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ABSTRACT
The goal of my dissertation research is to develop injectable and implantable biosensors to
measure tumor pH to study cancer pathophysiology and effectiveness of treatments and
peritoneal infections using plain radiography. The pH in cancer tissues plays an important
role in determining cancer progression and treatment. Local acidosis is believed to be an
indicator of dormant regions that are more resistant to therapies, a contributor to metastasis
and influence immune responses. We are designing a hydrogel-based sensor that can be
injected into tumors during needle biopsy procedures and/or procedures to add markers for
image-guided therapies. The pH response of the hydrogels can be measured by length
changes using plain radiography. Hydrogel pillar structures were designed to measure
tumor heterogeneity using ultrasound and micro-computed tomography methods. The pH
sensor was extended to study peritoneal infections in peritoneal dialysis patients. During
infection, the pH of peritoneal fluid decreases and the pH could be used as a biomarker to
determine infections. An implantable peritoneal sensor was designed based on a hydrogel
pH sensor attached to a catheter and the sensor performance in vivo showed promising
results. The developed sensors can provide serial pH measurements at regions in the tumor
for studying cancers and peritoneal infections for early detection of infections.
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CHAPTER ONE
INTRODUCTION
We developed novel pH-indicating sensors that can be visualized by X-ray imaging
technique to measure local tumor acidosis and implant infections. X-ray imaging is widely
used in diagnosis and monitoring of many diseases and conditions; however, it is
essentially blind to local chemical concentrations which are critical for understanding the
local tissue pathophysiology and monitoring treatments. We have developed a new
generation of implantable and injectable sensors that enables noninvasive local chemical
measurements using X ray imaging, which is simple, rapid, and already acquired as part of
the standard of care and would enable physicians to measure local chemical concentrations
from routine radiographs. The developed implantable sensors used in our studies are based
on the pH responsive swelling mechanism of polyacrylic-acid hydrogels, where the
hydrogel swelling moves an embedded tantalum bead relative to a scale for simple readout
on X-ray. The sensors are small enough to be incorporated into various biomedical
implants on the market. Unlike other implantable sensors, these devices do not use any
electronics, battery, or telemetry which greatly improves reliability and makes it much
easier to develop, manufacture, and integrate into clinical applications.
I have worked in close collaboration with my colleague, Uthpala Wijayaratna, on
developing unique X-ray based sensors for different applications including injectable
tumor pH sensor to determine tumor acidosis, synovial fluid pH sensor for early detection
of hip infections (co-first author in journal article published in Advanced Functional
Materials, 2021 31(37), 2104124), peritoneal fluid pH sensor for early detection of
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peritonitis, and miniaturized the sensor for imaging tumor pH heterogeneity using an array
of hydrogel pillars using ultrasound and micro-computed tomography. We also worked on
developing sensors based on other biomarkers for different biomedical applications related
to infection and cancer including sensors for measuring carbon dioxide, C-reactive protein,
glucose, viscosity, moisture, and matrix metalloproteinases.
This dissertation focuses on three of the sensors for applications in cancer and
peritonitis; an injectable pH sensor to read local tumor extracellular pH using plain X-ray
to study breast cancer treatment effects; pH hydrogel pillar arrays to map tumor pH using
ultrasound and micro-computed tomography; implantable peritoneal fluid pH sensor
attached to a catheter to detect peritoneal fluid infection (peritonitis) during continuous
ambulatory peritoneal dialysis (CAPD). The following sections in this chapter cover some
background on cancer and peritonitis, it’s current challenges in diagnosis and treatment,
and the importance of developing X-ray visualized chemical sensors to overcome these
challenges.

1.1 Cancer
Cancer is a multigenic and multicellular disease that can arise from all cell types
and organs.1 By definition, cancer is the uncontrolled growth of abnormal cells in the body,
that can then invade adjoining parts of the body and/or spread to other organs (metastasis).
It is known to be the second leading cause of death globally and is estimated to account for
9.6 million deaths in 2018.2 Cancer can be caused due to inherited cancer genetics or
environmental factors such as undesirable chemicals, pollutants, drugs, foods, radiation. 1
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Treatment of cancers usually involve using a combination of treatment modalities
including surgery, chemotherapy, radiotherapy, immunotherapy.1,3
Carcinogenesis is the multistep process by which normal cells are transformed into
cancer cells. It is caused by genetic alterations (mutations) in the regulatory genes that
control cell proliferation, differentiation, and apoptosis.4 The genetic mutations produce
oncogenes with dominant gain of function and tumor suppressor genes with recessive loss
of function.5 The resultant cancer cells show alterations in cell physiology that is indicative
of cancer; cells with unlimited proliferative potential, self-sufficiency in growth signals,
insensitivity to growth inhibitory signals, evasion of apoptosis, sustained angiogenesis,
tissue invasion and metastasis.6 Uncontrolled cell growth or metastatic spread may occur,
eventually resulting in death of the individual. 7,8 Therefore, studying of cancer
pathophysiology would assist clinicians in making successful treatment decisions and
increasing patient survival rate.3
It is widely accepted that the extracellular and intracellular pHs in tissues affect the
function of cells and play an important role in cancer development and treatment.9
Dysregulated pH is another adaptive feature of most cancers, regardless of their tissue
origin or genetic background.10,11 In normal cells, the intracellular cytoplasmic pH (pHi) is
generally ~7.2 and lower than the extracellular pH (pH e) of ~7.4. However, cancer cells
have a higher pHi of 7.4 and a lower pHe of ~6.7–7.1, resulting in a reversed extracellular
pH gradient in tumors in comparison to healthy tissues. The lowering of pH in the
extracellular environment is mainly due to the production of acidic metabolites such as
lactate.12 Histological studies carried out by Thomlinson and Gray determined that human
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tumors grow around blood vessels and that the outermost cells beyond approximately 200
µm from blood vessels become necrotic.13 With increase in distance from blood vessel
wall, an oxygen tension gradient was found to develop across the layer of viable cells, due
to the high metabolic demand of cancer cells, abnormally formed and poorly functional
blood vessels, and the relatively long diffusion distances between blood vessels and cells. 14
Although reduced oxygen tension can be lethal for normal cells, many tumor cells adapt to
this condition by activation of the transcriptional factor HIF-1, which upregulates the
expression genes that are involved in glucose metabolism, cell survival, angiogenesis,
cancer progression and invasion.15 As a result of hypoxic conditions and high metabolic
+

demand, cancer cells show high rates of glycolysis, producing lactate and H ions, resulting
in the subsequent decrease in pH with distance from vessel wall.16,17 It was also seen that
while oxygen inhibits lactate production in most normal cells, promoting oxidation of
pyruvate to CO2 and H2O in mitochondria, cancer cells exhibit increased glycolysis
independently of the oxygen levels which is known as the “Warburg effect,” due to
activation of HIF-1 transcription factor.18 Thus, resulting in an increase in the amount of
+

acidic metabolites produced in tumor cells. Another major source of H ions results from
hydration of CO2 produced in the more oxidative tumor areas.11
In order to maintain an intracellular pHi compatible with the biochemical processes
typical of cancer cells, studies have shown changes in the expression and/or activity of
plasma membrane ion pumps and transporters that facilitate lactate and H+ efflux.10,19 The
generated protons are exported out of the cancer cells to the microenvironment by these
proton exchangers and transporters (ATPases, monocarboxylate transporters, carbonic
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anhydrase and anion exchangers). The disorganized tumor vasculature prevents efficient
+

removal of the accumulated H ions released into the exterior, thus resulting in a
heterogeneous tumor microenvironment with acidic regions typically in the range of 6.5 to
6.9 compared to ~ 7.2 to 7.5 in normal tissues.10,16
Acidification of the tumor tissues has been associated with cancer aggressiveness
including increased metastatic potential, angiogenesis, resistance to chemotherapy and
radiotherapy, and evasion from the immune system.12,20 Acidic pH increases the activation
of some lysosomal enzymes with acidic optimal pH and the expression of genes involved
with metastatic factors which facilitate cancer invasion and metastasis.12 In addition, the
presence of lactate has being found to enhance expression of hyaluronan and hyaluronidase
which are important components of increased invasion and metastasis. 21 The presence of
hypoxia and low pH may also increase expression of some angiogenic factors which
promote vascularization leading to increased tumor growth and metastasis. 22 The acidic
microenvironment also alters tumor response to various treatment strategies such as
radiotherapy and chemotherapy. Resistance to radiotherapy at low pH has been proposed
to be due to the antioxidant properties of lactate and prolonged radiation-induced G2 arrest
of the cell cycle, which results in increased DNA damage repair.23,24 During chemotherapy,
the acidic pH increases the uptake and efficacy of weakly acidic drugs (such as
cyclophosphamide) but decreases that of weakly basic drugs (such as doxorubicin and
vinblastine).15,25 The acidic environment causes protonation of the basic drugs, not
allowing them to cross the plasma membrane which results in an accumulation of the drugs
in the acidic tumor microenvironment. Low pH may involve in inhibition of immune
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function due to the presence of lactic acid which has being shown to impair immunity by
inhibiting leukocytes and chemotaxis. In addition, it hinders proliferation and cytokine
production of human cytotoxic T lymphocytes and suppresses the T-cell response to tumorassociated antigen.26,27 Thus, studying tumor pH will provide a useful way of determining
cancer pathophysiology and tumor progression.
Currently, various imaging modalities have been developed for measuring tumor
pH using medical imaging techniques such as Magnetic Resonance Imaging (MRI) and
Positron Emission Tomography (PET).28 MRI is widely used as a routine diagnostic tool
in modern clinical medicine using MRI contrast agents such as paramagnetic gadolinium
(Gd3+) chelates.29,28 MRI using specialized coils are able to measure pH using injected 31P
or

13C-carbonate

contrast agents, however this technique is expensive, and sensitivity is

low.28,30 PET imaging is characterized by a high sensitivity and limitless penetration depth
and allows absolute quantification of the concentration of the injected tracer. PET using
11C-

dimethyloxazolidinedione partitions into high pH regions in order to image tumor pH,

allowing indirect measurement of pH.31 However, the technique is not surface specific and
lacks resolution for this application.32 Therefore, even though all of these methods have
produced quantitative measurements during in vivo studies, the accuracies of these
measurements are questionable.28,32 The drawbacks of these methods are that they are
either invasive (e.g., biopsy), expensive, slow, and not widely available. Therefore, it’s
important to develop non-invasive and readily available method to measure pHe in tumors
to monitor and study tumors.
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1.2 Peritonitis
Peritoneal dialysis (PD) is a model of renal replacement therapy for the
management of end-stage renal disease (ESRD), which is the irreversible decline in a
patient’s kidney function.33,34 PD is an alternative to hemodialysis that uses the peritoneal
cavity as a compartment to accommodate the dialysate. Out of the modes of peritoneal
dialysis available, continuous ambulatory peritoneal dialysis (CAPD) is an extremely
popular treatment modality for ESRD, with several advantages such as simplicity in use,
improved quality of life enabling patient mobility and independence, and maintenance of
residual renal function.35,36 During CAPD, a permanent catheter is introduced into the
peritoneal cavity of the patient and a plastic bag containing the dialysis solution is attached
to the catheter on the outside (exit site).37 The dialysis fluid is then allowed to flow into the
peritoneal cavity through the catheter and the time the dialysate remains in the peritoneal
cavity is known as the dwell time.38,39 During the dwell time, there is exchange of solutes,
water, uremic toxins from blood into the dialysis solution, through the peritoneal
membrane which separates the patient blood from dialysate solution. The dwell time is
variable (usually around 4 hours), and it is repeated periodically within 24 hours.38
A major complication of peritoneal dialysis is the development of peritonitis which
are infections of the peritoneum.34,40,41 According to the USA CAPD registry, 57% of
patients develop at least one episode of peritonitis within the first year of PD. 42,43 The
mortality for an episode of peritonitis is 5% and is a cofactor for mortality in another 16%
of affected patients.44 Repeated episodes of catheter-related peritonitis may cause technical
failure in PD patients.34,38,45 Peritonitis can cause severe pain and lead to hospitalization,
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catheter loss, and common cause of death in PD patients and therefore is a serious
complication for PD patients.34,35,38
Development of peritonitis during CAPD is mainly by touch contamination during
bag exchanges and catheter related infections.39,44 Use of plastic bags and development of
improved connecting sets, such as the Y connectors, has significantly reduced the
peritonitis rate due to touch contamination.39,46,47 However, catheter exit sites frequently
become colonized by bacteria.39,48 The catheter in PD patients provide a pathway for the
entry for microbes into the peritoneal cavity, either along the outer surface of the catheter
(pericatheter) or intraluminally through contamination of the dialysate.33,43,49 The most
common pathogens are coagulase-negative staphylococcal species, Staphylococcus
epidermidis and Staphylococcus aureus, which are responsible for 50% or more of
infections.41,44,50 The catheter surface provides a surface for the attachment of microbes
and development of biofilms on the catheter.51,52 Biofilms are groups of microorganisms
in which cells stick together on a surface; these adherents are attached within a selfproduced matrix of extracellular polymeric substances consisting of extracellular DNA,
proteins, and polysaccharides.53,54 Compared to planktonic bacteria, biofilm protects the
microbes against antibiotics and the host immune defenses, thereby showing increased
resistance to common antibiotics.43,54–56 Recurrent peritonitis requires frequent removal of
the catheter or the patient need to be transferred to hemodialysis. 39,48 Therefore, with the
decreased immune defenses of ESRD patients, peritonitis is a serious complication for
patients undergoing CAPD and limits the continuation of CAPD over long periods.34,38
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Diagnosis of peritonitis involves clinical features such as abdominal pain, fever,
cloudy appearance of dialysate. Samples of the dialysis effluent would be tested for WBC
count (>100 WBCs/μL), differential (>50% neutrophils), Gram stain, and bacterial culture
before administration of antibiotics.34,38,44,57 If diagnosed early, peritonitis can be treated
with antibiotics to eradicate infection.44 However, early diagnosis of peritonitis is
challenging since symptoms can be vague and lack of specificity in the tests for peritonitis.
In order to assess for infections, the peritoneal fluid needs to be aspirated by direct
peritoneal fluid aspiration (paracentesis) or aspiration of fluid from the PD catheter itself,
which increases the risk of contamination and infection at the time of collection and are
often difficult to obtain for various reasons. The procedure for direct peritoneal aspiration
involves removal of a sample of the fluid from the peritoneal cavity using a needle and
syringe. The collection is performed using sterile technique and under direct ultrasound
guidance, however, there is still a chance of direct contamination through a break in
sterility or through direct puncture of the surrounding bowel. Routine aspiration of fluid
from the PD catheter is also sometimes not practical due to the presence of proprietary caps
and difficulty in obtaining a considerable amount of fluid without flushing first, which
would affect the measured biochemical markers of the peritoneal fluid collected and ability
to obtain a suitable culture. Another complication is that direct bacterial cultures take 1-3
days to yield sufficient growth for characterization and often result in false negatives for
infection.34,44 Blood levels of inflammatory markers such as C-reactive proteins (CRP) can
be measured , however, at early stages of local infection, the systemic inflammatory
markers are not specific or sensitive to peritoneal infection.58 Recently, commercially
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available multiplex polymerase chain reaction (PCR) panels, real-time PCR systems,
matrix-assisted laser desorption/ionization time of flight (MALDI/TOF) can provide
results on species identification in a short time (1 hour).59 However, these methods are not
readily available in all clinical settings. Inadequate or delayed treatment of peritonitis
through antibiotics to eradicate the biofilms may result in technique failure, peritoneal
membrane failure, sclerosing encapsulated peritonitis (SEP), or even death. 34,60,61
Therefore, early detection and initiation of treatment is key for overall treatment success.
1.3 X-ray visualized chemical sensors
Physicians routinely use X-ray imaging to image anatomy and associated
pathologies because they penetrate through deep tissue and show contrast between air, soft
tissue, bone, and metal hardware.62 Techniques which detect X-ray attenuation in a sample
are X-ray projection imaging and computed tomography (CT). For monochromatic X-ray
radiation, as the X-rays propagate through tissue (Figure 1.1a), the intensity of X-rays
decreases according to the Beer-Lambert law as shown in Equation 1.1, where I is the
transmitted intensity, I0 is the incident intensity, l is the path length, and µ is the sample’s
linear attenuation coefficient for a given X-ray energy. Conventional projection X-ray
imaging uses a polychromatic X-ray source and measures the average transmittance of all
X-ray energies.

