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Abstract

Implanted medical device-associated infections are a leading cause of fixation failure and early 

diagnosis is key to successful treatment. During infection, acidosis near the implant plays a role 

in antibiotic resistance and low pH is a potential infection indicator. Herein, we describe a pH 

sensor which attaches to implants to noninvasively image local pH with high spatial resolution. 

The sensor has two layers: a scintillator layer which emits 620 and 700 nm light upon X-ray 

irradiation, and a pH indicator layer containing bromocresol green dye that absorbs 620 nm 

luminescence in neutral/basic pH and passes 700 nm light at all pH. We also developed a 

dedicated imaging system capable of scanning relatively large specimens through thick tissue. 

A focused X-ray beam irradiates one spot on the sensor, and the 620 to 700 nm peak ratio is 

measured to determine local pH; images are acquired by scanning the X-ray beam across the 

surface and measuring pH point-by-point. The sensor was covered with varying thickness slices 

of chicken breast tissue (0-19 mm) to evaluate how tissue affects peak intensity and ratio. Thick 

tissue attenuated both 620 nm and 700 nm light, with more attenuation at 620 nm than 700 nm. 

Although this spectral distortion shifted the pH calibration curve, the effect could be corrected 

for using a scintillator film region with no pH-indicator layer as a spectral reference. The sensor 

was attached to an orthopedic plate affixed to a human cadaveric tibia and imaged through tissue. 

The approach provides both high spatial resolution from focused X-ray excitation, and surface 

chemical specificity from the indicator dye providing a tool for imaging local pH through tissue.
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As the population ages, orthopedic devices are increasingly used to treat fractures and 

replace joints. While the devices improve mobility and quality of life, infection is a 

significant risk in spite of improvements in surgical procedures (e.g., short operating times, 

clean room environment and administration of perioperative local antibiotic prophylaxis). In 

the US, about 2 million fracture-fixation devices are inserted annually, and nearly 5% of 

these become infected with an average estimated cost of $15,000 for medical and surgical 

treatment together.1,2 Open fractures have higher chances of infection after fixation (>30%) 

as compared to closed fractures (1-2%);3,4,5 other risk factors include diabetes, smoking, 

and immunodeficiency states. Implants increase both the risk and severity of infections as 

pathogens can form biofilms on implants which are resistant to antibiotics and the host’s 

immune system. If the infection can be diagnosed near its onset, treatment through surgical 

debridement and antibiotics without implant removal is often successful;6 however, mature 

biofilms usually require implant removal followed by re-insertion of the medical device after 

the infection is eradicated.7,8 Sensors are needed at nidus of infection on the implant surface 

for early detection monitoring treatment, and for elucidating the local biochemical milieu to 

rationally develop therapeutics.

Common signs of infection include fever, pain, redness, swelling, as well as elevated 

blood levels of C-reactive protein (CRP) and erythrocyte sedimentation rates (ESR), but 

these are not specific for implant infection and can also occur for systemic infection.9 

Another challenge is to differentiate between septic and aseptic loosening of implant and 

in the case of chronic infection, clinical signs and symptoms of infection may be entirely 

absent.10 Histopathological testing of intraoperative tissue, radiology and bone scans are 

all used in conjunction to diagnose implant associated infection but lack high sensitivity 

and specificity.11 In many cases, infections are diagnosed based on sinus tracts, discharge, 
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radiolucence near implants, and other signs and symptoms, but there are also cases where 

physicians are uncertain, even intraoperatively.

We are developing a pH sensor to non-invasively detect, monitor, and study implant 

associated infection in situ using X-ray excited luminescence chemical imaging (XELCI). 

pH is selected as target analyte because local acidosis (from the acidic products from 

bacterial metabolism and immune cells) cause a drop in pH, especially in dormant and 

poorly perfused regions, and is indicative of infection.12,13 Local acidosis plays a role in 

immune response and antibiotic effectiveness, and is a potential therapeutic target based on 

drug release in infected acidic regions, or pH restoration.14 It is also a potential indicator 

for implant infection diagnosis and monitoring. pH in infection has been reported to depend 

on the environment, for example, in well mixed synovial joint fluid, it correlates with white 

blood cell count and threshold for infection is decrease from pH 7.5 to 7.15 In osteomyelitis 

or implant loosening, it can drop to as low as pH 4 and cause formation of brushite and bone 

erosion16, 17, 18 while within the biofilm it maybe heterogeneous with local acidosis at base 

of biofilm even if surroundings are neutral.19 Since the behavior depends on the context, 

sensors are needed at nidus of persistent infection at the surface of the implant under the 

biofilm to detect, understand and treat the infection.

