

Materials required for ingestible sensors are :

1) Power supplies 

2) Telecommunication 
3) Microcontrollers and processors
4) Power switches
5) Cladding
6) Sensors 
1) Power Supplies 
For ingestible devices, silver oxide batteries in coin cell shapes are frequently chosen due to their stability and safety in both basic (colon) and acidic (stomach) environments [24]. However, because lithium ion batteries have the potential to raise the pH of gastric juice and have harmful consequences, they are not advised. Additionally, because zinc air batteries do not allow oxygen to circulate through the body, they are not advised [25].

 2) Telecommunication
Real-time monitoring of physiological parameters including pH, temperature, and pressure in the GI tract is made possible by these sensors' ability to record and transmit biological data.In general, communications often use commercial transmitter chips [26].It may be essential in the future for tasks including gathering tissue or luminal contents samples for investigation, delivering drugs to certain GI tract locations, and determining if patients are taking their prescriptions as directed [27].
 3) Micro controllers and Processor
A microcontroller [28] is a small integrated circuit that is used in embedded systems to control a particular function. On a single chip, a typical microcontroller consists of a CPU, memory, and input/output (I/O) peripherals.It uses its I/O peripherals to send and receive data, then processes that data to carry out its assigned responsibilities. Microcontrollers can control the functions of artificial kidneys, hearts, and other organs in medical settings. Additionally, it may play a crucial role in how prosthetic devices operate [29].
4) Power  Switches 

Before being employed, ingestible devices are typically turned on using magnetic reed switches [30, 31]. 

5) Cladding
The cladding acts as a barrier to shield the electronics and other parts of the sensor from the basic and acidic environment of the digestive tract.Therefore, the cladding materials need to be strong, chemical resistant, and biocompatible [32, 33].

6) Sensors
Ingestable sensors are crucial for gathering physiological information about the body, such as temperature and pH, which can be used to diagnose a number of GI tract illnesses and digestive disorders [34, 35].
MECHANISM OF ACTION
The sensor can be consumed by the patient. Later, when the sensor comes into contact with an acidic or basic environment, it gets triggered. It is activated by the electrical current that drives the sensor or by a chemical reaction. 
Additionally, a signal (such as a magnetic field, radiofrequency, or other type of data) is produced by the wearable ingestible sensor and sent to the wearable receiver.The signal is picked up by the wearable receiver, which then sends the information to a cloud-based server or another device for analysis (e.g., time of drug consumption, location in the digestive tract, physiological characteristics) [36].
 
SENSOR USED TO DIAGONISE SOME HUMAN ORGANS
1. ORAL CAVITY 

 We are aware that the mouth cavity contains a variety of microorganisms, including viruses, fungus, and bacteria. Therefore, oral wearing sensors can be used to identify these microorganisms. Both infections linked to oral illnesses and other physical conditions as well as helpful bacteria can be detected by these sensors [37]. 
Wearable sensor technology is the foundation of oral wearable sensors. It can be applied to food consumption, salivary biochemical monitoring, and dental disease monitoring. The identified information can be sent wirelessly to networks and smartphones in the area. It might be beneficial for the development of intelligent medicine and mobile healthcare in day-to-day living [38]. Examples include saliva and oral cavity examination point-of-care sensing systems.
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	Fig 1(a): Oral wearable sensors
	Fig 1(b): PoC sensors for saliva analysis 


2.  OESOPHAGUS 
Bravo Test is another name for the wireless pH esophageal test.A tiny capsule that is affixed to the esophagus during an endoscopy is used in the Bravo test. It is employed to quantify acid reflux and provide diagnoses for disorders such as GERD [39].A battery-free, portable, and ingestible sensor pill called NFCapsule is utilized to identify eosinophilic esophagitis. The NFCapsule reader determines the pill's resonance characteristics. It continuously checks the tablet. It transforms the data into an estimated bio-impedance after passing through the esophagus [40].
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	Fig 2(a) :wireless pH Esophageal Test
	Fig 2(b) :NFCapsule