I = I0e-µl

(Equation 1.1)

The linear attenuation coefficient (µ) is dependent on the X-ray beam photon
energy (E), electron density of the material (ρe), and the effective atomic number of the
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material (Z). It can be approximated as the sum of Compton scattering and photoelectric
contributions as in Equation 1.2:

𝜇= 𝜌

𝑒 (𝑎+

𝑏𝑍3.8
)
𝐸3.2

(Equation 1.2)

In the equation, the term a is associated with scattering (weakly dependent on energy level)
and term b is a constant related to absorption.62 X-ray attenuation is larger for electrondense materials for each photon energy, and it increases with increasing atomic number
and decreases with increasing incident X-ray energy. Figure 1.1b shows the variation of
mass attenuation coefficients (μ/material density) with photon energy. Inner orbital
transitions result in sharp step-functions in the absorption and scattering coefficients. At
high X-ray photon energies (around 100 keV and greater) the mass attenuation coefficients
of bone, muscle, and fat become similar and are dominated by the scattering component.
During X-ray imaging, collimation of the X-ray source and collected X-rays is
necessary to remove scattered X-ray photons to provide high spatial resolution. Narrower
collimation will reduce scatter and wider collimation will lead to an increase in X-ray
scatter. However, collimation results in reduced intensity of the collected signal. Antiscatter grids are used to reduce the fraction of scattered X-rays that reach the detector. An
X-ray attenuating material such as lead is commonly used in anti-scatter grids, allowing
primary photons to pass through grid plates while scattered X-rays will more likely be
stopped by the plates of the grid. By limiting the amount of scattered radiation reaching the
detector, anti-scatter grids improve the quantity of diagnostic medical X-ray images.
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(a)

(b)

Figure 1.1: (a) Schematic showing projection of X-ray imaging. (b) Variation of mass
attenuation coefficients for various elements and tissues with photon energy (on a log–log
scale) (B: bone, M: muscle, F: fat). Reproduced with permission from Reference 62,
Physical Chemistry Chemical Physics, 2012.

12

An X-ray based sensor inserted during surgery would be painless, rapid, noninvasive, inexpensive, enable serial measurements at the same location (or locations for
comparative local analysis) and fit with current standard of care. However, it is essentially
blind to local chemical concentrations which are critical for understanding the local tissue
pathophysiology and monitoring treatments. Local biochemical information such as pH are
critical for studying, detecting, and monitoring pathologies associated with tumors and
implant-associated infection. Other forms of medical imaging and tomography can be more
chemically specific, with sophisticated acidoCEST MRI able to image pH e in tissue after
injection of a contrast agent,63,64 certain PET markers28 able to detect regions with low pH
based upon increased rate of partitioning, but unlike X-ray imaging these approaches
remain expensive, specialized, slow, and unlikely to be translated into routine practice for
the majority of the world. Other methods of pH sensing; microdialysis is irritating and not
realistic in patients, and pH electrodes usually work based on measuring electrical current
through the high impedance electrode, which makes them notoriously susceptible to drift
and biofouling, unlike equilibrium-based sensors.65
The sensors discussed in this dissertation focuses on developing sensors that robust,
noninvasive, and readily available methods to measure pH in tumors to study
pathophysiology and monitor drug response and in peritoneal fluid to detect infections
early. The sensors developed are based on stimuli responsive hydrogels. which are waterswollen biomaterials which can expand or contract in response to various physical and
chemical stimuli.66,67 Hydrogels are cross-linked hydrophilic polymers that can contain a
large amount of water.67,68 By incorporating functional groups, a hydrogel can be made
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stimulus sensitive which can undergo volume changes in response to changes in
stimuli.67,68 These stimuli can be pH, temperature, light, ion concentration or electric field.
Biomedical applications of stimulus-sensitive hydrogels include controlled drug delivery,
sensors, and actuators due to their good biocompatibility.67,69 Hydrogel-based sensors
usually consist of a particular stimulus-sensitive hydrogel, which is used as sensing
element, and a transducer to convert the swelling of the hydrogel. 70 In the presented
research, a pH responsive hydrogel based on polyacrylic acid was used for the studies and
radiopaque markers were incorporated in the hydrogel in order to determine length changes
radiographically.
1.4 Description of dissertation
Chapter 1 introduces the hypotheses for the research presented in this dissertation
and explains the significance of research followed by a brief description of the research
explained in each chapter. We cover X-ray based sensors for average pH in tumors, pH
imaging in tumors, pH during peritoneal dialysis infection, and briefly discuss future
directions for other analytes and applications.
Chapter 2 describes the development of an X-ray based tumor pH sensor for the
noninvasive measurement of local pHe in a tumor in a location biopsied and used for
diagnosis using X-ray imaging technique, which could augment medical imaging in
preclinical research and change clinical oncology practice.
Chapter 3 describes an ultrasound /micro-CT based sensor to map pH in tumor
microenvironments. Polyacrylic acid-based hydrogel pilar arrays were synthesized and 3D
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imaged using micro-CT and ultrasound. The sensors have the potential to be used to map
tumor pH in vivo.
Chapter 4 describes a peritoneal fluid pH sensor in order to detect peritoneal fluid
infections early using X-ray radiography. The pH sensor will be attached to a catheter and
implanted in a rat infection model. The sensor enables successful measurement of
peritoneal fluid pH for the early detection of peritoneal fluid infections. A local sensor at
the site of infection would help to remove these concerns and allow for early detection of
infection to facilitate prompt treatment.
Chapter 5 provides an overall summary of the research, discusses the research
hypotheses and the conclusions to the hypotheses, with the implications of the research.
The chapter is concluded with potential directions for future studies.
Overall, we show the development and validation of X-ray based sensors to study
disease conditions and monitor response to treatment. The sensors enable functionalization
of plain radiography to provide local chemical measurements using ubiquitous
infrastructure and standard of care procedures.
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CHAPTER TWO
DEVELOPMENT OF AN INJECTABLE HYDROGEL-BASED pH SENSOR TO
MEASURE LOCAL TUMOR pH
2.1 Abstract
We report the first injectable pH sensor to be read by X-ray imaging technique to
measure pH in tumors, noninvasively, using a polyacrylic acid-based hydrogel. The
extracellular pH (pHe) in tumor tissues is heterogeneous with acidic regions (~pH e 6.5 to
6.9) compared to normal tissue pH ~7.2 to 7.5. due to increased anaerobic glycolysis and
poor clearance of metabolic acids such as lactic acid. As a result of this acidity, tumor
tissues show more resistance to chemo- and radiotherapy, contribute to metastasis, and may
influence immune responses. Therefore, pH monitoring in tumor tissues by the developed
sensor can be used to study cancer pathophysiology and treatment effects. The sensor
consists of a pH responsive polyacrylic acid hydrogel which decreases in length at low
pHs. The sensor design includes a hydrogel with a radiodense tantalum bead embedded in
it and inserted into a porous sleeve, which all fitted inside a breast cancer biopsy marker
needle which is used to inject the sensor into the breast tissue. At low pH of tumor tissues,
the hydrogel contracts, causing the tantalum bead to move and the extent of motion of the
bead is determined using X-ray radiography. The effective acid dissociation constant (pKa)
of the hydrogel was 5.56 and showed a repeatable response to pH cycling between pH 6.5
to 7.5 in bovine serum, most relevant to tumor acidosis. Measurement of pH by the
developed sensor would enable to monitor disease response to treatment and track tumor
progression.
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2.2 Introduction
Breast cancer is the most common cancer diagnosed among women, accounting for
nearly a quarter of all cancers in women.1,2 Neoadjuvant therapy is the standard of care for
locally advanced breast cancer, but unfortunately is unsuccessful in many cases, in part
because physicians do not know whether a given chemotherapy is effective until several
rounds of treatment. In 2018, about 30% of cases were fatal and the number of deaths due
to breast cancer was 626,679, globally.3 Cancer patients and their care teams need better
tools to select the most effective treatment for individuals and to avoid morbidity and
mortality from treatments that are ineffective or become so during use. 4,5 Since the
effectiveness of therapy depends on the individual’s cancer, a key objective has been to
find early indicators for response-guided therapy. Response-guided treatment aims to do
this by monitoring some form of physiological response after just one or two treatment
cycles before results become evident from tumor growth.6,7
The pH in cancer tissues plays and important role in determining progression and
treatment of cancers.8 It is widely accepted that the extracellular and intracellular pHs in
tissues affect the function of cells and play an important role in cancer development and
treatment.9,10 Dysregulated pH is an adaptive feature of most cancers.11,12 In normal cells,
the intracellular cytoplasmic pH (pHi) is generally ~7.2 and lower than the extracellular pH
(pHe) of ~7.4. However, cancer cells have a higher pHi of 7.4 and a lower pHe of ~6.7–7.1,
resulting in a reversed extracellular pH gradient in tumors in comparison to healthy tissues.
The lowering of pH in the extracellular environment is mainly due to the production of
acidic metabolites such as lactate.13 The local acidosis of the tumor tissues has been
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associated

with

cancer aggressiveness

including

increased metastatic

potential,

angiogenesis, resistance to chemotherapy and radiotherapy, and evasion from the immune
system.10,12,14 Numerous approaches have been proposed to neutralize the local tumor
pHe15,16 either through direct buffering (oral HCO3-),17,18 and inhibiting proton transport,19
or glycolysis.20 Many of these have shown promise for local reduction of metastasis and/or
improving drug response. Currently, various imaging modalities have been developed for
measuring tumor pH using medical imaging techniques such as Magnetic Resonance
Imaging (MRI) and Positron Emission Tomography (PET).21–23 The drawbacks of these
methods are that they are either invasive (e.g., biopsy), expensive, slow, and not widely
available.24 Therefore, it’s important to develop non-invasive and readily available method
to measure pH in tumors to monitor and study tumors.
We developed a non-invasive technique to track tumor progression and
effectiveness of treatments in vivo, using an injectable hydrogel pH sensor. The injectable
hydrogel sensor will non-invasively measure pH in tumors using plain radiography which
is inexpensive and readily available in most of the hospitals and medical institutes. In
medicine, radiography is used to detect and treat diseases and provides an ideal way to
image anatomical features noninvasively.24,25 It is ubiquitously available in most of the
medical institutes and hospitals which allows physicians to observe anatomy rapidly and
routinely to follow orthopedic conditions. However, radiology cannot be used directly to
measure biochemical concentrations and it insensitive to small changes because they have
no contrast against the tissue.25 Herein, we are developing a simple approach that will
enable plain radiography to be used to detect local biochemical concentrations
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noninvasively using a hydrogel-based biosensor.26 A biopsy marker needle can be used to
inject the hydrogel sensor at the desired site. Biopsies are procedures where a small amount
of the tissue is removed from a site in order to be analyzed for disease conditions.26,27
Biopsy needles are used to place biopsy markers (Figure 2.1) in breast tumors when
performing biopsies to mark the location for radiographic tracking during adjuvant therapy
and to ensure that the primary tumor is resected during the surgery that follows the
therapy.22 However, biopsies are usually simple fiduciary markers that are imaged in
radiographs and cannot measure biochemical concentrations.

a

Figure 2.1: Photographs of: a) 14-gauge biopsy needle for implanting biopsy markers after
specimen removal. b) Biopsy marker (length-2 mm).

Our novel approach is using biopsy needle already used clinically, to inject a
polyacrylic acid-based injectable hydrogel sensor to measure pH in tumor tissues using X-
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ray imaging technique. The sensor will consist of a porous polycarbonate sleeve holding a
pH-responsive hydrogel with an embedded radiodense tantalum (Ta) bead, all fitting within
a breast cancer biopsy marker needle (Figure 2.2). The hydrogel is pinned at one end with
a radiopaque wire and another wire marks the pH 7 position of the hydrogel. The
polyacrylic acid-based hydrogel is responsive to pH and will contract at low pH and expand
at high pH. In tumor tissues, due to the acidic nature of the tumors, the hydrogel will
deswell, causing the Ta bead to move within the sleeve, and this motion can be measured
with plain radiography. The needle provides a convenient way of delivering the sensor to
the target tumor tissue, and the sensor will be using plain radiography as the imaging
technique which will provide a noninvasive method of determining local tumor pHe.
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Figure 2.2: a) Schematic diagram of the injectable hydrogel sensor to measure local tumor
pH. b) Mechanism of pH sensing of the hydrogel. c) Schematic diagram of the injectable
hydrogel sensor at pH 5 and 8. d) Sensor design with pinning wire, Ta bead and pH 7
reference wire.