XELCI uses a combination of focused X-ray excitation and optical emission to image 

chemical concentrations on the surface of implanted sensors which can be coated or 

attached to implanted medical devices. When the sensors are irradiated with an X-ray 

beam, the sensor’s scintillator layer generates luminescence and its pH-indicator film 

absorbs some of this light which modulates the spectrum according to pH. The approach 

combines the chemical sensitivity and surface specificity of an optical pH indicator film 

with the low background and high spatial resolution of scanning X-ray excited optical 

luminescence imaging. A variety of luminescence studies have been performed with optical 

sensor films based on fluorescence,20–23 surface enhanced Raman spectroscopy (SERS),24 

upconversion,25–27 and other techniques that can respond to various physical and chemical 

stimuli such as pH, temperature, pressure, ions, light and humidity.28 While these can 

provide average chemical measurements, optical scattering of the excitation and emission 

light in thick tissue limits the spatial resolution and is approximately the depth of the tissue 

or worse.29 This low resolution prevents observation of small and localized acidic regions 

during infection and treatment or spatially distinct sensor and reference regions to account 

for spectral distortion and detect multiple analytes with multiple sensors.

In previous studies, we have shown proof of principle for XELCI measurement of pH 

concentrations in silica-coated glass slides imaged in vitro through 6 mm of chicken breast 

tissue using a microscope-coupled spectrograph.30 We were able to observe a spatially 

separate sensor region and observed a pH drop during in vitro bacterial culture followed 

by pH neutralization after antibiotic treatment.30 Herein we developed a clip that can be 

added to an orthopedic tibial plate with a more robust hydrogel-based sensor, developed 

a dedicated scanning X-ray system measuring optical transmittance at two wavelengths, 

studied effect of chicken breast tissue thickness up to 19 mm thick, and demonstrated 

imaging on a human cadaveric tibia (which is larger, has more attenuating tissue, and more 

medically relevant). By more efficiently collecting light and scanning, the system could 

Uzair et al. Page 3

ACS Sens. Author manuscript; available in PMC 2022 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acquire 40 x 40 mm2 images in 15 minutes with a pixel size of 300 μm at a higher spatial 

resolution and through thicker samples compared to a 7.5 x 7.5 mm2 image in the same time 

with a microscope (over 20-fold faster). The hydrogel was far more robust than the fragile 

glass coverslip previously used. Unlike the microscope system, the sample was imaged from 

the same side as the incident X-ray, and sample size could be increased to allow imaging of 

cadaveric samples and future rabbit studies.

EXPERIMENTAL DETAILS

All experiments were performed at room temperature and atmospheric pressure unless noted 

otherwise. All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO) and 

standard buffer solutions from VWR (Radnor, PA) unless otherwise indicated.

Sensor Fabrication.

The sensor consists of two layers. A bottom layer of scintillator particles (Gd2O2S:Eu) 

encapsulated in polydimethylsiloxane (PDMS), and a pH-sensitive top layer synthesized 

from biocompatible polyethylene glycol (PEG) hydrogel incorporating the pH-indicator dye 

bromocresol green (BCG). Both the pH-sensing film and scintillating particles are placed in 

a 3D printed holder made from polylactic acid (PLA) that can be attached to the orthopedic 

plate.

