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Abstract: pH is considered one of the paramount factors in bodily functions, because most of the
cellular tasks exclusively rely on precise pH values. The regulation of pH is a necessary feature of
the intracellular atmosphere and can be established as a strong indicator to judge a physiological
abnormality in most of the cases. In this context, the current techniques for pH sensing provide us
with the futuristic insight to further design therapeutic and diagnostic tools. Thus, pH-sensing
(electrochemically and optically) is rapidly evolving toward exciting new applications and
expanding researchers’ interests in many chemical contexts, especially in biomedical applications.
The adaptation of cutting-edge technology is subsequently producing the modest form of these
biosensors as wearable devices, which are providing us the opportunity to target the real-time
collection of vital parameters, including pH for improved healthcare systems. The motif of this
review is to provide an insight of trending tech-based systems employed in real time or in-vivo pH
responsive monitoring. Herein, we briefly go through the pH regulation in the human body to
help the beginners and scientific community with quick background knowledge, recent advances
in the field, and pH detection in cancerous environments. In the end, we summarize our review by
providing an outlook; challenges that need to be addressed and prospective integration of various
pH in vivo platforms with modern electronics that can open new avenues of cutting-edge
techniques for disease diagnostics and prevention.

Keywords: pH sensing; pH in cancers; pH & nanotechnology; wearable sensor; pH sensing
fluorophore; pH sensing microelectrode; pH — future trends

1. Introduction; scope and importance

pH —firstly associated with Walther Nernst’s theories describing the concentrations of hydrogen
(H*)/ hydronium (HsO*) ions that ultimately evolved into the logarithmic term “pH” by Soren
Sorenson, analogous to an ionic activity of H*/ HsO* [1,2]. Since then, pH is of great concern and
centrality to all life forms playing extraordinary roles in many chemical and biological processes;
therefore, it is exploited in a broad range of applications [3,4]. Explicitly, pH becomes more evident
in biological systems by continuously regulating the intracellular/extracellular environment; from
protein folding, enzymatic reactions to metabolic proceedings, and ionic transportation, where the
changes in pH highly affect these biochemical processes. Even small variations in pH values of blood
plasma, intestinal fluid, or cerebrospinal fluid (CSF) that are supposed to be regulated by body’s self-
buffering system, can affect cell proliferation and migration, apoptosis, and physiological disorders
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[4,5]. Similarly in brain homeostasis, pH role is well-understood in regulating the neuronal cells [6].
pH is an integral part to maintain the functioning and morphology of the living organisms in life
sciences, as intracellular pH (pHi) is responsible to maintain all the metabolomic processes of a cell
[7]. The imbalance in intercellular pH (pHi) values is protected from rapid and local changes by
intrinsic buffering capacity [8,9], which is comprehensively discussed in next section. For instance in
a cancerous environment, the cancer cells push to maintain pHi at physiological values; consequently
extracellular pH (pHe) becomes acidic, which is considered as tumor signature [10]. Also, one can be
very prone to have gastric ulcers, atrophic gastritis, and even gastric cancer, once the pH value of
gastric juice proceeds higher than 3.5 [11]. Making an early diagnosis and treatment of disease can
dramatically reduce the mortality and human suffering, therefore, acid-base disorders remain
significant factors in human physiology and the biomarkers detection shed from pH can provide us
a potent opportunity to diagnose and treat various disorders at their early stage. Hence, it is very
essential to monitor pH variations in vivo and real time to further explore its physiological roles in
above said disorders.

Precise pH values are an integral part for the execution of many human physiological functions,
therefore, the ionic activities of H*/HsO*ions are detected with the help of chemical and biochemical
tools called “biosensors” [1]. Itis of worth to note that the role of pH — regulation in biological systems
is very important; and pH-sensing has become an attractive area of research for many researchers,
because these sensors are non-destructive tools to detect pH in-situ or in real time environments [12-
16]. The progress in emerging biosensing technology have had a great potential and an influential
impact for pH monitoring, succeeding to generate an improved, rapid, and an accurate screening of
pH by means of biosensors. With the passage of time, pH sensing is becoming more sophisticated
with the development of cutting-edge instrumentation. pH measurements, accompanied by some
other metabolites, are the most common and frequent evaluates for quality control in biomedical
applications. Because, in clinical diagnostics, the detection of pH is the most significant parameter to
ensure the normal physiological conditions, hence, ensuring proper bodily functions [17-19]. So far,
different optical [12,13,20-28] and electrochemical [1,29-35] techniques are adapted to measure pH in
complex biological environments, depending on their reliability, feasibility and suitability to the
requirement. The frequent research and innovative designs have revolutionized biosensing
technology, which is rapidly evolving into the modest form of these biosensors called “wearable-
sensors”. A handy work is already done to design such biochemical sensors for pH monitoring in
biological field [36-38]. Where, the new era of cutting-edge techniques is providing the opportunity
to collect real-time physiological parameters in many conditions such as wound management and
sweat that makes the healthcare demands more reliable and accessible [39-46]. Wound management
is a complex practice, demanding careful considerations of various physiological parameters such as
pH, uric acid, ammonium ions, and temperature measurements. pH monitoring with other
parameters could be a useful mean in reflecting wound status, assisting in better cure and
management [46]. Likewise, sweat is considered to be very useful biological matrix, which contains
different biomarkers that help to obtain physiological information, thus pH is an important
parameter to be monitored in sweat [47].

Keeping in view the clinical significance of pH, we comprehensively summarize here the pH
regulation in physiological and cancerous environments, together with the intracellular and
extracellular representative pH sensors. Then, a detailed overview of trending pH sensing
techniques, including optical, electrochemical, and their wearable variants are discussed in-vivo or
in real life applications. In the end, modern pH sensors with current limitations, challenges and
futuristic outlook are concluded. To have the best understanding of this review, we provide here the
organizational and thematic components as depicted in Figure 1.
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Figure 1. Depicting the organizational and thematic components of pH regulation role and sensing.

2. pH regulation in human body

In human physiology, acid-base (pH) balance is responsible for the execution of various
biochemical processes [48]. All the metabolic functions are run by enzymes, where the changes in pH
highly affect the enzymatic processes. Even, the small variations in blood pH (acidosis; pH <7.35 and
alkalosis pH > 7.45) can cause in impaired enzymatic functioning; which consequent to many
physiological disorders [9,49-51]. Since, pH is considered one of the most significant factors in
human-body, therefore, various chemical-buffering mechanisms mainly containing proteins, work
simultaneously to neutralize the solution by absorbing and or releasing H*. The amino side groups
in proteins become NH?* by absorbing excess of H*and carboxyl groups become -COO- in case of
lacking H, respectively [49]. In this regard, carbonic anhydrase (CA) enzyme has influential role to
control the kinetics and location of the pH changes [8]. The pulmonary and the renal are the two main
systems that modulate pH using carbon dioxide and bicarbonate, respectively [8,52-54]. In former
case, the projection of CO: is utilized to adjust the body’s pH, but in latter case, the pH is regularized
through a complex system of nephrons that enable bicarbonate to be reabsorbed and or excreted in
urination process. It makes renal system to consume longer time for metabolic compensation rather
than minutes or hours, as in former case scenario [8]. Variations in pH of living body is obvious
(Figure 2) and different matrices like urine, sweat, saliva, and blood possess different pH values as
summarized in tabular form (Table 1). For instance, healthy skin retains the pH values between 4-6,
this acidic environment is provided by some amino acids and fatty acids that is helpful in bacterial
inhibition. Otherwise, bacterial proliferation may result in various associated diseases, such as
hyponatremia and hypernatremia, hypokalemia and hyperkalemia, heart disorders and cystic
fibrosis [55].