2.3 Materials and Methods
2.3.1 Materials
Acrylic acid 99% (Sigma, USA), anhydrous, poly(ethylene glycol) diacrylate with
average Mn 700 (Sigma, USA), N,N-dimethyl formamide (Sigma, USA), phosphate buffer
saline (Sigma, USA), n-octyl acrylate containing 400 ppm MEHQ as inhibitor (Scientific
Polymer Products, USA), 2-oxoglutaric acid (Wako Pure Chemical Industries Ltd, USA),
Reference standard pH buffers ranging from 2 to 11 (VWR Analytical, USA) were used as
received. Bovine serum was obtained from Lampire Biological Labs, Pipersville, PA.
Tantalum beads (0.394 mm diameter) were purchased from X-Medics, Frederiksberg,
Denmark. Tungsten wire (diameter 0.26 mm) was purchased from McMaster-Carr, US.
MCF-7 cells were obtained from Dr. Tzeng’s lab. For the animal studies, two nude rats
(one male and one female) were purchased from Envigo (Indianapolis, IN).
2.3.2 Synthesis of pH sensing hydrogel
The hydrogel was prepared by free-radical co-polymerization of acrylic acid and noctyl acrylate (n-OA) as the monomers, poly(ethylene glycol) diacrylate (M n 700) as the
crosslinker and 2-oxoglutaric acid as the photoinitiator, with dimethylformamide (DMF)
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as the solvent. The solution is placed in a transparent tube and polymerized under 365 nm
UV irradiation for 6 hours. Part way through polymerization, a tantalum bead will be
embedded in the end of the gel. The resulting hydrogel films were washed with 70%
ethanol. After synthesis, the gel is removed, rinsed for several days to leach any unreacted
monomers and photoinitiator.

2.3.3 Fabrication of injectable tumor pH sensor
The hydrogel is placed in a 1 mm diameter, 5 mm long polycarbonate casing and
one end of the hydrogel will be fixed to the tube with a tungsten wire. Another tungsten
wire will be used to mark the position of the hydrogel at pH 7 which will act as the reference
position (Figure 2.2d).

2.3.4 Calibration of pH sensing hydrogel
Hydrogel samples were fully immersed in a series of standard pH buffers ranging
from 2 to 11 at room temperature (25 °C) and their size was measured photographically
using the ImageJ software package. Bovine serum (Lampire Biological Labs, Pipersville,
PA) was adjusted from pH 5-10 and the response of the sensor to pH changes in the bovine
serum was studied. Prior to the experiment, bovine serum was thawed and degassed by
incubating in a water bath at 60 ˚C for 1 hour. The pH of the bovine serum was then
adjusted by the addition of 1 M HCl, or 1 M NaOH as needed to reach the desired pH to
be tested. The pH was measured using a pH meter (Orion™ PerpHecT™ ROSS™
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Combination pH Electrode, Thermo Scientific, Beverly, MA). Hydrogel samples were then
placed in bovine serum of each pH and images were taken using camera.

2.3.5 Reversibility and response rate of pH sensing hydrogel
The sensor is placed alternatively in bovine serum solutions adjusted to pH 6.5 and
7.5 adjusted using HCl and NaOH, respectively. Images were taken from Nikon D90
camera and size of the hydrogels were measured by Image J software.
2.3.6 X-ray imaging of injectable tumor pH sensor through porcine tissue
The injectable sensor with casing was injected into porcine tissue using a biopsy
needle. Radiographs of the sensors at pH 7 and 7.5 under 10 mm thick porcine tissue
were taken (NEXT Equine DR II portable digital radiography system, Carlsbad, CA, with
a battery powered veterinary X-ray generator, Oberhausen-Germany).

2.3.7 X-ray imaging of injectable tumor pH sensor in rat carcass
The injectable sensor with casing was injected into a rat carcass using a biopsy
needle. The rat with sensor was imaged using projection using projection X-ray imaging/
plain radiography (NEXT Equine DR II portable digital radiography system, Carlsbad, CA,
with a battery powered veterinary X-ray generator, Oberhausen-Germany).

2.3.8 Performance injectable tumor pH sensor in a rat tumor model
Rats (male and female from Envigo, Indianapolis, IN) were acclimated at Godley
Snell Research Center (GSRC), Clemson, SC. Two 17-𝛽estradiol pellets (5 mg each) were
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subcutaneously implanted into each rat. After 5 days, each rat was anesthetized with
isoflurane gas and MCF-7 tumor cells (1 x105 cells/100 µl) was injected in the palpable
mammary gland using a 26-gauge Hamilton syringe (Hamilton Company, Reno, NV,
USA) described by Price et al.28

2.4 Results and Discussion
2.4.1 Synthesis of pH sensing hydrogel and fabrication of injectable tumor pH sensor
We designed a method to measure pH in tumor tissues noninvasively by a
chemically responsive polyacrylic acid-based injectable hydrogel sensor. A hydrogel is a
three-dimensional network of polymer chains that can hold a large amount of water while
maintaining the structure due to chemical or physical cross-linking of individual polymer
chains.29,30 Polyacrylic acid hydrogels are pH-responsive polymers consisting of ionizable
pendants that can accept and donate protons in response to the environmental change in
pH.31–33 At low pH, the -COOH groups of the polyacrylic-based hydrogels are protonated
and there are less repulsions between the polymer chains, hence the hydrogel will contract.
At high pH, the -COOH groups are deprotonated and due to electrostatic repulsions
between polymer chains and osmotic pressure the hydrogel expands (Figure 2.2b).33,34
The pH-sensitive polyacrylic acid-based hydrogel is synthesized by free-radical
polymerization of a mixture of acrylic acid and n-octyl acrylate (monomers), poly(ethylene
glycol) diacrylate (chemical crosslinker), 2-oxoglutaric acid (UV initiator) with the solvent
N,N-dimethylformamide. The resulting hydrogel is washed thoroughly to remove any
solvent or monomers. The sensor was designed with a porous polycarbonate sleeve holding
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the pH-responsive hydrogel, embedded radiodense tantalum (Ta) bead and a radiopaque
pH 7 reference wire, all fitting within a breast cancer biopsy marker needle (Figure 2.2d).
Since we expect the hydrogel to remain inside the body, indefinitely, it is critical
that the materials used in the sensor fabrication are biocompatible as well as it should not
release any toxic degradation products. Polyacrylic acid polymers are widely used in
biomedical applications such as drug delivery, biosensors, membranes for hemodialysis
and ultrafiltration and controlled release devices due to their biocompatibility and extended
lifespan.35,36 Shorter chain length acrylates can degrade and be excreted easily, 37,38
however, since hydrogels are crosslinked polymer networks it is expected to be resistant to
degradation.39,40 The radiopaque markers used in the sensor (Ta bead and tungsten wires)
are considered to be biocompatible as well. Tantalum-based materials are used in clinical
applications such as radiographic markers, in joint implants, reconstructive surgery, and
dental applications.41,42 Tungsten based compounds have been long used to make medical
implants due to its inertness and stability of metallic tungsten in addition to its high density,
radiopacity, tensile strength, and yield point.43
2.4.2 Calibration of pH sensing hydrogel
The sensor is calibrated by measuring response in degassed bovine serum, with pH
tuned via NaOH and HCl addition. The tantalum bead position is plotted vs. the serum pH
measured by a buffer-calibrated pH electrode (Figure 2.3). The curve fits well to a modified
Henderson-Hasselbalch equation as Equations 2.1 and 2.2, where pKa is the acid
dissociation constant of polyacrylic acid, prefactor n is added to account for the distribution
of dissociation constants, α is the fraction of negatively charged (deprotonated) carboxyl
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groups, de is the equilibrium diameter of hydrogel, dmax and dmin are the maximum and minimum
diameters of the hydrogel, respectively. The sensor showed a linear response with an
effective acid dissociation constant (pKa) 5.56.
𝛼

𝑝𝐻 = 𝑝𝐾𝑎 + 𝑛 log 1−𝛼
𝑑𝑒 =

𝑑𝑚𝑎𝑥 × 10(𝑝𝐻−𝑝𝐾𝑎 )/𝑛 + 𝑑𝑚𝑖𝑛
1+ 10(𝑝𝐻−𝑝𝐾𝑎 )/𝑛

(Equation 2.1)
(Equation 2.2)
(
2)

Figure 2.3: Graph of swelling ratio of the injectable hydrogel vs pH of the solution. The
solid line shows a regression with the given formula.

2.4.3 Reversibility and response rate of pH sensing hydrogel
Response rate of the sensor was measured by rapidly cycling the bovine serum pH
(alternating between pH 6.5 solution and pH 7.5 solution), the range relevant to tumor
acidosis.13,15 The sensor showed good reversibility in bovine serum in repeated cycles with
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no significant drift (Figure 2.4). The hydrogel sensor showed a response time of about 30
minutes, with response time dependent upon hydrogel diameter and solution viscosity,
consistent with a diffusion limited rate.44

Figure 2.4: Sensor reversibility between pH 6.5 and 7.5 in bovine serum. The orange lines
show exponential fits with time constant τ (τ = 30 min).

2.4.4 X-ray imaging of injectable tumor pH sensor through porcine tissue
The sensor consisting of polyacrylic acid hydrogel with a one end tantalum bead
and pinned by a radiopaque wire on the other end to the polycarbonate casing, was injected
into porcine tissue (Figure 2.5a). The sensor dimensions were designed in order for the
sensor to fit inside the biopsy needle, so that the sensor can be easily injected into the tumor
tissues eventually using the biopsy marker needle. X-ray images were taken at pH 7 and
7.5 after injecting the sensor via breast cancer biopsy marker needle into porcine tissue
(thickness 10 mm) (Figure 2.5b). The X-ray images clearly showed the position of the
radiopaque bead and pin. The change in length in response to pH can be determined from
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the X-ray images by measuring the length between the tantalum bead and the radiopaque
wire.

Figure 2.5: X-ray visualized implanted sensor (X-VIS) for detecting pHe in tumors or
tissue. a) Photograph showing sensor injection into a porcine tissue using a 14-gauge
biopsy needle. b) X-ray images of injectable sensor at pH 7 and 7.5 under porcine tissue of
thickness 10 mm.

2.4.5 X-ray imaging of injectable tumor pH sensor in rat carcass
In order to see whether the sensor can be seen inside a rat model, the sensor was
imaged through a rat carcass. Figure 2.6a shows the sensor which is the polyacrylic acid
hydrogel with a tantalum bead at one end and pinned by a radiopaque wire on the other end
to the polycarbonate casing. Here, an additional tungsten wire is used to mark the position
of the hydrogel at pH 7, which will act as a reference marker. The sensor was then injected
to the fat pad of rat carcass (Figure 2.6b) and imaged using X-ray (Figure 2.6c). The X-ray
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images as shown in Figure 2.6d, clearly showed the position of the sensor and the positions
of the radiopaque markers. The length of the hydrogel can be measured by measuring the
distance between the pinning wire and the tantalum bead.

d

Figure 2.6: a) Photograph of breast cancer biopsy marker needle and the injectable sensor.
b) Photograph of injection the sensor to a rat carcass. c) Photograph of X-ray imaging of
the rat carcass with the injectable sensor. d) X-ray image of injectable sensor in a rat
carcass. Inset shows the sensor inside the rat carcass.
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2.4.6 Performance injectable tumor pH sensor in a rat tumor model
The sensor was designed to be injected into tumors during needle biopsy
procedures and enable serial measurements at regions in the tumor. In order to validate
the clinical applicability of the developed injectable sensor to detect and report pH, it is
important to apply the sensor to a biological system. In vivo studies in an animal model
will enable us to study the effects of the tumor microenvironment on the performance
of the sensor. Rat models are widely used for the study of cancer research due to the
relatively similar genomic and physiological characteristics of tumor biology between
rats and humans.45,46 In addition, rats also show similar anatomical, cellular, and
molecular characteristics to humans important for cancer research. Therefore, a rat
model was selected as the animal model to monitor the sensor response to pH, in vivo.
As the prepilot study, two athymic nude rats (Envigo, Indianapolis, IN) were
used for the study. Immunocompromised animals such as nude rats which lack T cells
were used since the study is based on a xenograft model and use of
immunocompromised rats allows direct transfer of human tumor cell lines (MCF-7 cell
line used here) into immunodeficient rats.45 The MCF-7 breast cancer derived cell line
used in this study is a commonly used cell line for breast cancer studies. These cells
only grow in the presence of estrogen,47–49 therefore estrogen pellets were implanted in
both rats prior to tumor induction (Figure 2.7).
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Figure 2.7: Implantation of estradiol pellets (5 mg each) subcutaneously on male rat.
a) Estradiol tablets. b) Shaving the area on the rat where the estradiol pellets were to
be implanted. c) Incision on the rat. d) Implantation of estradiol tablets. e) Closing off the
incision by a clip.

Figure 2.8: Tumor induction by injecting MCF-7 breast cancer cells ( 2 × 106 cells/mL).
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After a week, MCF-7 tumor cells were inoculated in the rats, subcutaneously
into the mammary fat pads of the rats (Figure 2.8).28,50 Currently, the challenge we are
facing is that no tumor growth has been seen in both rats. It is planned to implant frozen
tumor sections in the rats, and once the tumor becomes large enough (around 8 mm
length) to accommodate the sensor, after which the sensor will be injected into the tumor
tissues using the biopsy marker needle. Periodic X-ray images will be taken to measure
tumor pH under anesthesia in order to study the pH response of sensor in vivo.
According to the length measurements of the sensors corresponding pH values will be
determined using the previously developed calibration curve.