3.  STOMACH 

At Ulm University, Boris Mizaikoff and his colleagues created a miniature breath sensor. It was created with Helicobacter pylori detection in mind. They have developed a breath sensor for H. pylori by utilizing mid-infrared (MIR) light. It is too little to be affixed to a mobile phone [41]. Specific human IgG antibodies against H. pylori were successfully measured quantitatively [42]. An immunosensor based on laser-induced fluorescence in the serum sample makes up this device.A luminol-based ternary electrochemiluminescence (ECL) nanosphere biosensor was created to detect H. pylori DNA [43].
The Jell-O-like pill is an edible sensor created by MIT engineers [44]. It swiftly swells to the size of a soft, squishy ping-pong ball when it reaches the stomach, where it can remain for a long time.The novel tablet is composed of two kinds of hydrogels, which are jelly-like combinations of water and polymers. 
To aid in the triage of patients with suspected UGIB, a new bleeding sensor system [45] (PillSense; EnteraSense, Galway, Ireland) was created.A single-use, minimally intrusive tool for detecting gastrointestinal blood is the SOS capsule. The existence of UGIB is assessed by looking for blood in the stomach.
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	Fig 3(a): Mini breath sensor
	Fig 3(b): swallowed optical sensor capsule visualized in the stomach
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	Fig 3(b): New pill to monitor stomach ulcers, cancers, or other conditions for up to a month


4.  SMALL INTESTINE 

 A cutting-edge method for inspecting the small intestine is capsule endoscopy. A jelly-bean-sized camera capsule that captures many digital images of the small intestine is given to the patient to ingest [46].Crohn's disease, other types of inflammatory bowel disease (IBD), ulcerative colitis, gastric hemorrhage, celiac disease, colon polyps, and colon and rectal cancer can all be diagnosed with PillCam [47].
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	Fig 4: PillCam ESO2® (Given Imaging Ltd., Yoqneam, Israel) capsule


5.  LARGE INTESTINE (COLON)
Mascarenhas et al. created an AI technique based on a convolutional neural network (CNN) architecture. With an overall accuracy of 95.3%, it can automatically identify increased lesions in pictures for the purpose of screening for colon tumors [48].
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	Fig 5: PillCam colon 2. Size: 31 mm × 11 mm


OTHER SENSORS
1. Ingestible telemetric temperature pill
It has been determined that the gastrointestinal temperature, as determined by ingestible temperature capsules, is a reliable proxy for the core body temperature. Temperature capsule devices are simple to use in field settings, wireless, and comparatively noninvasive.
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	Fig 6(a): Ingestible telemetric temperature pill
	Fig 6(b): Pill Measures Body Temperature


Packing material and an indigestible telemetric temperature tablet [49, 50]. The wrapping material, which displays the temperature pill's unique serial number and calibration number, is visible on the left. The magnetic stripe and the temperature pill are visible on the right. The battery is turned on in this instance since the temperature pill is not in touch with the magnetic stripe. Among the marketed goods on the market are: BodyCap e-Celsius Performance Electronic Pill, RF (Radio Frequency) measuring capsule

2. Pressure sensors
Both healthy and gastroparetic patients' gastrointestinal tract contractile frequency is tracked using pressure sensors, which have a measurement range of 0 to 350 mm Hg [51,52]. However, because pressure sensor data is derived from both transthoracic respiratory-related movement and abdominal/body movement, it is challenging to interpret. It matters that the device's location cannot be sub-localized (antrum vs. body vs. fundus of stomach, for example). For instance, it may be helpful to be able to distinguish between fundus and antral motility when evaluating suspected gastric dysmotility [53,54].Pigs were used to test for acute abdominal compartment syndrome using an indigestible microelectromechanical system (PressureDOT, 10 mm × 13 mm) [55]. However, people can take advantage of this.

3. Gas sensors
In the stomach, gases are useful indicators [56].An innovative ingestible device is the Atmo gas-sensing capsule (Atmo Biosciences, Box Hill, Australia). It can measure the concentrations of carbon dioxide and hydrogen using a volatile organic compound sensor, a multi-gas detector, and thermal conductivity detectors. Additionally, it analyzes antennae efficiency, temperature, and capsule orientation [57,58].At 434 MHz, measurements are sent from the capsule to a patient-worn data receiver. From there, they are transferred to a distant server using a mobile device application, where they are analyzed and reviewed through a web portal. In healthy subjects, it has been shown to reliably assess the major gastrointestinal landmarks. A pilot research was conducted on slow transit constipation and gastroparesis. Larger experiments also confirmed its validity [59].Gas profile analysis may also make it possible to characterize other physiological processes, such as small intestinal bacterial overgrowth (SIBO) and colonic fermentation [60].A prototype capsule system for the detection of hydrogen sulfide was recently created [61].

4. Microbiological‐based sensors

Certain analytes in the lumen of the gastrointestinal system can be found using genetically modified probiotic sensor bacteria. The inner chamber of the Ingestible Micro-Bio-Electronic Device (IMBED), which contains genetically modified probiotic E. coli Nissle 1917 [62], is separated from the luminal space by a semi-permeable membrane.It has been used to detect heme and other biomarkers, including acyl-homoserine lactone and tetrathionate, which assesses inflammation. A biosensing panel for nitric oxide, hydrogen peroxide, thiosulfate, and tetrathionate has been developed further and is contained in a device that has been sufficiently reduced in size to be safely consumed orally [63].Recent preliminary investigations on small intestine bacterial overgrowth have described a unique sensing method that uses fluorometric signals to monitor bacterial numbers.