Table 1. pH values of human body fluids [5,8,51].
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Figure 2. pH values of the various organs in human body. Copy right image reprinted with
the permission from Ref. [50].

Similarly at cellular level, proton-activated chloride (PAC) channel acts like a low-pH sensor,
and is considered one of the regulators for dynamic-buffering systems. It is also revealed that PAC
channel promotes endosomal acidification through chloride ion cross-membranes movement [56].
Additionally, it was further explored that PAC is also involved in acid-induced cell death that leads
to various diseases such as ischemia, cancer, inflammation and brain injury.

2.1. pH in cancerous environment

Cancers are considered one of the lethal abnormalities in human evolution and despite
improved therapeutics, causing a large death toll all over the world every year [57]. To combat
cancer’s losses effectively, the hidden factors which play vital roles during the cancer metastasis must
be identified and addressed adequately. Tumor pH and metabolism are intrinsically related, and it is
evident from many studies that acidosis is clearly associated with the invasion/metastasis in many
systems [52-54,58]. It is revealed by Qi, Qj, et al. that deregulation in pHi is a common characteristic
of cancer cells and promotes cancer cell proliferation to evade apoptosis and metabolic adaptation
[54]. Also, a minute imbalance in pHi values pushes the cancer cells to maintain pHi at physiological
values through a complex mechanism of glycolytic process. They suggested that glycolytic
metabolism is the one that promotes tumor metabolism effectively, leading to the production of
excess acid and protons. Consequently, the extracellular pH (pHe) drops down; thus, pH gradient
inverted when compared to biological conditions, defining the gradient as an early event to provide
crucial cellular information regarding its aggressiveness and progression. Given the importance of
pH-associated cancer cell behaviors, the dynamics of dysregulated pHi help in triggering many
cancer cell activities, including apoptosis and metabolic adaptation [3,7,57,59].

2.2. Intracellular/ extracellular pH sensing

The role of pH is well understood in cellular metabolic processes and considered one of the
crucial parameters for the proper functioning and coordination of many intracellular organelles [58].
Overall, the mean intracellular pH (pHi) value is lower than pHe value due to the low concentration
of HCOs. As shown in Figure 2, every cell organelle retains its own pHivalues, which are frequently
administered due to the continuous inter-conversion of CO2 and HCOs [60] and can be construed in
the following equation (1):
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CO,+H,0 —— H,CO, + HCOy + H* 1)

The specific — pH values of each organelle changing from 4 to 8.2 are summarized in Table 2. For
instance, lysosomes and mitochondria have the lowest and highest pH values of 4.0 - 6 and 8 - 8.2,
respectively. Whereas, Golgi apparatus, cytosol, and nucleus possess the pH values of 6.4 — 6.8, 7.0 —
7.2, and 7.6, respectively [61,62]. Similar to that of body’s pH regulation system, the mixture of
phosphate ions also serves as a major buffering system in the intracellular fluid. The imbalance in
pHi values critically disturbs all the enzymatic reactions and metabolic processes of the cells once it
becomes acidic, thus it is neutralized by employing such body's self-buffering systems.
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Figure 3. (A) pH illustration of the different cell organelles and (B) COz, HCOs~ and the regulation of
pH. Copy right image reprinted with the permission from Ref.[8].

The dynamics of pHior intracellular pH are significant in regulating normal cell physiology and
the slight variations in pHi (7.2-7.6) make the cell to be polarized, remodeling actin cytoskeleton, and
migration [63]. Since, every organelle in the cell retains its own specific pH values, cell-messengers
like Ca? and cAMP are affected due to the change in pHi values; which are important in cell
activation, growth, and proliferation process [64]. Thus, monitoring of pH in cellular and enzymatic
functions could lead as a significant biomarker for many diseases detection [65]. Various in-vivo
techniques consisting organic probes and contrast agents are used to measure intracellular and
extracellular pH [54,66-68]. However, background noise and less sensitivity towards abrupt change
in pH values are some of the significant hurdles, which limit these techniques to be used in-vivo for
a long time and continuous monitoring of pH-related biological processes. Over the years,
researchers have mitigated these issues by developing a variety of pH-sensitive or responsive
nanomaterials (NMs), including inorganic, organic, and hybrids, targeting live pH for cell organelle-
specific localization monitoring [61,63,69,70]. Based on these NMs, various strategies are employed
to construct pH-responsive biosensors to capably distinguish the different acidic divisions in cell
organelles, such as early endosomes (pH 6.0-6.5) and lysosomes (pH 4.5-5.5) [53,71-87].
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Table 2. pH values of human cell organelles. [5,8,9,61,62].

Sr. # Cell Organelle Mean Range
i Lysosomes - 40-6
2 Golgi apparatus - 6.4-6.8
3 Cytosol - 7.0-7.2

Nucleus - 7.6
4 Mitochondria - 7.2-8.2
5 Intracellular fluid (ICF) 6.7 6.0-7.2
6 Extracellular fluid (ECF) 7.4 7.35-7.44

3. An overview of pH sensing techniques

Over the time, pH-measuring devices have been continuously evolved from glass electrodes to
test strips or even smarter tools [88]. The small dimensions of the fabricated sensing devices allow
them to measure pH in minute sample volumes in confined environments, such as brain fluids,
wound fluids, and proteins analytes for POC diagnostics [32]. When we talk about pH monitoring,
mainly it has been carried out with different techniques such as electrochemical and optical sensing
over the decades to provide quantitative determination of pH for diagnostic purposes. Each
technique used for pH monitoring is comprehensively reviewed in the following sections.