2.4.7 Limitations
The precision of the sensor can be improved by increasing the length change with
pH or making a small length change more discernible. The motion can be more easily
discerned by controlling the X-ray system (including X-ray source to screen distance, use
of a microcomputed tomography source), use of reference scales to make readings more
reliable, and use of more sophisticated moire-type displacement sensors. The length
change/pH unit can also be increased by making the hydrogel longer (e.g., wrapping it
around in a coil, similar to methods used in dial-based thermometers), or modifying the
synthesis (e.g. PEG imidazole hydrogels show a very sharp transition, and chitosan has a
transition near pH 6.5).51,52
Potential concerns from long term implantation of sensor inside the body involve
biofouling, effect on long-term performance of the sensor, and release of any toxic

42

degradation products. For the X-ray sensors developed, biofouling or sensor degradation
was not observed after over a month of storage in serum, synovial fluid, plates with
growing bacterial cultures, or highly oxidative hydrogen peroxide and copper ions.44,53 A
thin dialysis membrane can be used to prevent tumor ingrowth. If needed, carbon dioxide
sensor can be designed by encasing the pH sensor and fluid in a thin PDMS membrane (a
common strategy for such sensors).54,55 PDMS is well known to be gas permeable but
impermeable to non-gaseous molecules let alone cells, so this would prevent interference.
Such a sensor is likely to have a very long life and would be especially useful for conditions
and diseases where the sensor will remain for long periods (e.g., watchful waiting in
prostate cancer, or for non-operative tumors). Carbon dioxide correlates with pHe
concentrations through carbonate buffering, and is interesting for cancer in its own
right.56,57 Carbon dioxide levels are reportedly between 59 and 84 mmHg in rodent solid
tumors.58,59
With regard to production of toxic products in vivo, the materials used in the
development of the sensor are biocompatible and have shown long term stability in in vivo.
Polyacrylic acid-based hydrogels are biocompatible, with a long lifespan, and expected to
have very low degradation since the crosslinked polymer networks are expected to be
highly resistant to degradation within the lifetime of the patient.39,40,60 Tantalum has
excellent anti-corrosive properties as a result of the stable tantalum oxide protective film
formed on the surface of the metal and are widely used in clinical applications as
radiopaque markers and medical implants with no adverse health effects.42,61,62
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2.5 Conclusions
We developed an approach to radiographically measure local tumor pH e, to study
cancer pathophysiology and monitor disease response to treatment. The sensor composed
of a pH-responsive hydrogel incorporated with a radiodense tantalum (Ta) bead and in a
machined polycarbonate casing. The sensor is small enough and robust enough to be
injected into tissue via a 14 gauge breast cancer biopsy marker needle. The response at
different pHs can be radiographically measured by observing the position of a radiodense
tantalum bead moving within the needle. The sensor showed a response rate of approx. 30
mins in the rage of pH 6.5 - 7.5 with minimum effect from interferants. Therefore, the
developed sensor can provide serial pH measurements at regions in the tumor which can
be used for studying cancer physiology and effectiveness of treatments.
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CHAPTER THREE
DEVELOPMENT OF pH SENSORS TO DETECT CANCER TREATMENT
EFFECTS USING ULTRASOUND IMAGING AND MICRO-COMPUTED
TOMOGRAPHY
3.1 Abstract
The pH in tumor tissues is heterogeneous and is useful for determining cancer
pathophysiology and tumor progression. The need for advanced medical imaging
approaches based on mapping of tumor extracellular pH that allows early detection of
treatment effect upon the impairment of tumor pH dynamics is urgently needed. We are
designing polyacrylic acid-based hydrogel pillar arrays to measure pH in tumor
microenvironments using ultrasound and micro computed tomography (micro-CT)
imaging techniques. In order to visualize the hydrogel structures using ultrasound,
microbubbles were incorporated into the hydrogel as a contrast agent. The addition of
microbubbles enables ultrasound imaging of the hydrogel and did not have a significant
effect on the pH response of the hydrogel. The change in heights of the hydrogel pillars
were clearly observed from 3-dimensional images of ultrasound and micro-CT. The tumor
microenvironment’s pH heterogeneity can be mapped using the developed hydrogel pillar
structures. The sensor has the potential to be developed into an injectable pH sensor to map
pH heterogeneity using already available medical imaging techniques.
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3.2 Introduction
A main feature of tumor tissues is its acidic extracellular pH, pHe, in the range of
6.5 to 6.9, compared to the extracellular pH of normal tissue (approximately 7.2 to 7.5).1–3
The acidity of the tumor tissues is often due to a combination of anaerobic glycolysis in
hypoxic environments, inflammation and poor clearance of acidic metabolic products e.g.
lactic acid.4,5 Studies demonstrate that the physical microenvironment of solid tumors is
heterogeneous, and there is pH variation within tumors.6–8 The irregular network of blood
vessels present in solid tumors cause spatially heterogeneous delivery of nutrients such as
glucose and oxygen to tumor cells. As a result, the inner regions of tumor distant from the
blood vessels become hypoxic and acidic.7,8 Gradients in pH profiles were observed with
the highest pH values proximal to vessels and the lowest values distant from vessels.9–11
Tumors have successfully adapted to their acidic conditions, and use it for their own
cellular activation,4,5 which increases metastatic potential,9 resistance to chemotherapy12,13
and radiotherapy,14,15 evasion from the host immune system16,17 and leads to more
aggressive behavior. Therefore, studying tumor pH will provide a useful way of
determining cancer pathophysiology and tumor progression and assist in tumor prognosis
and treatment strategies.
Currently, various imaging modalities have been developed for measuring tumor
pH using medical imaging techniques such as Magnetic Resonance Imaging (MRI) and
Positron Emission Tomography (PET), single-photon emission computerized tomography
(SPECT), and fluorescence.3,18,19 These techniques operate over a wide range of spatial
resolution scales and are based on a range of mechanisms to generate image contrast.3,18

Tumor pHe in patients have being reported3 using microelectrodes (5.85–7.68 over many
tumor types),20

11C-DMO

PET (6.88–7.26 in brain tumors/metastases),21 and acido-

chemical exchange saturation transfer (acidoCEST) MRI (6.58 in metastatic ovarian
cancer).22 Even though all of these methods have produced quantitative measurements
during in vivo studies, the accuracies of these measurements are questionable. The
drawbacks of these methods are that they are either invasive (e.g., biopsy), expensive, slow,
and not widely available. Therefore, it’s important to develop non-invasive and a readily
available method to measure pH in tumors to monitor and study tumors.
We are designing a pH-sensitive hydrogel pillar array system to measure tumor
heterogeneity using ultrasound and computed tomography (CT) techniques. Biomedical
imaging is playing an important role in all phases of cancer management, including
prediction, screening, biopsy guidance for detection, staging, prognosis, therapy planning,
guidance and response, recurrence, and palliation. 23–25 Ultrasound is one of the most
common imaging methods used in the diagnosis of tumors and is based on the reflection,
scattering and frequency shift of acoustic waves.25,26 Computed tomography (CT) is used
in clinical studies and utilizes X-rays to create cross-section images of the body.18,27 CT
imaging enables detailed three-dimensional (3D) visualization with high spatial resolution
of internal body structures.27 The sensor we are developing is based on an array of pH
responsive hydrogel pillars (Figure 3.1). The hydrogel sensor is featured with micropatterning to achieve swelling/deswelling to be imaged through ultrasound or micro-CT to
image the tumor microenvironment. The sensor would enable to map the pH of a tumor
microenvironment by simply measuring the heights of the hydrogel pillars. The current

2

work details the proof-of-concept results for monitoring pH using this sensing platform
and investigates its performance.

Figure 3.1: Schematic of hydrogel pillar structures.

3.3 Materials and Methods
3.3.1 Materials
Acrylic acid 99% (Sigma, USA), anhydrous, poly(ethylene glycol) diacrylate with
average Mn 700 (Sigma, USA), N,N-dimethyl formamide (Sigma, USA), phosphate buffer
saline (Sigma, USA), n-octyl acrylate containing 400 ppm 4-methoxyphenol as inhibitor
(Scientific Polymer Products, USA), N, N′-methylene bis acrylamide (Wako Pure
Chemical Industries Ltd, USA), 2-oxoglutaric acid (Wako Pure Chemical Industries Ltd,
USA), reference standard pH buffers ranging from 2 to 11 (VWR Analytical, USA), raw
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glass bubbles (Akadeum Life Sciences, Ann Arbor, MI) were used as received. Aquasonic
Blue Ultrasound Transmission Gel (Parker Labs, Fairfield, NJ) was used as the
transmission gel for the ultrasound imaging.
3.3.2 Synthesis of pH sensing hydrogel
The hydrogel was prepared by free-radical co-polymerization of acrylic acid and
n-octyl acrylate as the monomers, poly(ethylene glycol) diacrylate (M n 700) as the
crosslinker and 2-oxoglutaric acid as the photoinitiator, with dimethylformamide as the
solvent. The photo-polymerization reaction was performed under an inert nitrogen
atmosphere using UV irradiation (365 nm) from both sides of the reaction cell at a
temperature of approximately 45°C. The resulting polyacrylic acid-based hydrogel films
were washed with 70% ethanol to remove any residual monomers, N,N-dimethyl
formamide and hydrate the hydrogel. The hydrogel was washed daily for at least 5 days to
ensure removal of unreacted monomers and initiators in the hydrogel film. Hydrogel
samples were transferred to pH 7.4 phosphate buffered saline (PBS).

3.3.3 Synthesis of pH sensing hydrogel with microbubbles
The hydrogel was prepared by free-radical co-polymerization of acrylic acid and noctyl acrylate as the monomers, poly(ethylene glycol) diacrylate (M n 700) as the
crosslinker and 2-oxoglutaric acid as the photoinitiator, raw glass bubbles as the ultrasound
contrast agent with dimethylformamide as the solvent. The photo-polymerization reaction
was performed under an inert nitrogen atmosphere using UV irradiation (365 nm) from
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both sides of the reaction cell at a temperature of approximately 45°C. The resulting
polyacrylic acid-based hydrogel films were washed with 70% ethanol to remove any
residual monomers, N,N-dimethyl formamide and hydrate the hydrogel. The hydrogel was
washed daily for at least 5 days to ensure removal of unreacted monomers and initiators in
the hydrogel film. Hydrogel samples were transferred to pH 7.4 phosphate buffered saline
(PBS).

3.3.4 Ultrasound imaging of hydrogels with and without microbubbles
The two hydrogels (with and without microbubbles) were placed on top of each
other. The ultrasound transmission gel (Aquasonic Blue Ultrasound Transmission Gel,
Parker Labs, Fairfield, NJ) was applied on the hydrogel and imaged using ultrasound probe
(SPL01 USB probe, The Interson USB Probe System, Pleasanton, CA) and viewed on the
SimpliVue software.

3.3.5 Ultrasound imaging of hydrogel with microbubbles through casing
The piece of the hydrogel was placed inside a plastic tube which was filled with pH
2 buffer solution. The tube was then immersed in a beaker of water and imaged using
ultrasound probe (SPL01 USB probe, The Interson USB Probe System, Pleasanton, CA)
and viewed on the SimpliVue software. The experiment was repeated with the plastic tube
with the hydrogel filled with pH 10 buffer and imaged using the ultrasound imaging
system. The height of each sensor was measured using NIH Image J software.
3.3.6 Calibration of hydrogel with microbubbles through ultrasound imaging
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The piece of the hydrogel was placed inside a plastic tube which was filled with pH
2 buffer solution. The tube was then immersed in a beaker of water and imaged using
ultrasound probe (SPL01 USB probe, The Interson USB Probe System, Pleasanton, CA)
and viewed on the SimpliVue software. The experiment was repeated with the plastic tube
with the hydrogel filled with pH 2, 4, 6, 8, 10 buffers and imaged using the ultrasound
imaging system. The height of each sensor was measured using NIH Image J software.

3.3.7 Ultrasound imaging of hydrogel through porcine tissue
The hydrogels were placed in pH 4 and pH 6 standard buffer solutions for about 1
hour and the hydrogels were placed in between two porcine tissue layers (5 mm thickness).
The ultrasound transmission gel (Aquasonic Blue Ultrasound Transmission Gel, Parker
Labs, Fairfield, NJ) was applied on the top porcine tissue and imaged using the ultrasound
probe (SPL01 USB probe, The Interson USB Probe System, Pleasanton, CA) and viewed
on the SimpliVue software. The height of each sensor was measured using NIH Image J
software.

3.3.8 Ultrasound imaging of hydrogel in a rat carcass
The piece of the hydrogel was placed inside a plastic tube which was filled with
deionized water and sealed at the two ends. An incision was made in the rat carcass and
the sensor was placed inside the rat carcass. The ultrasound transmission gel (Aquasonic
Blue Ultrasound Transmission Gel, Parker Labs, Fairfield, NJ) was applied on the surface
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of the rat carcass and was imaged using The Vevo 2100 Imaging Platform (FUJIFILM
VisualSonics Inc., VisualSonics, Toronto, ON, Canada).

3.3.9 Ultrasound imaging of hydrogel pillar structures
A sheet was 3-D printed with slots using ANYCUBIC 3-D Printing UV Sensitive
Resin (Kowloon, Hong Kong) on a LCD-based SLA 3D printer (ANYCUBIC Photon,
Kowloon, Hong Kong). Hydrogel pieces were placed on the slots in the sheet and the
hydrogel pillar structures were placed inside a plastic tube which was filled with deionized
water. The tube was then immersed in a beaker of water and imaged using ultrasound probe
(SPL01 USB probe, The Interson USB Probe System, Pleasanton, CA) and viewed on the
SimpliVue software. The height of each sensor was measured using NIH Image J software.

3.3.10 Micro-computed tomography (micro-CT) imaging of hydrogel pillar structures
A sheet was 3-D printed with slots using ANYCUBIC 3-D Printing UV Sensitive
Resin (Kowloon, Hong Kong) on a LCD-based SLA 3D printer (ANYCUBIC Photon,
Kowloon, Hong Kong). Hydrogel pieces were placed on the slots in the sheet and the
hydrogel pillar structures were imaged using an in vivo micro-CT imaging platform
(Bruker SkyScan 1176, Billerica, MA) and the Bruker microCT software for reconstruction
and data viewing.
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3.3.11 Miniaturization and synthesis of hydrogel pillar microarrays
Holes (1 mm diameter) were drilled onto a Teflon sheet (0.127 mm thickness) and
placed on top of a filter paper, which was then placed on a glass slide. The polymer solution
containing the acrylic acid and n-octyl acrylate as the monomers, poly(ethylene glycol)
diacrylate (Mn 700) as the crosslinker and 2-oxoglutaric acid as the photoinitiator, with
dimethylformamide as the solvent was added onto the holes and allowed to polymerize in
an inert nitrogen atmosphere using UV irradiation (365 nm) from both sides of the reaction
cell at a temperature of approximately 45°C. After polymerization, the Teflon sheet was
removed, and the polymer hydrogel pillar structures were obtained.