Scintillator layer: Silicone elastomer and curing agent (SYLGARD™ 184 Silicone 

Elastomer base and curing agent, Dow Corning, Midland, Michigan, United States) 

were mixed in 10:1 (w/w) ratio and ~8.0 μm diameter Gd2O2S:Eu scintillator particles 

(UKL63/N-R1, Phosphor Technologies Inc., Stevenage, England) were added in 5:1 (w/w) 

ratio to form a final mixture of 5 g scintillator particles per 1 g of PDMS. This mixture 

was spread on a glass slide and cured in the oven at 100 °C to form about 1 mm thick 

scintillator-PDMS layer. It was cut into either 5 mm or 7 mm discs using a hole puncher.

pH sensitive layer: To synthesize the hydrogel films, a solution was prepared containing 

79% (w/w of sol.) 700 MW polyethylene glycol diacrylate (PEGDA), 9.9% (w/w of sol.) 

glycerol, 9.9% (w/w of sol.) water, 0.8% (w/w of sol.) photoinitiator (2,2-dimethoxy-2-

phenylacetophenone) and 0.4% (w/w of sol.) bromocresol green (pH-indicating dye). This 

mixture was stirred on a magnetic plate for 30 minutes and the resulting solution was drop 

coated and sandwiched between two clean cover slips and cured under UV for 2 minutes. 

The films were immersed in water to swell and delaminate from the coverslips and washed 

several times before cutting into discs of desired size using hole punchers.

Characterization of pH-indicating film: Spectra were obtained for the pH dye free in 

solution and encapsulated in the hydrogel at different pH. For the free dye, a solution of 

the dye was prepared in ethanol (1 mg/ml) and 20 μl of this dye solution was added to 

2 ml of standard buffers of pH 3-8 and spectra obtained. A 96 well plate was prepared 

with the pH film samples kept in 100 μl of each pH buffer solution from pH 3 to 8 for 

at least two hours to reach maximum response and spectra obtained for each pH with a 

spectrometer (DNS 300, DeltaNu, Laramie, WY, United States). For reversibility study, a 5 

mm pH film was fixed to a sample holder and cycled between pH 4 and phosphate saline 
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(~pH 7.2) buffers. Spectra was acquired on the same spectrometer every 1 second for a 

total of 30 minutes in each buffer and repeated for 5 cycles. To measure the attenuation of 

the scintillator emission signal by the pH dye, the sensor (a piece of pH film covered by 

scintillator film) immersed in standard buffer solution was placed on the stage of an inverted 

microscope (DMI 5000, Leica Microsystems, Germany) and irradiated with a focused X-ray 

beam. The pH modulated emission of the scintillator film was collected by a 5× objective 

lens and focused to a spectrometer (DNS 300, DeltaNu, Laramie, WY, USA), equipped with 

a cooled CCD camera (iDUS-420BV, Andor, South Windsor, CT, United States). Spectra 

were collected for each pH after immersing the pH film in the respective buffers.

XELCI Setup.

Figure 1 shows the setup schematic. The sample is placed on an x-y-z motorized stage 

with 30 x 15 x 6 cm travel (Models: LTS300 and LTS150, Thorlabs Inc., Newton, NJ, 

USA for x and y axis and Motorized Linear Vertical Stage Model AT10-60, Motion 

Control, Smithtown, NY, USA for the Z-stage) and positioned under the focused X-ray 

beam (iMOXS, Institute for Scientific Instruments GmbH, Berlin, Germany) and detecting 

optics.

An X-ray beam is focused using a polycapillary lens (5 cm focal distance from capillary 

tip) and excites the scintillator particles generating luminescence. This luminescence passes 

through the pH-indicating film which modulates the spectrum according to pH, and some 

of the light diffuses through the tissue where it is collected using a liquid light guide 

(Model 77638, Newport Corporation, Irvine, CA, United States), collimated with a lens, and 

directed to a beam splitter. The beam splitter sends the light to two photomultiplier tubes 

(PMTs) (Model P25PC-16, SensTech, Surrey, UK) with a band pass filter in front of each 

(one passing 620 nm light, the other passing 700 nm). The whole setup is enclosed in a 

light-tight box. Pulses from each PMT are counted using a Data Acquisition (DAQ) board 

(NI cDAQ™-9171, National Instruments, Austin, TX). The stage position is controlled with 

a program written in LabVIEW (National Instruments, Austin, TX), which also records 

PMT counts and stage position versus time, and displayed an image on the computer screen 

during acquisition. The scanning process and signal processing is explained in our previous 

work.31

Imaging through Tissue.