3.1. Electrochemical sensors

The development of electrochemical sensors has been implicated since long, pioneering from the
early 1900s to today’s high-tech configurations, including glass electrodes to ion-sensitive field effect
transistors (ISFET), respectively [1]. Although, the glass electrodes provide accurate and reliable
measurements for pH; however, they retain limitations to be miniaturized for in vivo studies, and
secondly, they repeatedly require calibrations that hinder their broader applications. ISFET or
extended gate (EG) FET based cutting-edge innovations have mitigated these drawbacks by
introducing smart nano-sensors. Based on potentiometric phenomena, ISFET or EGFET and chemo-
transistors are the most reported pH sensing devices in literature. These types of electrochemical
sensors usually interpret the potentials difference at the interface of electrolyte-transistor gate
produced by protonation and deprotonation reactions [82,89-92]. Also, potentiometric ISFET or
EGFET-based pH sensors possess huge advantages, including compactness due to cutting-edge
technique, durability for pH sensing rendering it promising for biomedical applications. Even ISFETs
are now exploited for microbial detection, for instance Chia-Yu et al. reported that bacterial growth
can be monitored based on the acidification process during bacterial metabolism [93,94]. Since, ISFET
is capable enough to detect ionic strength of an analyte, thus, it retains the potential to be exploited
in various diagnostic applications [95]. Principally, the pH shift in some biological reactions triggers
the enzymatic activities, which is then transduced by ISFET-based devices.

As a proof of concept, it has been used to detect H202in enzymatic reactions in lieu of glucose
conversion — by glucose oxidase (Gox) enzyme as shown in Figure 4 (A) to obtain a linear range of
pH from 1 to 11. Interestingly, a multiplexing array of 128x128=16,384 comprising dual-gated ISFET
(DG-ISFET) sensing devices was fabricated to allow a very high signal throughput. Such
configurations possess the ability to chemically amplify the enzymatic reaction’s signal, subjected to
the complete consumption of enzyme substrate. In this case, protons were obtained as a result of
enzymatic reaction (Gox in KCL) and catalyst FeSOs addition; where, Gox converted the substrate
into H202and FeSOu further transformed H20: through Fenton’s reaction. Thus, providing an excess
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of protons with 515% enhancement, which is evident in pH change (Figure 4 (B-iii)). As shown, the
device exhibited a linear voltage/current response for pH buffers ranging from pH 1 to 11, when
biased with top gate from 0 V to 2.0 V. It is of worth to note that all the data acquisition was obtained
by full devices -array scan in 2-3 sec, assuring that the platform retains a great promise for time-
dependent studies in biomedical applications. This phenomenon is advantageous when minute
volumes of analytes need to detect. Following that principle, recently an ISFET-based sensor was
developed (Figure 4 (C-E)), demonstrating to detect the human epidermal growth factor receptor
(HER?2) as a breast cancer biomarker [96]. Herein, poly-L-lysine, a positively charged polymer was
used on the gate (Ta205) surface to efficiently capture the cells. Images reveal the adherence of the
cells on the surface, even after pH calibration experiment. Further, HER2 on the BT474 cell membrane
was detected using urea—urease cascade containing secondary antibody. Enzymatic reactions
proceeded to produce ammonium ions (NH*) and HCOs- due to urea hydrolysis. Thus, the potential
change due to the NH* ions as a result of proton consumption or hydroxide generation of enzymatic
metabolic-end product gave rise to increase in sample solution pH. The proposed mechanism was
further exploited to quantitatively targeted biomarker subjected to net pH change at the ISFET gate.
Moreover, the enzymatic reaction rate at the ISFETs surface depends on the number of immobilized
enzymes under constant substrate concentration conditions. As a consequence, high-throughput and
highly sensitive detection of such biomarkers is valuable with ISFET-based electrochemical devices.
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Figure 4. A (i) Glucose oxidation mechanism and H20: production. (ii) working principle image of
H-ELISA. (iii) pH sensitivity in terms of voltage-current behavior of the device In set is the calibration
plot for pH 1-11. (iv) Reliability and repeatability data of the device in pH 7 and 8 buffer solutions. B
(i-iv) Biasing and sensing illustration of the device, chip image, and proton enhancement behavior
with and without FeSOu. Copy right image reprinted with the permission from Ref. [95]. (C) Schematic and
workin principle of ISFET. D (i-iii) pH evaluation using cell seeding on the device overnight. E (i-iii)
Experiment repeatability plot — pH variations vs time data in the presence of urea addition at bare
ISFET and ISFET in the presence of BT474 cell line, enzyme with secondary antibody. Copy right image
reprinted with the permission from Ref.[96].

The use of conducting polymers (CPs), such as polydopamine (PDA), polyvinyl alcohol (PVA),
polypropylene (PP), polyaniline (PANI), polypyrrole (PPy), and polyelectrolyte such as poly(sodium
4-styrenesulfonate) (PSS) is trendy to combine with nanoparticles (NPs) for the construction of pH
sensor substrates [29].
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Flexible fiber in a microfluidic arrangement was used as sensing assembly to produce
electrochemical readouts, either potentiometric or amperometric in mice brain [31]. The efficiency of
the developed sensing system was validated in-vivo by detecting lactate accompanied by pH sensing.
In a similar manner, PANI/MoS:/AN showed a remarkable potentiometric response, specifically
towards pH changes in the rat brain while overriding the interfering species[97]. The monitoring of
such brain-metabolites can provide useful information about the neurochemical dynamics, hence
could be used to monitor complex brain functions subsequent to neurological disorder’s diagnosis.

Shih-Cheng et al. reported flexible and porous pH sensor development by depositing PDA,
PVA and PPMMA with IrO2 NPs, revealing an excellent electroanalytical performance towards
sensing wide dynamic range of pH (2-12) with a good Nernstian response [29]. Similarly, Zea and
colleagues proposed a pH sensing ink formulated with the blend of PANI, PPy and PSS. The
developed NMs produced an improved sensitivity towards wider pH window (3-10) with the ability
to be miniaturized into a smart pH-sensing device that could be applied in healthcare applications
[34].

3.2. Optical-based pH sensors

The second most applicable technique for pH sensing is optical method, which transduces
interactive variations at devices — analyte interface; therefore, it is considered one of the safe
modalities in biomedical applications, especially for pH monitoring. Optical sensing possesses
number of advantages being cheap, rapid, better SNR, more facile in remote sensing, and very
effective in miniaturized real-time assessments. Nonetheless, chemical-based optical sensors have the
limitations such as temperature dependency, instability due to leaching and photobleaching of the
materials, nonlinear response to abrupt change in pH, and very narrow pH range, typically 2-4 pH
[25]. However, using blend of various dyes or some reference materials can overcome the above said
shortcomings and allow monitoring of wide range pH values [12,20,25]. Following are the details of
optical modes that have been explored since long in pH sensing.