5. pH MONITORING SYSTEM

Several gastrointestinal system components were evaluated using a pH monitoring device [64]. It covers everything from caecal fermentation in the large intestine to the distal oesophagus in the assessment of gastroesophageal reflux. One of the more recent developments that makes use of a wireless system to increase patient compliance and prolong the duration of monitoring is the Bravo pH capsule system (Bravo™, Medtronic, Shoreview, MN). Both patient acceptance and diagnostic accuracy may be enhanced by these modifications.The BRAVO® pH test determines the esophageal acidity (pH). This aids medical professionals in the diagnosis of GERD.
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	Fig 7: The Bravo pH capsule system


A pH sensor serves as the main sensor in the SmartPill® WMC monitoring system [65,66].The pH of the gastrointestinal tract can be predicted using the pH capsule method. During the shift from the stomach's acidic environment to the duodenum's bicarbonate-rich environment, there is a sudden and prolonged increase in pH (pH 5.9–6.8). Additionally, it was noted that the generation of weak acids, including short-chain fatty acids, from the fermentation of carbohydrates is caused by the sudden drop in pH from the alkaline ileum (pH ~7.3–7.7) to the acidic caecum/proximal ascending colon (pH 5.8–6.7) [67,68,69].In 2006, the FDA authorized the WMC to assess colonic transit durations and gastric emptying in cases of suspected gastroparesis and slow-transit constipation, respectively. With less proof, it has also been used to assess colonic fermentation in the colon [70,71,72]. Because of its limitations, WMC manufacture was stopped [73].Its low cost led to the development of an alternate ingestible pH-sensing capsule. [74]. 
Reactive oxygen species can be measured using electrochemical sensors. To aid in locating the capsule inside the digestive system, it can be used in conjunction with a pH sensor [75].In cases like inflammatory bowel disease, it has been suggested as a substitute biomarker for measuring inflammation.

MEDICATION MONITORING PILLS 
Digital or smart pills, also referred to as medication monitoring sensing pills [76]. These are made with built-in sensors that monitor drug intake and compliance, sending information to patients or healthcare professionals using wearable technology or smartphone apps. For instance:The drug-device combo product Abilify MyCite (sensor-equipped aripiprazole tablets) enables digital medicine consumption tracking.Proteus Digital Health has created a drug adherence tracking system that includes wearable patches, mobile apps, and ingestion sensors.Conditions for which digital tablets may be beneficial include:mental illnesses such as major depressive disorder, bipolar disorder, and schizophrenia.chronic conditions such as cancer, HIV/AIDS, and diabetes.conditions including opioid use following surgery and TB when adherence is crucial.
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	Fig 8(a) :Abilify MyCite Pills
	Fig 8(b) :Ingestible sensor pill


List of key players in Ingestible Sensors Market[77]

1. Otsuka Holdings Co., Ltd.
2. Medtronic
3. CapsoVision
4. etectRx
5. CapsoVision, Inc.
6. H.Q., Inc.
7. Proteus Digital Health
8. IntroMedic
9. JINSHAN Science & Technology
FUTURE CHALLENGES
The idea of swallowing a sensor with all of its electrical components is still a psychological hurdle, and ingestion-friendly sensors are still a relatively new idea. The gadget needs to be secure both when being used and when not. Additionally, it needs to adhere to ISO's criteria (ISO 10993, ISO 62304, and IEC 60601). Patient compliance and ease of use are essential. The wide geographic localization of the gastrointestinal tract is the extent of current devices. Electronic ingestible devices have substantial initial development expenses. Additionally, environmentally acceptable disposal methods should be taken into account [78,79].
CONCLUSION
The healthcare industry has undergone a change thanks to ingestion sensors. It presents intriguing opportunities to advance gastroenterological study. An indigestible sensor can enter the gastrointestinal tract and aid in the diagnosis of the illness. One of the main advantages of an indigestible tablet is that it remains stable in both basic and acidic environments. It can also be sent to a specified location. It offers patient cooperation and is simple to use. Recent developments that increase patient compliance and prolong the monitoring period by using a wireless system. The field of gastroenterology can make use of this technology.

It can be applied to customized medications. It can be applied to food consumption, salivary biochemical monitoring, and dental disease monitoring. It might help progress intelligent medicine and mobile healthcare in day-to-day living. Technological innovations like deep thinking, machine learning, artificial neural networks, and artificial intelligence could be applied in this area to benefit humanity.
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