3.4 Results and Discussion
3.4.1 Ultrasound imaging of hydrogels with and without microbubbles
Ultrasound imaging is a widely used diagnostic medical imaging modality which
uses high-frequency sound waves to produce dynamic images of tissues and blood flow
inside the body.28,29 It is well- known for its use in viewing the fetus during pregnancy30
and provides advantages such as low cost, does not need any ionization radiation, therefore
eliminates risk from radiation, and provide real time images for biomedical applications
such as visual guidance, regional anesthesia, and pain management. 29,31 With recent
progress with inexpensive portable ultrasound systems, we demonstrate an ultrasonic
hydrogel biochemical sensor system using a pH-responsive hydrogel.
Hydrogels are a promising class of materials used for biochemical sensing, which
are hydrophilic network of polymers able to transduce a physical or chemical signal (e.g.
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pH, temperature, blood glucose level) to a mechanical response (such as volume change
or pressure).14,32–35 Hydrogels have been widely used in biomedical applications such as
drug delivery, tissue engineering, and as actuators due to their biocompatibility and
versatility.36–38 Recently, hydrogels have gained much interest in the fabrication of passive
wireless chemical sensors,39–41 however, most implantable sensing schemes require the
implantation of electronics.33 Here, we demonstrate the use of ultrasound to image can
volume response of a polyacrylic acid-based hydrogel to pH for applications in measuring
tumor heterogeneity. A pH responsive hydrogel based on polyacrylic acid was used since
the target analyte in the study is pH. The polyacrylic acid-based hydrogel swells according
to pH: at low pH, the -COOH groups of the polyacrylic acid-based hydrogels are protonated
and there are less repulsions between the polymer chains, hence the hydrogel will contract.
At high pH, the carboxylic acid groups are deprotonated (-COO-) causing electrostatic
repulsions between polymer chains and osmotic pressure, the hydrogel expands.42,43
In order for the hydrogel to be imaged using ultrasound, a contrast-enhancing agent
need to be added to the hydrogel polymer network due to the low visibility of hydrogels in
ultrasound images. Hydrogels have high water content resulting in similar acoustic
impedances of the hydrogel and the surrounding aqueous medium, therefore the visibility
of hydrogels in ultrasound images are low.33,39 Usually embedding particles such as
microbubbles or silica particles in the polymer matrix improves the acoustic signal from
the hydrogel compared to the surrounding tissues.44 In the present study, glass bubbles
(micron-sized particles with a gas core stabilized by a silica shell) were used as the contrast
agent. Two polyacrylic acid-based hydrogels were synthesized, one with microbubbles (to
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improve contrast) and other without microbubbles. The hydrogels synthesized with
microbubbles were opaque and the hydrogel without microbubbles were clear as shown in
Figure 3.2a,b. The two hydrogels (with and without microbubbles) synthesized were placed
on top of each other and the ultrasound probe was used to image hydrogels using the
ultrasound probe (Figure 3.2c). There was a clear difference in the ultrasound image
between the normal hydrogel and hydrogel with microbubbles as shown in Figure 3.2d.

Figure 3.2: Hydrogel prepared with a) microbubbles, and b) without microbubbles. c)
Ultrasound imaging setup used to image the hydrogel. d) Ultrasound image of the two
hydrogels (hydrogel with and without microbubbles as labelled).
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3.4.2 Ultrasound imaging of hydrogel with microbubbles through casing
Previous studies report ultrasound imaging of silica embedded pH sensitive
hydrogel sensors for biomedical applications.14,45 However, the sensor lack miniaturization
to be applicable for in vivo studies and protective casing to prevent damage to the hydrogel
sensor. Since hydrogels are fragile, in order to protect the hydrogel sensor from damage
from surrounding tissues. In our preliminary studies, we used to a polymer casing/ tube to
enclose the hydrogel. The tube with the hydrogel was filled with the relevant solution
(buffer or deionized water) and then immersed in a beaker of water for imaging. Schematic
of the set up used to image the hydrogel inside the casing using the ultrasound probe is
shown in Figure 3.3a. The sensors at two different pH (pH 2 and 10) were observed as
shown in Figure 3.3b. The lengths were measured using the ultrasound image, however,
the precise location of the edges of the hydrogel sensor were not clear in the ultrasound
images. It could be seen that he polyacrylic-acid based hydrogel contracts at low pH (pH
2) and expands at high pH (pH 10) as expected from previous studies.42,43 In addition, the
hydrogel was seen to have higher opacity at low pH than at high pH. This is due to the
dependence of the microbubble density on the swelling/shrinking of the hydrogel in
response to pH. At low pH, due to the shrunken state of the hydrogel, the microbubble
density is higher, resulting in higher opacity. As the hydrogel expands, the microbubble
density is lower, resulting in lower opacity. In order to improve the hydrogel visibility in
ultrasound images, microbubble concentration in the hydrogel can be increased, however,
optimum concentration will need to be determined which will not affect the pH
responsiveness of the hydrogel.

11

Figure 3.3: Ultrasound imaging of hydrogels through a plastic casing. a) Setup used to
image the gels. b) Ultrasound images of the hydrogel at pH 2 (left) and pH 10 (right).

3.4.3 Calibration of hydrogel with microbubbles
In order to determine a calibration graph for the hydrogel, the sensors were placed
in pH 2, 4, 6, 7 and 8 standard buffers for 1 hour and placed inside plastic tubes sealed at
both ends. The sensors were immersed in a beaker of water and imaged using the ultrasound
probe. The measurements were then plotted against the previously developed calibration
graph. The experimental data fitted well with the calibration graph as shown in Figure 3.4.
The results show that there is minimum effect on the calibration of the pH responsive
hydrogel from the incorporation of microbubbles.
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Figure 3.4: Calibration graph of polyacrylic acid hydrogel from ultrasound images.

3.4.4 Ultrasound imaging of hydrogel with microbubbles through porcine tissue
The hydrogels were imaged through tissue in order to visualize the hydrogel
through tissue, the hydrogels were placed in pH 4 and 6 for about 1 hour and the hydrogels
were placed in between two porcine tissue layers (5 mm thickness) (Figure 3.5a). The
hydrogels could be seen as outlined in red dotted line (Figure 3.5b). Still identifying the
ends of the hydrogel were difficult from the ultrasound images. However, vertical height
measurements could be read from the ultrasound images. The sensor can be improved so
the length/height change could be seen clearly.
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Figure 3.5: Ultrasound imaging of hydrogels through porcine tissue. a) Schematic diagram
of the setup of imaging hydrogel through porcine tissue. b) Ultrasound images of hydrogel
through porcine tissue at pH 4 (left) and pH 6 (right).

3.4.5 Ultrasound imaging of hydrogel in a rat carcass
The hydrogel sensor was imaged using ultrasound in a rat carcass to see the effect
of tissue on the sensor. The hydrogel was placed inside a heat shrink tube and sealed. An
incision was made on a rat carcass and the sensor was placed inside and an ultrasound
probe was used to image the sensor inside the carcass (Figure 3.6a). However, the sensor
was not clearly seen in the ultrasound image as shown in Figure 3.6b.
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Figure 3.6: Ultrasound imaging of sensor through rat carcass. a) Photograph of the set up.
b) Ultrasound image of the sensor through rat carcass.

3.4.6 Ultrasound imaging of hydrogel pillar structures
To determine the tumor pH heterogeneity in a tumor, the sensor requires the design
of hydrogel pillar structures, to determine the pH in multiple locations of the tumor. The
sensor was tested whether it is possible to visualize the pillar structures using ultrasound
imaging. Hydrogel were placed in slots in 3D printed sheet and imaged using the ultrasound
probe (Figure 3.7a). The images clearly show the pillar structures at low pH (pH 4) (Figure
3.7b) and at high pH (pH 7) (Figure 3.7c).
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Figure 3.7: Ultrasound imaging of hydrogel pillar array. a) Photograph of the set up. b)
Ultrasound image of the pillar structures at low pH 4. c) Ultrasound image of the pillar
structures at low pH.

3.4.7 Micro-computed tomography (micro-CT) imaging of hydrogel pillar structures
Computed tomography (CT) is one of the most widely used clinical imaging
modalities. During CT, computerized X-ray imaging is used to produce three-dimensional,
anatomic images with high spatial and temporal resolution.46,47 Polymerized gel pillars are
shown in Figure 3.8a and CT images of hydrogel pillar structures show a change in the size
of the gel in 3-D and this will allow us to map tumor pHe as shown in Figure 3.8b-d.

Figure 3.8: a) Image of hydrogel pillar structures. b) Micro-CT images of hydrogel pillars
at pH 7, and c) at pH 4. d) Miniaturized pillars at pH 4 (left) and pH 7 (right).
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3.4.8 Miniaturization and synthesis of hydrogel pillar microarrays
The sensor needs to be miniaturized in order for the sensor to fit in a biopsy marker
needle. In order to miniaturize, one strategy used was to use a Teflon sheet with holes as a
mold to polymerize the hydrogel pillars in the mold onto a filter paper as shown in Figure
3.9. Another strategy was to design an array of hydrogel pillars by on a
polydimethylsiloxane mold. We were able to successfully miniaturize the hydrogel pillars,
however, the size must be reduced further in order for the sensor to fit in the biopsy marker
needle to be used for clinical applications.

f

Figure 3.9: Synthesizing hydrogel pillars for micro-CT imaging. a) Photograph of the
setup used for the synthesis of hydrogel pillars. b) Photograph of synthesized hydrogel
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pillars structures. c) Hydrogel pillars at high pH. d) Hydrogel pillars at low pH. e)
Photograph of array of hydrogel pillars. f) Micro-CT images of array of hydrogel pillars.

3.4.9 Limitations
In order to image the hydrogel via ultrasound, glass microbubbles were
incorporated into the hydrogel. Microbubbles as contrast agents for ultrasound imaging
help enhance the specificity and sensitivity for various types of diseases, especially with
tumors, with added advantages of real-time observation and elimination of the exposure to
radiation.44,48 The visibility of the hydrogel was still not very clear, especially in the in vivo
imaging of the hydrogel. The hydrogel can be synthesized with carious microbubble
compositions and the sensor performance can be studies to determine the optimum
microbubble concentration for the hydrogel which will retain the sensor performance while
improving ultrasound visibility.

3.5 Conclusions
Arrays of hydrogel pillars were developed to determine pH heterogeneity for early
detection of treatment effects of cancer using micro-CT and ultrasound imaging technique.
The sensor consist of arrays of hydrogel pillars and movement of the pillars/ height can be
measured using micro-CT images /ultrasound images. Ultrasound visible hydrogel showed
a similar response to the previously developed calibration graph with minimum effect from
incorporation of microbubbles. This can be applied to sense either pH heterogeneity at
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different positions in a tissue, or potentially to detect different analytes by incorporating an
array of hydrogel, each sensitive to different chemical stimuli. The sensor needs to be
miniaturized for clinical applications to enable pH measurements in a tumor
microenvironment .
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CHAPTER FOUR
X-RAY BASED PERITONEAL FLUID pH SENSOR
4.1 Abstract
Peritonitis is a common and dangerous complication for patients with end-stage
renal disease undergoing peritoneal dialysis (PD). It is the most common cause for
conversion to long-term hemodialysis and is a direct cause or contributor in >15% deaths
in PD patients. Since early detection is key to treatment, patients and their care teams need
rapid, on-site diagnostic devices. A hydrogel-based peritoneal fluid pH sensor was
developed which can be attached to a peritoneal dialysis catheter prior to implantation for
early detection and monitoring of peritoneal infections using plain radiography. The sensor
consists of a pH responsive polyacrylic acid hydrogel and the change in length of the
hydrogel can be monitored via plain radiography. The pH sensor was attached to a catheter
and implanted in a rat peritoneal infection model to study the performance of the sensor in
vivo. The pH measured radiographically in the rat model showed a pH drop during
infection not observed in the control. Therefore, the developed peritoneal fluid pH sensor
can be used for early detection of peritoneal infections, noninvasively, using plain
radiography.
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4.2 Introduction
Peritoneal dialysis (PD) is an effective treatment modality for patients with endstage renal disease (ESRD).1,2 PD is an alternative to hemodialysis that uses the peritoneal
cavity as a compartment to accommodate the dialysate. Briefly, the dialysate is cycled
through the peritoneal cavity using a surgically implanted catheter. 3 The catheter and its
daily use/access unfortunately is a high-risk portal of infection.4–6 Infection of the
peritoneum known as peritonitis is the major complication for patients undergoing PD, and
in particular for those patients utilizing continuous ambulatory peritoneal dialysis
(CAPD).4,7–9 Peritonitis is the most common cause for hospitalization, catheter loss,
peritoneal membrane failure, and is directly linked to more than 15% of deaths in ESRD
patients that utilize PD.3,7,10
The indwelling PD catheter can unfortunately provide a pathway of entry for
microorganisms into the normally sterile peritoneal cavity, either via contamination on the
outer surface of the catheter or its connections, or intraluminally through contamination of
the dialysate.2,8,11 Although several organisms are involved in causing PD-associated
infections, the most common pathogens are coagulase-negative staphylococcal species,
Staphylococcus epidermidis, and Staphylococcus aureus, which together are responsible
for 50% or more of infections in most series.5,9,12 The indwelling PD catheter can also
encourage the growth of bacterial biofilms which may protect the bacterial cells from
antimicrobials and the host immune response.11,13–16
Patients with bacterial peritonitis often present clinical symptoms such as pain,
fever, and/or the appearance of cloudy effluent/dialysate. To evaluate a PD patient for
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bacterial peritonitis, samples of dialysis effluent are obtained for laboratory analysis
including: a white blood cell count with a differential, a bacterial culture and Gram stain
culturing. This is optimally performed before the administration of antibiotics.3,5,7,17 Direct
bacterial cultures unfortunately take 1–3 days to yield sufficient growth for characterization
and often result in false negatives for infection.5,7 We can detect infection when it comes
to the point of sepsis by measuring blood levels of inflammatory markers such as Creactive proteins (CRP).18 However, at early stages when infection is localized to the
implant site or during antibiotic treatment, the systemic CRP levels are not specific or
sensitive to peritoneal infection. Therefore, diagnosis of peritonitis is challenging, and
inadequate or delayed treatment of peritonitis may result in significant morbidity and
mortality in PD patients.3,4
Early detection and initiation of treatment is key for overall treatment success,
however, currently there is no rapid, on-site diagnostic devices for the detection of bacterial
peritonitis. This project centers on the development of a biocompatible extracellular pH
sensor that can be attached to an indwelling peritoneal dialysis catheter to continually
assess the local environmental pH. Acidosis is commonly associated with infection and can
be detected prior to the onset of clinical symptoms,19–21 but the measurement is confounded
by changes in pH after exiting the body (e.g., bacterial growth or carbon dioxide release)
and large drifts can be seen if the sample is not first sterilized and degassed. 22,23 The sensor
designed is composed of an integrated hydrogel-swelling pH sensor that is visible using a
plain radiograph (Figure 4.1). The sensor has the precision sufficient to detect the expected
pH change of peritoneal fluid during an active bacterial infection (typical infection cutoff
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is pH less than 7.1).20,21,24,25 This sensor as attached to the catheter will provide an
alternative rapid diagnostic tool to assess the pH of the peritoneal cavity to assess for
infection and will provide an adjunct to and possible replacement for direct peritoneal fluid
aspiration and aspiration of fluid from the PD catheter itself.25,26 Both of these procedures,
while currently necessary for the assessment of bacterial peritonitis, also raise the risk of
contamination and infection at the time of collection and are often difficult to obtain for
various reasons. The procedure for direct peritoneal aspiration involves removal of a
sample of the fluid from the peritoneal cavity using a needle and syringe. The collection is
performed using sterile technique and under direct ultrasound guidance, however, there is
still a chance of direct contamination through a break in sterility or through direct puncture
of the surrounding bowel.26,27 Routine aspiration of fluid from the PD catheter is also
sometimes not practical due to the presence of proprietary caps and difficulty in obtaining
a considerable amount of fluid without flushing first, which would affect the pH of the
peritoneal fluid collected and ability to obtain a suitable culture. A local sensor at the site
of infection would help to remove these concerns and allow for early detection of infection
to facilitate prompt treatment. Most prior research on implanted pH sensors has focused on
electrochemical sensors.28–30 These sensors do have a have high pH resolution but suffer
from drift from biofouling because they are fundamentally measuring non-equilibrium
electrochemical transport.31 By contrast, we are using equilibrium hydrogel swelling which
is an equilibrium process itself that is minimally affected by biofouling (in vitro
experiments show no drift in serum after incubation for 1 month, or in extremely harsh
oxidative environments with hydrogen peroxide and copper ions).32 Lastly, our sensors are
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read using a plain radiograph of the catheter which is commonly available in all US
hospitals, and is already part of the standard of care and initial evaluation for PD patients
with a catheter and pain with the concern for infection.33,34