3.2.1. Absorption/Visual-based pH sensors

Absorption-based pH sensors are the consequence of selective change of their optical properties
when they interact with the analyte. Spectral absorption technique is facile, non-invasive, and non-
destructive to evaluate the pH response more rapidly without adding some sophisticated
instrumentation in real-time analysis. This allows the variations in pH to be observed with naked-
eye corresponding to the pH material responses to the pH changes, resulting in different color.
Though, a comprehensive literature is reviewed by Andreas Steinegger and colleagues to provide a
complete informative package about optical-based pH sensing [12]. However, we go through the
recent updates in trending pH sensors that are typically being employed in biological applications.
Especially, the blend of organic-NMs retaining multisensing capabilities could be excellent choices in
prospective technologies. For instance, a colorimetric sensor comprising organic molecules boron
trifluoride (BFs) with curcumin as the carrier-recognition terminals 2,2-difluoro-4,6-bis(3-methoxy-4-
(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy) styryl)-2H-1,3,2-dioxaborine (DFCB) is
recently reported to evaluate pH in live-cell and zebrafish imaging. The quenching mechanism of
DFCB on H20:was confirmed by adding H20: in the solution to cleave the sensing group on DFCB,
and the matrix color changings and fluorescent quenching were observed due to
protonation/deprotonation phenomenon. The developed sensor successfully detected H20: along
with a wide (6-11) pH range [98]. Similarly, spiropyran-based cellulose nanocrystals (SP-CNCs)
nanosystem exhibited excellent pH-responsive behavior as well as photochromic and photo
switching properties. Because, the UV and Vis. irradiation makes SP-based derivatives to behave in
reversible color change, which results in displaying different colors at different pH values [99].
Similarly, optodes are another trending class and optically ion selective electrodes, merged as
promising sensing devices in optics quite a few years back. Mostly, 3-D scaffolds of optical material
are fabricated on a paper to provide real time 3-D resolution maps of the changings in target analyte,
such as the pH can be easily visualized in paper-based cultures. Being handy, economical, weightless,
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and compact; optodes are an excellent choice for pH sensing in real life/in-vivo/or live cell imaging
applications [100].

Fluorometric-based sensing is a promising technique retaining various advantages such as real-
time and noninvasiveness, and has emerged as a potent tool for sensitive pH monitoring in
physiological environment since long [39]. Since, fluorophores are important pH indicative tools for
bio-analytical study and organic dyes are one of the classical choices to develop fluorometric-based
pH sensors, either in situ or in vivo biological applications. Owing to their resolute scientific
importance regarding optical properties, considerable efforts have been made in the past to explore
such novel fluorescent molecules in the construction of pH sensors [22,23,101-103].

As described earlier, the monitoring of cell-organelles pH is of utmost importance to screen
many physiological disorders. For instance, fluctuation in pH provides information about cellular
homeostasis like mitochondrial impairment or acidic lysosomes, and fluorescence pH sensors
developed for such purposes require concurrent features, like mitochondrial-specificity,
biocompatibility, wide pH-sensitive range, and capable enough to track real-time pH variations in
cellular functions [61,70,104]. However, fluorescence probes providing quantification of target
analyte with single emission, often suffer from a variety of parameters such as interference, photo-
bleaching, probe molecule concentration, and optical distance that affect the real sample analysis.
One way to combat such factors ensuring reliability is to exploit the “ratiometric” approach, where
the variations in two or more excitations or emissions values are measured to detect pH. Owing to
its inherent reliability and precision, various ratiometric sensing probes have been developed to
monitor pH in cellular quantification [105-108]. Xin Zhan and colleagues developed a fluorogenic
sensing system by developing FR-TPP pH sensitive units (Figure 5) to trace mitophagy process [70].
Where, mitochondria targeting moiety triphenylphosphonium (TPP), a well-known mitochondrial
targeting carrier used in many therapeutic and diagnostic studies [105] and cell penetrating cyclic
disulfides (CPCDs) were anchored onto the silica NPs surface. Later, xanthene-modified
fluorophores (fluorescein and rhodamine B) were encapsulated in silica NPs (Figure 5-A) to provide
basic pH sensing at Aem ~ 520 and acidic pH sensing at Aem ~ 580, respectively.

The developed system retained ratiometric property for both environments; alkaline and acidic
pH at a single excitation wavelength (B (i&ii). In addition, broader range pH sensing (4 to 8) allowed
the researchers to construct an efficient mitochondrial live tracking ratiometric pH sensor (Figure5 C
& D), covering mitochondrial and lysosomal pH differences associated with the acidification and
fusion processes during the whole mitophagy.

Another study, demonstrated fluorescent dye-based pH detection system, where boron
trifluoride (BF) compound was introduced in center of the polyphenol curcumin (CUR). As shown
in Figure 6, UV absorption spectra demonstrate a red shift in the peak and a linear response towards
pH sensing was observed due to the transfer of [H*] from the phenolic groups of CUR.
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Figure 5. A Schematic illustration of (i) FR-TPP probe structure and pH sensing mechanism (ii) dual
color mitophagy tracking. B — (i) Dual color fluorescence changes with the proposed nanoprobe for
simultaneous pH sensing (Exci. 480 nm), ratiometric association between £520/f580 (iii) average size
(iv) TEM image of the as prepared probe. Image of the cells (MFC-7) captured by confocal microscope
at different time intervals when treated with probe and LDR under CCCR. D (i) TEM images of
MCE-7 cytoplasmic region under CCCP treatment (ii) pH variations under different treatments at
diverse conditions (iii) R changes demonstrating mitophagy behavior. Copy right image reprinted with
the permission from Ref. [70].

BFCUR retained low toxicity during intracellular pH monitoring [109], where the underlying
electron donating ability of BFCUR was in response to the increased proton transfer in alkaline
environment. Thus, the phenolic hydroxyl groups of BFCUR enhanced the intermolecular charge
transfer (ICT) phenomenon that led to a red shift in optical quantificationi.e., UV & fluorescence. The
authors performed various conformational steps by acquiring quantitative data set (A-B), and
subsequently, fluorescent responses of the as synthesized compounds were evaluated in cellular
matrix while incubating at various pH values (C, i-ii). The obtained results adequately confirmed the
practical suitability of BFCUR compound for biological applications.
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Figure 6. A (j, ii) Structures of BFCUR and the UV-vis spectra of the developed probe in the presence
of different pH values (5-10). The corresponding ratiometric calibration plot at A500/A650 against pH
values ranging from 5 to 8. B (i-iii) Colorimetric analysis between the CUR and BFCUR probes in the
aqueous and strip (pH values ranging from 5 to 9). Fluorescence spectra of the developed probe in
the presence of different pH values ranging from 5 to 9, where the excitation wavelength was 550nm
and the subsequent ratiometric intensities (Is) plot at 622/743 against pH ranging from 5 to 9. C) (i)
Fluorescence intensity data analyzed using Image J. (ii) Images of Hela cells in the presence of
developed probe (BFCUR) at pH values ranging from 4.5 to 7.5. Copy right image reprinted with the
permission from Ref. [109].

Bioresorbable materials are another important class of NMs being explored in biosensing
devices, particularly for in-vivo sensing systems. Because, these devices are directly in contact with
the target analyte or biofluids so, there is no need of second device to retrieve the data and hence,
excluding the surgery menaces [110]. Figure 7 explains the construction assembly of the sensing
system, where the porous silica membrane was fabricated using electrochemical etching of silicon
wafer and subsequently, annealed at 1000 °C to produce negative surface charge. Further, alternating
stacking was performed with two polyelectrolytes, namely poly(allylamine) (PAH) and
poly(methacrylic acid) (PMAA) labeled with pH insensitive rhodamine (Rh) material to develop pH
sensor. Here, they optimized and assembled odd layers of co-polymers stacking (PAH being on the
outermost layer) in the presence of Tris buffer (pH 8). When the pH decreased, the positive charges
attracted the negative charges (Cl- or H2POs- of PBS buffer) from the stack to regularize the swelling,
hence an increase in the photoluminescence intensity was observed. Hence, the change in the solution
environment increased or decreased the matrix distance between the polymeric layer and Rh. A linear
dynamic range of pH from 4 to 7.5 was detected due to the swelling/ shrinking phenomenon of
polymeric layers, where the developed sensor demonstrated accuracy over 100 hr. of continuous
operation. Further, the sensor was evaluated for real time pH measurement by implanting in the
hypodermis of back of the mice and provided very stable and satisfactory results. The degradability
of the developed sensor was examined, which fully degraded in one week during the animal implant
experimentation.

Chemically-treated fiber-optic (CT-FO) tip behaves like a smart biosensing device considered an
excellent choice in biological diagnostics as it retains the faster response times and potential to be


https://doi.org/10.20944/preprints202308.0186.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2023 doi:10.20944/preprints202308.0186.v1

12

miniaturized in advance biomedical tools (catheter, needle, endoscopy system, etc.), or other
technological domains. Due to invulnerability to electromagnetic interferences, FO-based biosensors
are potential area in pH drift in out-put signal. Also, it is more adoptable with modern
instrumentation, either in sensing. Recently, Junhu Zhou and colleagues reported the development
of such type for biosensor for pH monitoring [111].
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Figure 7. A (a) Thematic representation and working principle of PAH:Rh and PMAA:Rh coated
nPSiO2 fluorescence pH sensor. b) Depicts the main preparation steps for PAH:Rh and PMAA:Rh
coated nPSiO:z at PLGA substrate. c¢) Represents the images of different fabrication steps on PLGA
substrate. B) Demonstrates the photoluminescence analysis of the sensor in pH values ranging from
4 to 7.5, corresponding real-time intensity, and pH sensor’s performance on different substrates. C)
Representation of pH sensing set-up, stability of the developed system using both the substrates (Si
& PLGA) simultaneously underneath the synthetic skin for comparative analysis. Real samples
assessment of pH values ranging from 4 to 7.5 at optimized temperature of 37 °C and inset is the
comparative analysis in PBS and ISF. Copy right image reprinted with the permission from Ref. [112].

Fluorescein isothiocyanate (FITC) was chosen as an organic moiety to blend with tris(2,2" -
bipyridyl) dichlororuthenium(Il) hexahydrate Ru(BPY)s molecule and doped with hollow silica
nanofibers (hSNFs) (Figure 8 (A)). Further, it was integrated with optical-fiber, enabling a facile
efficient near-field fluorescence analysis. The developed system showed a linear range between pH
4-9. The sensor retained an excellent response time of less than 10 sec, whereas requiring minute
sample volume of 50 pL. The dual fluorescence hSNF biosensor was evaluated in extracellular pH
monitoring for practical application using human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs). The pH value was decreased from pH 7.5 to pH 7.3. Based on the
demonstrated results, the proposed fluorophores-doped devices are worthy to monitor pH in real
samples and complex analysis [111].

While in another study as shown in Figure 8 (B), hydrogel matrix was modified with pH-
sensitive dye. In this case, the developed sensor showed very fast response time of <5 sec, and further,
CT-FO biosensor was successfully evaluated in optimized and pre-adjusted pH values (between 7.4
to 7.5) of AMES’ medium to study the sensor's applicability in real sample environment [24].
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To make the fluorometric biosensor more efficient, new trends in biomaterials are being
explored. Conductive hydrogels, for instance, is also another class of biomaterials that possess great
prospective in the development of such biosensors.
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Figure 8. A The illustration of optical fiber tip set-up modified with hSNF for pH sensing. B) Schematic
for the hSNF and Ru(BPY)s microemulsion synthesis. FITC-APTES conjugation on the SNF surface,
hSNFs deposited onto the plasma treated dish C) (i) The optical spectra obtained at various locations.
The inserted figure indicates the IFITC/IRu(BPY)3 ratio at each location. The fluorescent spectra for
pH (ii) 5.0 and (iii) 8.0 buffer solutions in different cycles. D) (i) Images of the coated fiber collected at
different distances. (ii) pH measuring in different samples (i) tap water and hot water, ii) in cell culture
media of human cardiomyocytes iii) comparison of the developed system with commercial pH device.
Copy right image reprinted with the permission from Ref. [111]. E) The experimental set-up of fiber-
optic (FO) sensor for pH measurements. F) (i) The fluorescent spectrum of modified FO sensor (when
excited by an LED at ~470 nm) (ii) pH measuring capability in buffer solutions for pH values ranges
from 5 to 8.5 and the illustration of rapid response. G) (i) Time dependent response of the developed
system probe from pH 7 to pH 8 and vice versa within ~1 s. (ii) Luminescence spectra obtained at pH
8 for 20 minutes (when T = 40 °C. with the time intervals of 1 and 5 seconds. H) (i) Stability test for
the as prepared device at different pH values (6, 7, 8) after 1 minute and off after 16 minutes. (ii)
Comparative measurements in different pH values (5-8) with the developed pH sensor and
commercially available meter. Copyright image reprinted with the permission from Ref. [24].

4. Cutting-Edge Technology; Wearable pH Sensors

On the basis transduction systems, wearable pH sensors are becoming the applied form in real
world applications based on the following techniques:
e  Wearable electrochemical pH sensors and

e  Wearable optical pH sensors

4.1. Wearable pH sensors in real life applications

The evolutionary phases in computer technology have served the scientific community to
develop algorithmic tools and analyze them in various fields. The computational toolboxes have
started a new era of interdisciplinary sciences and gave rise to internet-of-things (IoT) to explore
innovative designs and applications. Thus, the synergy of material science and bio-electronics has
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played a vital role to address the diverse problems in healthcare applications by interlinking the
blend of enabling technologies, providing integrated platforms to foreseen wearable devices in POC
systems. In the current era, wearable-technologies are revolutionizing biochemical sensors design
and remarkably, more in applied form to better help and manage biomedical applications [16-
18,36,38,113-118]. A comprehensive overview is provided somewhere else describing the latest
updates regarding the advances in wearable pH sensors. Of them, wound management is becoming
clinically an exciting area, and wearable technology is promising to provide cutting-edge solutions
in clinical diagnostics and surgical wounds by exploiting various physical, chemical and biological
sensors [42,119,120].