Figure 4.1: a) Schematic of mechanism of pH sensing of the hydrogel in the peritoneal
fluid infection sensor. b) Schematic diagram of peritoneal fluid infection sensor attached
to silicone tube. c) Photograph peritoneal fluid infection sensor attached to silicone tube.

4.3 Materials and Methods
4.3.1 Materials
Acrylic acid 99% (Sigma, USA), n-octyl acrylate containing 400 ppm 4methoxyphenol as inhibitor (Scientific Polymer Products, USA), anhydrous poly(ethylene
glycol) diacrylate with average Mn 700 (Sigma, USA), 2-oxoglutaric acid (Wako Pure
Chemical Industries Ltd, USA), N,N-dimethyl formamide (Sigma, USA), phosphate
buffered saline (Sigma, USA), reagent alcohol (VWR, Radnor, PA), reference standard pH
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buffers ranging from 2 to 11 (VWR Analytical, USA) were used as received. Human
peritoneal fluid was obtained from Discovery Life Sciences, Huntsville, AL. Tantalum
beads (0.394 mm diameter) were purchased from X-Medics, Frederiksberg, Denmark.
Tungsten wire (diameter 0.26 mm) was purchased from McMaster-Carr, US. The
polycarbonate casings for the sensor were machined by the Clemson University Machining
and Technical Services. A silicone tubing (Uxcell, inner diameter: 1.5 mm, outer diameter:
2.5 mm, length: 10 cm) was used as the catheter tubing. The sensor was attached to the
catheter tubing using Loctite Superglue Gel Control (Rocky Hill, CT). For the animal
studies, two Sprague-Dawley rats (one male and one female) were purchased from Charles
River (Charles River, Raleigh, NC). Staphylococcus aureus Seattle 1945 (ATCC 25923)
strain was used for the infection rat model. DecapiCones™ (Braintree Scientific Inc.,
Braintree, MA) rodent restrainer was used to restrain the rats for X-ray imaging.

4.3.2 Synthesis of pH sensing hydrogel
The hydrogel was prepared by free-radical co-polymerization of acrylic acid and noctyl acrylate as the monomers, poly(ethylene glycol) diacrylate (M n 700) as the
crosslinker, and 2-oxoglutaric acid as the photoinitiator, with dimethylformamide as the
solvent. The photo-polymerization reaction was performed under an inert nitrogen
atmosphere in a Cleatech 2100-4-C glove box (Cleatech, LLC, Santa Ana, CA) with
attached oxygen analyzer (maintained at 0 % oxygen level) and a Cleatech A21-HM-OA
Nitrogen Purge controller. UV irradiation (365 nm) from both sides of the reaction cell at
a temperature of approximately 45 °C. The resulting polyacrylic acid-based hydrogel films
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were washed with 70% ethanol to remove any residual monomers, N,N-dimethyl
formamide, and hydrate the hydrogel. The hydrogel was washed daily for at least 5 days to
ensure the removal of unreacted monomers and initiators in the hydrogel film. Hydrogel
samples were then transferred to pH 7.4 phosphate-buffered saline (PBS).

4.3.3 Hydrogel sensor calibration
Hydrogel samples were fully immersed in a series of standard pH buffers ranging
from 2 to 11 at room temperature (25 °C) and their size was measured photographically
using the ImageJ software package. Human peritoneal fluid sample (Discovery Life
Sciences, Huntsville, AL) was adjusted from pH 5-10 and the response of the sensor to pH
changes in the peritoneal fluid was studied. Prior to the experiment, the human peritoneal
fluid was thawed and degassed by incubating in a water bath at 60 ˚C for 1 hour. The pH
of the human peritoneal fluid was then adjusted by the addition of 1 M HCl, or 1 M NaOH
as needed to reach the desired pH to be tested. The pH was measured using a pH meter
(Orion™ PerpHecT™ ROSS™ Combination pH Electrode, Thermo Scientific, Beverly,
MA). Hydrogel samples were then placed in human peritoneal fluid of each pH and images
were taken using camera.

4.3.4 Fabrication of peritoneal fluid pH sensor
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Hydrogels (length 3.5 mm) with a radiodense tantalum bead (0.4 mm diameter)
embedded in one end was pinned to the polycarbonate casing (5 mm) with a tungsten wire
(diameter 0.26 mm). The setup was then immersed in a solution of pH 7 standard buffer
(VWR Analytical, USA) and the hydrogel was allowed to equilibrate at pH 7. Another
tungsten wire (diameter 0.26 mm) was then placed on the outside of the polycarbonate
casing to mark the position of the hydrogel at pH 7 using a commercially available adhesive
(Loctite Superglue–Gel Control). The sensor was then attached to a silicone tubing using
Loctite Superglue–Gel Control. Prior to animal studies, the sensor with catheter was
washed thrice with 70% ethanol and phosphate buffered saline alternatively for sterilization
and stored in phosphate buffered saline until use.

4.3.5 X-ray imaging of peritoneal fluid pH sensor in a rat carcass
A rat carcass was taken, and a 2-3 cm incision was made on the rat's midline and
through Linea Alba. The catheter was anchored to the peritoneum with a suture ~1 cm off
midline on the internal wall of the abdominal cavity and stitched back to close the incision.
The rat was imaged using projection using projection X-ray imaging/ plain radiography
(NEXT Equine DR II portable digital radiography system, Carlsbad, CA, with a battery
powered veterinary X-ray generator, Oberhausen-Germany).

4.3.6 Performance of peritoneal fluid pH sensor in a rat infection model
All animal studies described here were conducted under a protocol approved by the
Institutional Animal Care and Use Committee of Clemson University. Catheter with
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attached sensor (5 mm in length) will be inserted into each rat according to the procedure
described by Kim et al. (American Journal of Kidney Diseases, 39, 165-173, 2002), so that
the sensor will be in contact with the peritoneal fluid. In our animal model, two SpragueDawley rats (Charles River, Raleigh, NC), one male and one female, were used. The male
rat was used as the control and the female rat was used as the infected rat model. In both
animals, a 2-3 cm incision was made on the rat's midline and through Linea Alba. The
catheter was anchored to the peritoneum with a suture ~1 cm off midline on the internal
wall of the abdominal cavity. The catheter length was tunneled under the skin to an exit
position just above the shoulder. In the infected rat model, an inoculum consisting of 0.5
mL of 2×108 CFU/mL S. aureus culture was injected into the peritoneal cavity prior to
wound closure. In the control rat, sterile saline was injected in place of the S. aureus culture.
The extruded catheter was secured using a suture in a roman sandal knot. The catheter was
capped at the exposed end to prevent leakage or infection. The midline incision was closed
in a 3-layer closure (muscle, subcutaneous, and skin).
The rats were imaged intraoperatively using projection using projection X-ray
imaging/ plain radiography (NEXT Equine DR II portable digital radiography system,
Carlsbad, CA, with a battery powered veterinary X-ray generator, Oberhausen-Germany).
X-ray images of the rats were taken every 3-4 days while awake, restraining the rat in a
DecapiCones™ (Braintree Scientific Inc., Braintree, MA) rodent restrainer bag. The X-ray
images were analyzed using ImageJ software to measure the length of the sensor in each
rat. The length between the pinning wire and the tantalum bead (l1) and pinning wire and
the reference bead (l2) were measured from the X-ray images. The length measurements
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were normalized by dividing l2 by l1 to obtain the normalized length. A plot of normalized
length vs time was plotted in the same graph for the measurements taken for the control
and infected rat. Peritoneal fluid collected in the catheter tube (about 20 µL) was drawn
out using a syringe and tested for pH by adding the peritoneal fluid to a Whatman pH
indicator paper (Buckinghamshire, UK).
On Day 7 and 14 for each rat, they were anesthetized with 1-4% isoflurane gas, and
blood samples (~0.5 mL) were collected from the tail vein using a needle to measure serum
C-reactive protein (CRP) levels. The blood was placed into a small tube and allowed to
clot for approximately 30 minutes and centrifuged for 15 minutes at 6000-8000 rpm (Fisher
Scientific, Denver, CO). Serum (0.3 mL) was drawn off of the blood sample and placed
into the appropriate area for the CRP test in the blood analyzer machine (Idexx “Catalyst
One” Chemistry Analyzer, Westbrook, Maine) and results were obtained in 8 minutes.

4.3.7 Post-mortem studies of rat infection model
After 14 days, the rats were euthanized with a carbon dioxide chamber according
to SOP 100-11-09. Photographs were taken during the opening of the to see if any
inflammation/ necrosis near the catheter site. Before euthanization, terminal blood samples
of up to 1 mL were drawn using a syringe to test for CRP levels (using the above procedure)
and for blood culture work (described below). In the opened rat carcass, the pH of
peritoneal fluid at different locations close to the sensor were tested using pH strips (each
strip was placed in a location close to the sensor). Peritoneal fluid (few drops) was
collected in an Eppendorf tube with 1 mL sterile PBS. A part of the catheter tube with fluid
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was also collected in an Eppendorf with 1 mL PBS for cell culture work. Tissue sample
near the implant was collected with PBS.

4.3.8 Post-mortem performance of peritoneal fluid pH sensor
The sensors were retrieved and checked for sensor performance by placing the
sensors in alternating pH 7.5/6.5 buffers time and images of the sensor the length was
measured at each pH.