¢  Wound Management

Wound management is another clinical complication growing fast world-wide. Monitoring of
wounds by means of elevated levels of various indicators, including temperature (T), pH, uric acid
(UA), and ammonium in wound exudate provide very useful information that can be translated to
understand wound physiology to deal with it more professionally. Thanks to IoT in the biomedical
field, this has been providing more sophisticated and wirelessly distant platform to manage
biological complications very effectively. Additionally, the developed systems also performed
combinative therapies by means of controlled drug release as well as produced electrical pulses for
tissue regeneration in the wound area [42-46]. In this regard, Figure 9 depicts an NFC-enabled smart
bioelectronics platform consisting interdisciplinary capabilities, including temperature and pH
sensing, drug delivery, acquisition of results, and most importantly, the device was wirelessly
powered, wound dressing, multiple sensors and antibiotic coated on polypyrrole (PPy) substrate [44].
While bottom of the system containing polyimide substrate with fabrication and integration of
disposable Conductive pads were provided to electrically connect the both layers. All the data
regarding change in pH, uric acid, temperature, and infected wound were successfully recorded and
wirelessly transmitted and translated by smartphone for analysis. The all-in-one design provided
satisfactory outcomes for wound management in terms of drug delivery and sensing various
parameters.

. (I) Serpentine wires @ 1GO/AuNPs @ PANI
Vad

QAgAGC @ Carbon

- @PPyidrg O AulPs
PDMS encapsulation: é © PVB with saturated NaCl
S
Pl substrate ® Pryicr [ Window
(ii) (iil) (iv)
With the
25 | —*— With voltage stimulation 391"+ With therap, 85} w:home::gra
—*— Natural release T 31— Without the) B
20 = = .
- 5 A
Z SAPA 78} \
15 .01 2\ X
2 336 X o
$.0 g \e A 10} A
8 2351/ ¥ ‘\ AR
+111 £
05 H ..#** 234 \> 68
350C000000000% \
00 3 i
i i
o 2 4 6 8 00 RETZFEE 123456
~ Time (s) Rau Day
it 50 |- (i0) (iii a0l (V) I Without drug delivery
g 260 [Temp] N with drug delivery
40 & =
= 50 £ w0 £60
L 0 3 8
3 0 £ o0 :
100 H £
3 0 < 900 s
150 y=-5.07x+1096.32 e
- io 880 R*=0.9994 20|
250 e
oLt 860
0 30 60 90 120 150 180 210 100 200 300 400 500 600 700 800 25 30 35 40 45 0 3 4 5 7 9
Time () Concentration (uM) Temperature (°C) Day

Figure 9. (A) Sensing patch and wound management dressing illustration, comprising various sensors
for temperature, uric acid and pH monitoring. Smart phone provides the power as well as monitoring
and receive the data B (i) The pH sensor with the pH value changing from 9 to 3. (ii) Uric acid linear
determinations subjected to variations in pH (iii) temperatures (iv) The wound healing data with
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respect to drug — present/ or absent during treatment. Copy right image reprinted with the permission

from Ref. [44].

Similarly, Figure 10 (A) depicts the construction of smart bandage comprising various
compartments such as pH and temperature sensors, microheater, hydrogel patch encapsulating drug,
and IoT to read the data and treat the wound [45]. Here, PANI led to potential output used for further
pH translation. The entire system was embedded in bandage, where the sensing and thermo-
responsive drug delivery data were obtained via the wireless module in electronic patch. Other
parameters, such thermoresponse, drug release, pH and temperature measurements were performed
(B-D), where the responses were up to the mark.
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Figure 10. (A) An illustration of the developed wearable patch for sensing and thermo-responsive
delivery of antibiotics, where the heater is shown in the top right corner. The e-module was fabricated
to connect the bandage data with electronic gears such as mobiles, computer and smart watch etc. B
(i-iv) represents sensor’s fabrication and characterization with pH sensing characteristics. C (i-iii) In
vitro antibiotic evaluations and drug release profile of the bandage and D (i-ii) the placement of
wearable patch on author’s hand and performance check. Copyright image reprinted with the permission
from Ref. [45].

Ehsan Shirzaei et al. [46] developed another smart wearable system to treat and monitor the
wound with the help of an integrated multimodal sensor array as shown in Figure 11. The smart
wearable patch was comprehensively evaluated for the monitoring of metabolic indicators and
antibacterial/ inflammatory activities. with carbon composite constructed as positive exchange
membrane while provided. Furthermore, the physical parameters such as mechanical flexibility,
stretchability, and adherence to the skin wound were tested in a rodent model, demonstrating that
the bioelectronics patch is fully biocompatible and a valuable addition in cutting-edge chronic wound
management.
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Figure 11. (A) An illustration of the developed wearable system for multiple sensing of various
parameters and chronic wound treatment. (B) The placement depiction of the developed sensing
patch on diabetic foot. (C, D, I, J) show the schematics of various electrodes for pH, uric acid, glucose,
ammonium and temperature sensing. Demonstration of drug release upon electrical stimulation and
finger-tip sized flexible sensing and therapeutic platform. (G, H, K, L) are the characterization data
showing the potentiometric and linear graphs for corresponding pH, temperature, and ammonium
sensing. Copy right image used with permission from Ref.[46].

Other than detection, pH responsive hydrogels employed in wound dressings also show a great
promise in wound management and regeneration. Because, hydrogels are bioactive materials that
encapsulate antimicrobial agents to promote wound healing subjected to pH variations. pH-
controlled environment is responsible for antibacterial activities of hydrogel materials by releasing
drug to kills proliferated bacteria [121].

e  Wearable sweat pH sensing

Sweat — is believed to be very useful biological matrix to obtain physiological information and
pH is an important parameter to be monitored in sweat [47]. Therefore, wearable technology is
rapidly adoptable area due to its promising features in sports health, healthcare and diagnostic
applications. From last few years, enormous research is presented in healthcare to target pH along
with some other vital parameters to monitor health indications [39-41]. For instance, Yitian Tang et
al. [41] proposed organic materials — free pH wearable sensor-based on WOs as an active material.
They discovered and exploited the intercalation phenomenon between lattice H* ions and WOs, which
increased the ion-exchange capacity due to the monoclinic to cubic phasal.transitions. This
phenomenon was further translated as pH measuring matrix. The typical electrochromic process led
to the reduction of Wé*to W5 subjected to the protons insertion, which turned WOs into cubic
hydrogen tungsten bronze (HxWO:s), causing to increase in conductivity as well.

Then, HxWOs-based sensing matrix was used to fabricate miniaturized electrode and used as
wearable sweat pH monitoring (Figure 12). As shown, the HxWOs-based matrix produced revocable
pH responses vs. time in the pH range of ~ 1 to 11, where the electromotive force (EMF) signal
decreased with the increase in pH values as WOsis dependent on the double injection/extraction of
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electrons and proton to the structure. The developed sensor showed an excellent behavior towards
pH sensing, when used in wearable configurations [41].
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Figure 12. (a-d) illustration of the different fabrication steps of the flexible pH sensor. (e-h) The
photographs of various modifications steps; sputtered Au, surface modifications, after proton
intercalation, and bending test. (i-n) Interference test evaluations, pH response graphs for normal and
different bendings of electrode, linear pH sensing curve (before and after sweat test), on-body
evaluations for the developed sensor, and a comparative analysis of pH measurement with
commercially available pH-meter and with the developed biosensor. Copy right image used with
permission from Ref.[41].

Composites of organic — inorganic materials are also a fruitful substrate choice for such modes
of technology, where, textile chemical sensing is another wearable beneficiary in healthcare industry
by collecting the vital parameters [122]. IrOx-based composites have been explored in many studies,
because these NMs composites possess a high sensitivity to pH in terms of their electrochemistry.
Moreover, PANI is used as positive exchange membrane for pH sensitive applications and thus, it
provides sufficient analytical performance when composited with metal/metal-oxides. For instance,
Federica and colleagues developed smart bandages for the real-time monitoring of wound pH,
correlating it with the wound-healing[123]. They fabricated two-terminal pH-sensing devices with
the help of polymer and IrO2 NPs, then integrating with the absorbent layer to ensure the continuous
delivery of wound exudate flow across the sensor area. Potentiometric transduction against an open-
circuit potential (OCP) provided a satisfactory data of 59 + 4 uA pH-. In further evaluations, it was
found that there was a peak potential shift in Ir.m/Ir1v redox couple, responsibly enabling the sensor
for pH transduction. Later, they developed a two terminal solid-state electrode to elaborate the pH
sensing mechanism. BY utilizing IrOx/ PEDOT:PSS electrochemistry, as acidic environment
promoted the reduction of Irv sites to Irum, causing the associated withdrawal of electrons from the
PEDOT:PSS film, leading to current flow across the film. Thus, sensing layer was embedded in
absorbent layer to construct a wound bandage, which successfully interpreted as pH range of 6-9,
sufficiently monitoring wound with unaffected performance from potential interferences as well as
workable in temperature range of 22 to 40 °C.
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A flexible pH sensor was reported using IrOx as the sensing film deposited on a PET substrate
in a roll-to-roll (R2R) process (Figure 13 (A)). The fabricated electrodes demonstrated a good linear
range of pH sensing between 2-13 with a Nernstian response of -60.6 mVpH-. Other
characterizations such as hysteresis, drift, fluctuation, and deviation test were performed to evaluate
the stability as well as the repeatability of IrOx-based pH sensor. Further, the fabricated electrodes
presented a suitable data from pH 4 to 9 when tested against a synthetic sweat [124].
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Figure 13. pH biosensors developed based on IrOx composites showing pH detection. Copy right
image used with permission from Ref.[124,125].

Similarly, PEDOT:PSS and IrOx NMs provided the pH sensing matrix due to the redox
chemistry of IrOx-complex as it exhibited Irw/Iriv redox couple, which ultimately triggered
PEDOT:PSS chain that extracted electrons from the polymeric (PEDOT:PSS) film, causing to current
flow across the film (Figure 13 (B)). The developed sensor possessed flexible nature, where it was
further fabricated as a fully textile pH sensor embedded in a bandage. Additionally, the sensing
evaluations were carried out in simulated wound liquid (exudate) using dynamic flow analysis to
validate its performance [125].

Various composites of organic/inorganic (NMs), metal/metal-oxide such as titanium dioxide or
titania-carbon (TiO2-carbon), and 2D-NMs (graphene/MXenes/CNTs) play a pivotal role in
advancing nanotechnology. Also, the blend of 2D-NMs with PANI retains potentials for pH sensing
and capable enough to be adopted in wearable technology. Further doping or laser treatments of
these NMs with organic moieties provide wearable gadgets with improved environmental stability,
responsiveness and reversibility [47,126-129]. Hydrogel formulation of such above said composites
is another facile approach to obtain the desired outcomes in wearable domain.

Recently [126], tannic acid-Ag-carbon nanotube-polyaniline (TA-Ag-CNT-PANI)-based
hydrogel was used to prepare sweat sensing platform, and employed to detect noninvasively pH and
tyrosine as shown in Figure 14 (A-E). Where, a pilocarpine-based iontophoretic system was also
embedded into the sensing patch to stimulate sweat secretion from human body. Being sensitive and
stable for pH and Tyrosine sensing, the integrated patch was capable enough to successfully detect
both the analyzing analytes, simultaneously in sweat matrix. The detected pH results were further
correlated to determine Tyr concentrations in various sweat samples, thus providing a reliable
mechanism to evaluate the device performance in terms of concerned biomarkers.
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Figure 14. (A-F) Sketch of the flexible 3-electrodes sensor, mass production of the screen printed
electrodes, performance in curved shape, open circuit potential responses (blue line) and pH
measurements (with the developed biosensor-solid red line, with pH meter red-dotted line),
repeatability & stability, and interferences evaluations.[126]. (G-]J) procedural representation of
PNIPAM/CMCS/MWCNT/PANI-based hydrogels, the resistivity change in the as synthesized
sensing matrix with respect to time, and the material loading/ unloading cycles. Copy right image used
with permission from Ref. [127].

It was concluded by the authors that the designed wearable sensing mechanism could be a great
addition in healthcare applications.

In another study [127] multiwall carbon nanotubes (MWCNTs)-based hydrogel was prepared
by compositing Poly(N-isopropylacrylamide) (PNIPAM), carboxymethyl chitosan (CMCS) and
PANI (Figure 14 (F-I)). The resultant CMCS/ MWCNT/PANI hydrogel (F-inset is the magnified
image) was thermosensitive as well as efficient in terms of pH sensing. CMCS and MWCNTs
provided not only the mechanical properties but also with the better conductivity and temperature
sensitivity (G-H). As shown in Figure 14 (I), the pH sensing was performed and the prepared
hydrogel offered great response due to the outstanding reversible or doping/de-doping nature of
PANI in the matrix, which is known as the best material for pH determinations. The increase in pH
values produced doping effects in the PANI matrix and vice versa, thus provided an excellent
performance of the hydrogel in terms of pH determinations.