4.4 Results and Discussion
4.4.1 Sensor fabrication and characterization in human peritoneal fluid
The peritoneal fluid infection sensor is based on the hydrogel swelling chemical
equilibrium of the pH responsive hydrogel. Hydrogels are hydrophilic, three-dimensional
polymer networks with the potential to be used for biosensors, drug delivery vectors, and
carriers or matrices for cells in tissue engineering.35–38 In comparison to other biomaterials,
hydrogels possess increased biocompatibility, tunable biodegradability, properly
mechanical strength, porous structure and can be responsive to a number of stimuli
including temperature, pH, solvents.35,39,40 The sensor designed is based on a pHresponsive hydrogel composed of polyacrylic acid which demonstrate changes in size at
specific pH ranges.41,42 Polyacrylic acid-based hydrogels swell in neutral or basic media
and contract in acidic media; a property widely used for controlled drug release, optical pH
sensors, and chemical actuators or artificial muscles.38,41,43 The swelling behavior of the
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polyacrylic acid-based hydrogel is highly dependent on the pH of the surrounding medium
due to the presence of carboxylic acid side groups (Figure 4.1a).44,45 At low pH, the
carboxylic acid (–COOH) groups in the polyacrylic acid hydrogel chains of the network
are neutral. At high pH, the carboxylic acid groups get deprotonated and become negatively
charged carboxylate ions (–COO−).44,46,47 The increased ionization in more alkaline
environments causes the hydrogel to swell due to a combination of increased electrostatic
repulsions between bound charges on the polymer chains and increased osmotic
pressure.42,44 During peritoneal dialysis infection, we expect the pH of peritoneal fluid to
decrease,19,21,25 thus causing the hydrogel to decrease in size during infection.
In order to synthesize the hydrogel, the monomers polyacrylic acid and n-octyl
acrylate was used. Addition of n-octyl acrylate shifted the effective pKa and calibration
curve closer to neutral pH compared to only using polyacrylic acid as the monomer. 44
Photopolymerization of the polymer mixture containing the monomers, in the presence of
cross linker (poly(ethylene glycol) and photoinitiator (2-oxoglutaric acid) in an inert
atmosphere under UV light (365 nm) produced the hydrogel films used for the sensor
fabrication. In the fabrication of the sensor, the pH responsive hydrogel with an embedded
tantalum bead was enclosed in a polycarbonate casing and pinned on one end with a
tungsten wire (Figure 4.1 b, c). A tungsten wire was also used to mark the pH 7 position of
the hydrogel, which would act as an internal reference marker. The sensor was then
attached to a silicone tubing used to mimic a catheter tube using a commercially available
adhesive (Loctite Superglue Gel Control, Rocky Hill, CT). In the design of our sensor, we
make use of the pH-dependent swelling of polyacrylic acid-based hydrogel to move the
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embedded radiodense marker (tantalum bead) that can be visualized using X-ray imaging.
X-ray radiography is ideally suited to image metal implants and anatomical features and is
indispensable for medical applications.33,34 However, radiography cannot normally be used
to measure biochemical concentrations because they have no contrast against the tissue.
The sensor we developed enables noninvasive local chemical measurements using plain
radiography, which is simple, rapid, and already acquired as part of the standard of care.
By making use of biocompatible, radiopaque markers (the pinning wire, reference wire and
tantalum bead), we are able to visualize and measure the change in length of the sensor, in
vivo using X-ray. The radiographic marker at pH 7 acts as an internal scale and minimizes
inter-observer variability, angle, and sample dependency and to simplifies the readout. For
in vivo studies, the hydrogel needs to be enclosed in a casing and for this purpose we have
used a polycarbonate casing to encase the hydrogel sensor. Polycarbonate is used in a wide
range of biomedical applications such as in blood oxygenators and blood reservoirs in
cardiac surgery products, filter cartridges for renal dialysis and surgical instruments due to
its biocompatibility, glass like clarity, high strength, and impact resistance.48,49
A pH calibration graph was developed to determine the pH response and effective
pKa of the hydrogel films. The hydrogel films were placed in a series of pH buffer standards
(VWR Analytical, USA) and the length of the hydrogel films were measured. The
calibration curve was fitted to a modified Henderson–Hasselbach equation with the degree
of swelling assumed to be proportional to the fraction of negatively charged (deprotonated)
carboxyl groups (α) (Equations 1 and 2). In the equations, pK a is the acid dissociation
constant of polyacrylic acid, prefactor n is added to account for the distribution of
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dissociation constants, and α is the fraction of negatively charged (deprotonated) carboxyl
groups, de is the equilibrium diameter of hydrogel, dmax and dmin are the maximum and
minimum diameters of the hydrogel, respectively. From the calibration graph in Figure 4.2,
the senor showed a linear response in the desired range (pH 6.5 – 7.5) with a pKa of 5.56.
Similar results were observed when the experiment was repeated in human peritoneal fluid
in the desired pH range.
𝛼

𝑝𝐻 = 𝑝𝐾𝑎 + 𝑛 log 1−𝛼
𝑑𝑒 =

𝑑𝑚𝑎𝑥 × 10(𝑝𝐻−𝑝𝐾𝑎 )/𝑛 + 𝑑𝑚𝑖𝑛
1+ 10(𝑝𝐻−𝑝𝐾𝑎 )/𝑛

(Equation 4.1)
(Equation 4.2)

Figure 4.2: Calibration graph of the peritoneal fluid sensor in standard buffers and human
peritoneal fluid. The orange line shows a fit to the data with the given equation.
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4.4.2 X-ray imaging of peritoneal fluid pH sensor in a rat carcass
In order to see whether the sensor can be seen inside a rat model, the sensor was
imaged through a rat carcass. First an incision was made, and catheter was inserted with
the sensor as shown in Figure 4.3a-c. X-ray images were taken at the Godley-Snell
Research Center using the setup shown in Figure 4.3d. The X-ray images show that the
sensor radiopaque markers were clearly visible through tissue in the rat carcass as shown
in Figure 4.3e, f.

Figure 4.3: Imaging sensor through rat carcass. a) Incision on rat carcass. b) Placement of
catheter with sensor attached in rat peritoneal cavity. c) Rat carcass with the implanted
peritoneal fluid pH sensor. d) X-rat imaging of rat carcass with implanted sensor. e) X ray
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image of the rat carcass with the sensor. f) Inset of the X ray image, showing the sensor
with the radiopaque markers.

4.4.3 Performance of peritoneal fluid pH sensor in a rat infection model
In order to study the performance of the sensor in vivo, the sensor needs to be tested
in an animal model. Several animal models are used for peritoneal dialysis including small
animals such as rats, mice, rabbits, and larger animals such as dogs, sheep, etc. 50,51 Each
model has its own set of advantages as disadvantages, in perspective of mainly economic
cost and ease of surgery (since the model needs to allow catheter implantation in the
peritoneal cavity).52 Currently, rat models are considered a suitable animal peritoneal
dialysis model due to of their low cost, easy affordable breeding, ease of performing a
surgical operation, and as they are a relatively stable model.50,52,53 For the study of
peritonitis in animal models, peritonitis can be induced by injecting pathogenic
microorganisms such as Staphylococcus aureus, Staphylococcus epidermis, Pseudomonas
aeruginosa) into the peritoneal cavity. It has been shown that rodents have a strong
peritoneal defense system, therefore they require a large inoculum to develop disease
(LD50 of 5×108 CFU and LD90 of 6×109 CFU for S. aureus Strain Newman for mouse).54
In the present study, a S. aureus inoculum of 2×108 CFU/mL (0.5 mL) was used to develop
peritoneal infection based on previous studies of peritonitis rat models.11,55
We used two rats for the peritonitis rat model, one rat as the control and the other
rat was infected with S. aureus to develop peritonitis.11 The catheter with the sensor was
placed in the peritoneal cavity, with the sensor in contact with the peritoneal fluid (Figure
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4.4a,b). A small part of the catheter tube was left on the outside of the rat near the neck as
shown in Figure 4.4c, with the aim of collecting any peritoneal fluid through the tube.
During the experimental procedure, we were successful in drawing about a drop of fluid
collected in the tube using a syringe and test for pH using a pH strip. X-ray images of the
rat were taken post-operatively and every other day per week for 14 days in the awake rat
by restraining the rat in a DecapiCones™ (Braintree Scientific Inc., Braintree, MA) rodent
restrainer (Figure 4.4d). X-ray images were taken at the Godley-Snell Research Center
using the setup shown in Figure 4.4e.

Figure 4.4: Stages in the surgical procedure of the rat model to insert a catheter with the
peritoneal fluid infection sensor into the peritoneal cavity. a) Photograph of incision on
rat’s midline. b) Photograph of the catheter with attached peritoneal fluid infection sensor
inserted into rat peritoneal cavity. c) Photograph of rat with implanted peritoneal fluid
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infection sensor. d) Photograph of rat inside Decapicone bag. e) Photograph of setup used
for the X-ray imaging of rat with peritoneal fluid infection sensor.

The X-ray images of the rat clearly showed the position of the sensor in the rat,
with the pinning wire, reference wire at pH 7 and the tantalum bead as shown in Figure
4.5a and b. In the sensor in the control rat, the tantalum bead is in line with the pH 7 wire
(Figure 4.5a), whereas in the infected rat, the tantalum bead is slightly towards the left of
the reference 7 marker (Figure 4.5b), indicating a lower pH. We were able to draw the
peritoneal fluid collected in the catheter tube and the test the pH of the aspirated peritoneal
fluid using a pH strip. The measured pH in the infected rat also recorded a lower pH when
compared to that of the control rat. The results are as expected, since the pH of peritoneal
fluid drops during infection from prior literature.20,21,24
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Figure 4.5: X-ray image of the peritoneal fluid infection sensor inside rat in a) aseptic
control, b) infected animal. Inset of each shows the zoom-in image of the peritoneal fluid
infection sensor.

The Figure 4.6a shows the graph of normalized length vs time for the sensors in the
control and infected rat calculated from the X-ray images. The corresponding pH was
calculated from the calibration graph between pH 6 and 8.25 (Figure 4.6b). We used a
linear fit as the calibration is approximately linear in this region, consistent with our
modified Henderson-Hasselbach equation (Equation 2.1, chapter 2); the linear fit has fewer
parameters and has less risk of overfitting over this small physiologically relevant
calibration region, but both curves give similar results. Figure 4.6c shows the calculated
peritoneal fluid pH vs time graph for the control and infected rat with corresponding
measured pH of the aspirated peritoneal fluid for each rat. At the beginning of the
experiment, on Day 0 and 2 for the control rat, the X-ray images were taken under
isoflurane anesthesia (denoted by ‘A’ in the graph). From Day 4 of the control rat, the rat
was restrained in a Decapicone bag, and no anesthesia was used during imaging. From the
graph it could be seen that the control rat showed slightly lower pH values on Day 0 and
2, compared to the remaining days. The reason for this could be due to imaging of the
control rat under isoflurane anesthesia on Day 0 and 2 which may result in a lower pH.56,57
In addition, there is also a discrepancy between the measured peritoneal fluid pH and
calculated pH from the sensor. This maybe because the measured pH was determined from
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the peritoneal fluid collected in the tubing that is exposed to air, which might result in a
higher pH due to release of carbon dioxide.

a

b
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c

Figure 4.6: a) Normalized sensor lengths vs time; control rat and infected rat. b)
Calibration graph of hydrogel sensor between pH 6 and pH 8.25. c) Calculated pH vs. time
for control rat and infected rat, including the pH measurements of the aspirated peritoneal
fluid. ‘A’ represents imaging of the control rat under anesthesia.

In order to monitor infection commonly used serum biomarkers, we analyzed CReactive protein (CRP) levels in serum samples from both rats (control and infected) on
day 7 and Day 14. Several markers of inflammation have been used in clinical practice for
chronic inflammation such as CRP, interleukin-6, etc.18,58 CRP is one of the most common
indicators of inflammatory status. It is a protein produced by human hepatocytes in
response to infection, inflammation, or tissue damage and play several mechanistic roles
in the innate immune response.57,60 The serum CRP levels were measured in the control
and infected rats and results are shown in Table 4.1. There was no statistical difference
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between the CRP levels (between 0.1-0.3 mg/dL in both control and infected rats), even
though there was clearly an infection in the infected rat. CRP is a useful biomarker for
inflammation and infection; however, it is not sensitive and specific during early stages or
during treatment when the infection is localized only to the implant. Therefore, the results
indicate the ability of the sensors to indicate local infection which is not evident from
system CRP levels.

Table 4.1: C-Reactive protein levels of infected and control rat models
C-Reactive protein levels (mg/dL)
Control Rat

Infected Rat

Day 7

0.2

0.2

Day 14

0.2

0.3

4.4.4 Post-mortem performance of peritoneal fluid pH sensor
The sensor retrieved from the rats were alternatively placed in pH 7, 6.5 and 7.5
buffers and the length changes were normalized to the pH 7 mark (Figure 4.7). The lengths
measured in the animal study for both rats 1 and 2 were also normalized to the pH 7 mark
and the average values were recorded. Postmortem measurements show that the sensors
had not drifted or changed calibration after implantation for two weeks.
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Figure 4.7: The sensor reversibility, post-mortem in control (left) and infected (right) rat.

4.4.5 Limitations
While our sensor is equilibrium-based and we have not seen drift after long term
incubation in serum or even harsh oxidative environments, fouling or degradation remains
a potential concern in vivo. It has been previously shown that the pH hydrogel shows
minimal effect from varying matrices including culture media, serum, synovial fluid, and
incubation in highly oxidative environments for a month containing H2O2 and copper
ions.32 Studies using polyacrylic acid-based hydrogels showed the stability of these
materials, in vivo. If needed, the sensor can be encapsulated in a CO 2 permeable sensor
(e.g. polydimethylsiloxane) to avoid interaction with large molecules, while allowing CO2
to penetrate, which would dramatically improve sensor longevity in vivo.61,62 High
peritoneal CO2 levels (>8 kPa)20 are also infection indications and correlate with the local
pH. If a foreign body capsule forms around the implant, it could slow the sensor’s response
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to surrounding tissue pH depending on the capsule thickness, but the sensor will still
respond to local acidosis within the capsule.
Potential concerns from long term implantation of sensor inside the body involve
release of any toxic degradation products and effect on long-term performance of the
sensor. The materials used in the development of the sensor are biocompatible and have
shown long term stability in in vivo. The polyacrylic acid-based hydrogel is expected to
have very low degradation since the crosslinked polymer networks are expected to be
highly resistant to degradation within the lifetime of the patient. 63,64 Due to their
biocompatibility and long life-span in vivo, polyacrylic acid polymers are commonly used
in drug delivery, biosensors, membrane and separation devices due to their
biocompatibility and extended life-span.37,38 Tantalum has excellent anti-corrosive
properties as a result of the stable tantalum oxide protective film formed on the surface of
the metal.65,66 Tantalum-based materials are widely used in clinical applications as
radiopaque markers and medical implants with no adverse health effects.65,67