Recently, organic electrochemical transistors (OECTs)-based pH sensors also became the choice
in cutting-edge technology owing to their promising capabilities, such as inherent signal
amplification and miniaturization ability [130-133]. Moreover, the modifications with highly pH
sensitive materials in gate and channel electrodes provide OECTs an edge to be more sensitive
wearable device. However, the proper functioning of OECTs devices solely depend on the
availability of enough electrolyte when using in wearable configurations. The probability of human
skin not providing enough sweat for OEC working may lead to false results, which limit their broader
applications. To mitigate this hinderance, researchers are exploiting the use if ion-gel. Figure 15
shows the pictorial representation of the developed (OECT-based flexible) pH sensor, where
PEDOT:PSS was used to modify the gate electrode. The blend of bromothymol blue (BTB), polymeric
network ([EMIM][TESI]) comprising lithium salts (LiTFSI) [BMIM][TESI]/PVDF-HFP were used to
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prepare pH sensitive materials for the channel modifications. Further, it was characterized employing
electrochemical technique that anionic/ cationic transportation due to the [BMIM]Y/[TFSI],
respectively caused de-doping of the PEDOT:PSS, thus providing pH sensitivity of up to 91 mA dec
at-0.4 V gate biasing; which was translated as the pH changes measurements from 2 to 9 [132].
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Figure 15. (A) Schematic illustration of sensor showing the modification of gate with PEDOT:PSS and
channel with ionic-liquid gel-based materials. (B) depicts the image of actual chip-based pH sensor,
contact angle, electrical characterization showing the gate biasing with the transconductance
property, and the pH response of the sensor with standard pH solution. (C) pictorial representation
of the OECT device, showing response towards pH variations. Copy right image used with
permission from Ref. [132].

Contrary to electrochemical and optical techniques, piezoelectric mass biosensors are another
emerging class to monitor pH. As, the frequency of conducting materials can also be affected subject
to pH change in sweat, which could be a facile way to analyze the pH in sweat. However, due to their
rigidity, these devices are limited to lab-scale pH detection. Scarpa and colleagues developed a pH
responsive sensor based on PEG-DA/CEA hydrogel, demonstrating swelling/shrinking capability at
several pH corresponding to resonant frequency shift. The proposed device retained pH range 3-8 in
artificial sweat formulation with satisfactory response with 12 kHz/pH unit. Such kinds of devices
are rare and could have a great potential to be integrated in modest form, such as wearable devices
for the desired applications [134].

5. Conclusion, challenges and future perspectives

We have comprehensively overviewed the pH regulation in physiological and cancerous
environments, together with the intracellular and extracellular representative pH sensors in the
review. Further, a detailed overview of trending pH sensing techniques, including optical,
electrochemical, and their wearable variants are discussed in-vivo or in real life applications. The
development of electrochemical sensors for pH sensing has been implicated since long, pioneering
from the early 1900s to today’s high-tech configurations, including glass electrodes to ISFET.
Similarly, the second most applicable technique, which has been conventionally explored for pH
monitoring is optical technique. In current hi-tech era, the advances in nanotechnology due to the
computational toolboxes have revolutionized the limits of existing fabrication methodologies of NMs
for new applications. It has led the modern science to understand the complex atomic variations,
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which helped to improve the futuristic diagnostic plans in patients by the virtue of nanotechnology.
This has led to the development of hi-tech NMs and thus, various synthetic strategies have been
adopted so far to harvest many wearable nanoplatforms for different biological applications. Because,
health nexus is the most important to retain the health of society and physiological monitoring can
provide detailed information about health conditions at individual level. Therefore, over the times,
blend of multidisciplinary toolboxes was employed to design and develop personalized health
monitoring systems or miniaturized wearable sensing platforms, which are becoming higher priority
for every individual now a day. Thus, great strides in the development of cutting-edge devices for
biomedical applications have been made [92], especially, localized-pH monitoring and regulation in
biological environment that persists in recent technologies that could open the new avenues in
biomedical applications [48,135]

Challenges

Despite of great efforts in the field of nanotechnology to develop state-of-the-art wearable
devices for pH monitoring, there are still some key challenges restricting their widespread clinical
use. Though, wearable-gadgets possess great potential of being smart, rapid, non-destructive, and
non-invasive biological pH monitoring tools, however they have some drawbacks as follow:

In terms of optical read outs, some of the key issues faced by absorptiometric pH devices are: (1) long-
term stability of optical-based transduction systems is restricted due to photobleaching of the
material corresponding to the temperature dependence. (2) While measuring pH of the analyte, the
ionic strength of the sample may have variations, depending on the relation between dye
concentrations and H*activity, causing to generate false response. (3) One of the key challenges is in
vivo measurements; performance degradation occurs during real biological samples analysis or even
more badly, when they move from lab to bench-side analysis. (4) Scattering effects; can also play a
vital role during pH read out and may cause to differ from the actual values. (5) Solubility in
immobilization matrices; it may produce inadequate complexation between the probe and target
analyte, thus can lead to leaching of material.

Overall, the trending wearable sensing devices face some of the key issues, including adhesion
and conformity of the material to the skin, interferences, devices should prone to adopt external
factors such as temperature and humidity, and they can counter or compensate these variations in
the results, accordingly. The wearable devices should have the comfort level when they have been
worn for a longer time. In case of sweat exploration for small molecule monitoring, the composition
of these analytes changes over the course of time, hence altering the pH values as well as other
electrolytes and biomarkers concentrations. So, there could be a chance for wearable sensors to
produce false results while used against sweat analysis.

Future perspectives

As we are living in the era of modern sciences, where researchers have recognized the emergence
of the modern sensing techniques by the virtue of nanotechnology, a variety of strategies has been
developed to achieve desired goals. The existence of bionic polymeric materials retains many
advantages as they are biocompatible and non-toxic, drawing the attention of scientific community
to design more facile and novel wearable/ flexible systems. Though, the development of “intelligent-
NMs” using modern synthetic approaches have made it possible to effectively achieve the desired
outcomes, however, there is still a compelling need in developing such systems possessing fully
automation and providing reliable information. This may be achieved by taking the advantages of
organic molecules to be blended with excellent inorganic agents that can evenly in contact with the
biomarker site to provide maximum effects.

Disruptive technologies like wearable, mHealth, and RWE have paved the way to make
diagnostic systems more profound, accurate and reliable. As, these technologies provide
administrative commands and sequels to monitor patients through electronic gadgets, e.g., mobile
and tablets etc. The growing interests and demands in digital technologies (digi-techs.) providing a
smart and effective platform in patients engagements, thus making Mobile health, electronic health
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records, and patient-generated data more reliable for wearable devices. At the moment, the
involvement of digi-techs is about 60%, which will be increased in coming years to influence the
performance of wearable tools. Moreover, the adaptation and utilization of such new high-tech
brands, including, artificial Intelligence (AI) would be another essential part to take wearable gadgets
up to more advanced level. The addition of Al is transforming every sphere of life and in future, it is
predicted to be capable enough to fully leverage the wearable technology’s benefits through more
R&D penetration, which is 25% at the moment in biomedical industries.
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