4.5 Conclusions
In summary, we describe the first implantable peritoneal fluid sensor that measures
peritoneal fluid pH using plain radiography. The sensor has a linear response in the range
of pH 6.5 and 7.5. The sensor enables determination of pH in peritoneal fluid in vivo when
conventional serum biomarkers fail to detect infection. The sensor worked over 14-day
period and continued to function as measured postmortem and a change in pH was
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observed during infection. Uniquely, the sensor is read with radiography, available in all
hospitals and taken as part of the standard of care and provides a simple, rapid, noninvasive method for the detection and study of peritoneal infection in vivo.
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CHAPTER FIVE
CONCLUSIONS AND FUTURE WORK
5.1 Conclusions
We developed a new generation of implantable/ injectable chemical sensors that
can be read through X-ray imaging to detect local biochemical environment in order to
detect/study pathology and determine response to treatment. The applications of the sensor
presented in this dissertation are focused on cancer and joint infections and aims to develop
the first injectable/ implantable pH sensors that can be read directly through X-ray imaging
for rapid non-invasive determination of tumor response to treatment and peritoneal
infections. The goal is to functionalize X-ray imaging which is a widely available,
indispensable tool for detecting and monitoring disease conditions, however, cannot
provide any biochemical information. The sensors developed here are based on a pH
responsive hydrogel with radiopaque markers in order to enable length measurements using
X ray imaging. The sensors use a robust passive mechanism based on hydrogel swelling
chemical equilibrium with minimum effects from matrix and less susceptible to drift from
aging and biofouling and do not require frequent recalibration, or implantation of new
sensor devices with time.
Both the tumor pH sensor and peritioneal fluid pH sensor are based on the length
changes of polyacrylic acid based hydrogel in response to pH. The performance of the
hydrogel in vitro in buffer, bovine serum, bovine synovial fluid, human peritoneal fluid
shows good linearity and reversibilty with minimal effects from the matrix. Previous
studies on the performance of the pH responsive hydrogel in culture media and incubation
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in highly oxidative environments for a month containing hydrogen peroxide and copper
ions also showed similar results, with minimal matrix effects. X ray images of the tumor
pH sensor and peritoneal fluid infection sensor shows that the markers are clearly seen in
the radiographs.
In vivo studies of the peritoneal fluid sensor in a rat infection model clearly shows
the sensor position and radiopaque markers, making it easy to read. The sensor
demonstrates a pH drop during infection not observed in the control, and most importantly,
postmortem measurements showed that the sensors had not drifted or changed calibration
after implantation for two weeks. Additionally, the sensors were able to measure local
infection which was not evident from system serum C-reactive protiens (CRP) values
(varied between 0.1 - 0.3 in both control and infected rats). These results are consistent
with the in vitro results showing minimal effects of biofouling in different media.
The sensors can be easily implemented in already available clinical settings and do
not require complex instrumentation or special personnel for analyzing the data. The
injectable tumor sensor designed to fit inside a biopsy marker needle would enable
injection into tumor site using the biopsy marker needle which is already in use for needle
biopsies and would allow study of cancer pathophysiology and track tumor progression, in
vivo. This provides a convenient way of delivering the sensor to the target tumor tissue,
and the proposed sensor will be using plain radiography as the imaging technique which
will provide a noninvasive method of determining local tumor pH. Thus, the X-ray imaging
based injectable pH sensor will enable detect the local biochemical environment in order
to detect/study pathology and determine response to treatment. The sensor developed here
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will be able to detect changes in tumor pH as a possible early indicator for treatment
effectiveness for response-guided neoadjuvant breast cancer therapy. Arrays of hydrogel
pillar stuctures can be used to determine the pH heterogeneity of tumors by measuring the
change in heights of the pillars using micro-computed tomography (micro-CT) and
ultrasound images. This will enable functionalizing already available, easily available and
cost effective medical imaging techniques to map pH in tumor microenvironments.
With regard to the peritoneal sensor, the sensor is small enough to be attached to
the catheter without any additional modifications. The sensor attached to a catheter wss
implanted in a rat model, and the sensor was able to be retrieved without any damage or
detachment from the catheter tube. Therefore, the indwelling peritoneal fluid pH sensor
would enable measurement of local acidosis conditions in vivo unlike effluent or aspirated
specimens, it is not susceptible to drift from air exposure and provide local mesuremement
of peritoneal fluid pH which can be used ro detect infections early.
The designed sensors are simple, easy to develop, manufacture, and integrate in
clinical settings. The main advantage of our devices is the use of respurces already
available in clinicla settings and avoids the use of electronics or other instrumentation. The
sensor is not limited to pH and can be modified for many other applications by simply
using a different stimuli responsive hydrogel for a specific biomarker of tumors or
infection. Employing routine plain radiography readout will greatly facilitate clinical
adoption with the potential to transform X-ray imaging applications for detecting,
monitoring, and studying of disease conditions.
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5.2 Future Work
The results of the in vitro studies present opportunities for further evaluations in
several directions for each sensor. In the case of the injectable tumor sensor, the
performance in vivo will be evaluated by injecting the sensor into a rat tumor model as
shown in Figure 5.1. Rat models are widely used for the study of human cancer research
due to the relatively similar genomic and physiological characteristics of tumor biology
between rats and humans.1,2 In addition, rats also show similar anatomical, cellular, and
molecular characteristics to humans important for cancer research. Currently, the pre-pilot
study for the rat tumor model is already begun in which MCF-7 human tumor cell line have
been injected to a nude male and female rat and currently waiting for the development of
the tumor. The next step is the injection of the sensor using a biopsy marker needle once
the tumor becomes large enough (around 8 mm) to accommodate the sensor and
determining the performance of the injectable sensor in vivo in the rats using X-ray
imaging. The rats will be euthanized after a week and response validation experiments of
the sensors (accuracy in pH buffers, response rate) will be carried out. The experiment will
demonstrate how the sensor responds in its environment, and provide information about
surgical implantation, radiographic readout, and animal behavior.
In order to validate the measurements against a second method in vivo, we could in
principle take a biopsy or use a micro dialysis sample, but they cannot measure pH
precisely where the implant is, and they can irritate the tissue producing potentially
confounding inflammatory responses. Instead, we plan to use an X-ray luminescence
chemical imaging (XELCI) approach3 that is pioneered in our lab which involves coating
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an implant with an X-ray scintillator and pH indicator film, raster scanning a focused Xray beam across the implant surface and measuring the spectrum through the tissue to
determine local absorbance of the pH indicator film at each X-ray beam position. This
provides ~500 µm resolution pH images of the implant surface, which will provide
information on the chemical heterogeneity and average pH.

Figure 5.1: Schematic diagram demonstrating in vivo testing of injectable hydrogel pH
sensor in a tumor rat model.
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Upon analysis of the prepilot study, by modifying the methods/ sensor design as
need, a pilot study will be performed to analyze the sensor ability to monitor treatment
effects of cancer. Two treatment strategies will be analyzed, treatment with oral
bicarbonate and with Everolimus.4 A recent mouse breast cancer study using acidoCEST
MRI found that pHe increased from as low as 6.5 to 7.1 after adding bicarbonate to the
mouses drinking water; moreover, the same group found that the pH e was useful in
predicting drug response in a lymphoma xenograft, with pH rising pH 6.8 to 6.9 after 1 day
of treatment with Everolimus, and fell to 6.7 a week later after becoming resistant. The
pilot study will include 3 groups of 4 rats each; control group with no treatment, pH sensing
in group treated with 200 mmol/L/day oral bicarbonate,5,6 pH sensing in group treated with
5 mg/kg/day IP Everolimus.4 Four animals are used in each group as four is the minimum
needed to estimate standard deviation with any reliability even if one animal in a group is
lost early. The X-ray imaging system at the Godley Snell Animal Research Center will be
used for these studies. Studying tumor pH will provide a useful way of determining cancer
pathophysiology and tumor progression, especially for therapies designed specifically to
raise the pHe.
For the peritoneal study, we have already carried out the pre-pilot rat study with
promising results. For potential future pilot studies, the sensor can be attached to a
commercially available catheter tube. The pilot study will include 3 groups of 4 rats each:
uninfected control group with injection of sterile saline, group infected with S. aureus,
group infected with S. aureus, and treated with Vancomycin7 after 7 days in order to look
at the effectiveness of treatment. X ray images will be take of the rats and is possible
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peritoneal fluid pH will be determined as previously mentioned. After 14 days, the rats will
be euthanized, and terminal blood samples obtained to analyze for toxicity and/or
inflammatory markers to provide information of an infection or an inflammatory response.
As with the prepilot study, the sensors will be extracted and tested for sensor performance
(accuracy, precision, reversibility, and response rate in alternating pH 7.5/6.5 buffers).
Postmortem culturing of catheter and tissue sections will also be performed.
The pillar structures of hydrogel (for micro-CT imaging and ultrasound imaging)
need to be miniaturized for future clinical applications. In order to image sensors through
ultrasound, modifications need to be carried out so it could be visualized more clearly to
measure height changes. One modification was used to mark the ends of the hydrogel with
Styrofoam beads (Figure 5.2). The length changes were seen in the images but still finding
the exact ends of the gel was difficult to identify.

Figure 5.2: a) Ultrasound image of hydrogel with two Styrofoam pieces at the two ends of
the gel inside a heat shrink tube at high pH (top) and low pH (bottom). b) Image of hydrogel
with two Styrofoam pieces at the two ends of the gel inside a heat shrink tube.
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Other relevent research projects to functionalize X-ray imaging for biomedical
applications include:
5.2.1 Matrix metalloproteinase (MMP) sensor
The matrix metalloproteinases (MMPs) constitute a family of at least 25 structurally
and functionally related calcium containing, zinc dependent endopeptidases. 8,9 It has been
shown that during disease conditions such as infections or cancer, there is an increase in
the levels of MMPs.8,10–12 A simple sensor was developed to detect MMPs which could be
placed in sliding hip screws or attached to other implants. A MMP sensitive matrix may be
used with metal beads interspersed at regular intervals in the matrix. In the presence of
MMP, the matrix would dissolve and gradually with time, the closest bead would start
moving with the dissolution of the matrix as shown in Figure 5.3a. A calibration plot of
distance with time would be useful in determining MMP concentrations and the MMP
activity can be visualized radiographically as well with the use of radiopaque beads.
As a preliminary study to show proof of concept gelatin (3% w/v) was used as a
matrix inside a polymer tube and stainless-steel metal beads were incorporated in the
gelatin as shown in Figure 5.3b. Pepsin (1mg/mL) was added which dissolves the gelatin
and the time taken for the metal beads to move was recorded. The pepsin dissolved the gel
and the metal beads moved to the bottom of the tube. A further experiment was carried out
with different concentrations of pepsin to determine the time taken for the movement of
the bead (Figure 5.3c). The MMP sensor needs to be improved and possibly miniaturize to
perform animal studies. This sensor can be expanded for other biomarkers and would be
useful in utilizing radiography to measure the activity of various biochemicals in the body.
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Figure 5.3: a) Schematic diagram as a preliminary study to develop a sensor for the
detection of matrix metalloproteinases (MMP). b) Preliminary results of a prototype MMP
sensor. c) Preliminary results of the prototype MMP sensor with different concentrations
of pepsin.

5.2.2 Moisture/ seal integrity sensor
Radiography is a non-invasive and rapid imaging technique used in medicine to
study the anatomy, as well as the use of contrast agents allows it to be used to understand
diseases and treatment.13,14 X-ray interrogated devices to measure mechanical strain on
orthopedic plates, screws, and intervertebral spacers have being previously studied.15-17 A
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moisture sensor was developed as a part of a mechanized system for sensing, integrity,
drug release, and evaluation of responses to be incorporated in a strain indicating dynamic
hip screw (DHS) which could potentially include a seal in case boney ingrowth was a
problem. The DHS is a type of orthopedic implant used to stabilize fractures of the hip. A
moisture sensor in the DHS would be helpful in determining whether there is any breach
to the integrity of the screw, due to large pieces falling in. The sensor developed here is
made of a scale of cesium iodide, in a laminating sheet, with alternating regions of
laminated and non-laminated regions and viewed radiographically. Cesium iodide was
used in this preliminary study due to its radiopaque properties. Schematic of the sensor
design is shown in Figure 5.4.

Figure 5.4: Schematic of moisture sensor in DHS.

Strips of filter paper (Whatman, 11.0cm) of size 2cm x1cm were coated with a
saturated solution of CsI and left to dry. Multiple coatings of CsI were deposited and dried.
X ray images were taken of the dry CsI papers and after leaving in water for 30 minutes.
All the X ray images were taken at 90 KeV. A scale of CsI were prepared with alternating
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CsI papers that were laminated and nonlaminated. The scale was then left in water for 30
minutes and X ray images were taken. The Xray images initially and after are shown in
Figure 5.5a. The laminated sections of the CsI scale remained intact while the nonlaminated sections were not visible since the water has dissolved the CsI.
Plastic tubes were filled with solid CsI, after leaving in water for 1 hour, water and
solutions of 50% and 85% w/w CsI solution and X-ray images were taken (Figure 5.5b).
There was a significant difference in the X-ray images between the solid CsI and CsI in
solution and water. Plastic tubes were filled with solid CsI, 25% and 50% w/w CsI solution
and these tubes were inserted into the screw and X-ray images were taken as shown in
Figure 5.5c. The CsI powder and CsI solutions were clearly visible through the metal
screw. There was a significant difference in the X-ray images between the solid CsI and
the 25% and 50% CsI solutions, so that the difference between dry and wet CsI would be
clearly observed in X-ray images.
The preliminary results showed that CsI is easily observed radiographically, even
through the dynamic hip screw and that dissolution is evident from change in position and
intensity. This approach can be generalized to any chemically dependent valve opening
and can be generalized to other conditions, including pH, other hydrogel actuated valves
to see if specific values are ever reached, drug release, as well as a rapid X-ray assessment
of water exposure in electronics, or even possibly during construction.
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Figure 5.5: a) X-ray images of the filter papers coated with CsI and laminated or exposed
alternatively, and placed inside plastic tubes. Radio-dense CsI evident in all specimens
initially (left), but only in laminated specimens after leaving in water for 30 minutes (right).
b) X-ray images of (1) 85%w/v CsI solution, (2) 50% w/v CsI solution, (3) deionized water,
(4) solid CsI after leaving in water for 1hr, (5) solid CsI inside plastic tubes. c) X ray images
of solid CsI (left), 50% w/v CsI solution (middle), 25% w/v CsI solution (right) inside the
DHS.
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In summary, in the presented dissertation we developed and validated an injectable
pH sensor to radiographically measure local tumor pHe to study cancer pathophysiology
and monitor disease response to treatment. In addition, the sensor can be further modified
to measure the tumor heterogeneity using other available medical imaging techniques such
as ultrasound or computed tomography. The peritoneal fluid pH sensor enables peritoneal
fluid measurements for early detection of peritonitis in an awake animal. The sensor design
is simple, and not limited to pH and can be easily modified to any specific biomarker of
interest for a particular disease condition. The approach promises to functionalize plain
film radiography, providing local chemical analysis using ubiquitous infrastructure and
standard of care procedures.
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