Chicken breast tissue was cut into slices of desired thickness using an electric food slicer 

(Model 630, Chef‘s Choice, Avondale, PA, USA). A 5 mm thick slice of chicken breast 

tissue was wrapped in clear plastic and placed on the stage. The 3D printed holder 

containing 5 pH sensor discs (in pH buffers 4, 5, 6, 7 and 8) and a reference disc as well 

as a reference strip was placed on top of the tissue and scanned from the top using XELCI. 

The XELCI imaging was repeated after adding another slice of chicken breast tissue (either 

1, 3, 5, 7, 9, 11, 13, 15, 17 or 19 mm thick) over top of the sensor. From this data, calibration 

curves could be plotted showing peak ratio and intensity vs. pH and depth.
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Imaging through Human Cadaveric Tissue.

The pH sensor discs were placed in a 3D printed holder and incubated with pH 4, 5, 6, 

7, and 8 using respective pH buffers. The holder was attached on a tibial orthopedic plate 

affixed to a cadaveric human tibia with an induced fracture. The cadaveric tissue covering 

the top of the orthopedic plate was cut off to allow for imaging of the sensor discs without 

tissue. This tissue flap (about 11 mm thick) was then placed back over the sensor discs and 

imaged again using XELCI to obtain the signal intensity at each pH through the human 

cadaveric tissue.

pH Reversibility.

To observe reversible pH changes through the tissue, two adjacent wells on the 3D printed 

holder were selected. One well contained the reference disc (with no pH film) and the 

second well contained a pH sensor disc. The pH of the second well containing the pH sensor 

disc was cycled between pH 4 and pH 7 using the respective pH buffers to show reversibility 

imaged through the human cadaveric tissue using XELCI for each case.

Data Analysis.

A custom Labview program controls the motorized stage and collects both stage position 

versus time and photon counts versus time for the 620 nm and 700 nm PMTs. From this 

raw data, custom Matlab scripts allocate the photon counts per second to specific pixels 

based on the motor position at the time acquired. The 620 nm and 700 nm signal intensities 

were displayed as pseudo-colored images after background subtraction for each data set. 

Ratiometric images were displayed in a similar manner; a threshold intensity at 620 nm 

and 700 nm used to avoid showing highly noisy pixels. To plot the calibration curves, the 

average signal intensity for each pH-sensor disc in its particular pH buffer, the 620 nm, 700 

nm intensity and ratio was calculated for each chicken slice thickness (0 – 19 mm) and 

through the human cadaveric tissue. The ratios were then normalized to the reference disc 

signal for each data set and plotted as a calibration curve on a single graph. Normalization is 

done by dividing the average ratio values for each pH disc by the average ratio value of the 

reference disc for the respective tissue thicknesses.

RESULTS AND DISCUSSION

Sensor Characterization.

The sensor attaches to an implant surface and has two components: an X-ray scintillator 

layer (Gd2O2S:Eu microphosphors in a PDMS film) covering a metal implant surface (or 

clip which can attach to an implant), and a pH-sensitive film (bromocresol green in a PEG 

hydrogel) covering the scintillator film (Figure 2a). Under irradiation, the X-ray excited 

optical luminescent signal has very low background from tissue unlike most fluorescence-

based measurements through tissue.32 The luminescence spectrum is modulated by the pH 

indicator film: In neutral and basic conditions, the bromocresol green film appears blue 

and strongly absorb 620 nm light from the scintillators, while in acidic media, the film 

appears yellow and transmits most 620 nm light (Figure 2b); absorption at 700 nm is 

minimal regardless of pH. Figure 2c shows how this pH-dependent absorption modulates 
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the X-ray excited luminescence spectrum acquired through the indicator layer. Taking a 

ratio between 620 nm and 700 nm peaks normalizes the data to account for pH-independent 

variation in X-ray intensity and optical collection efficiency. Figure 2c inset shows peak 

ratio versus pH. The sensor has a range from pH 4-8 which is physiologically relevant. 

The curve is shifted by about 1 pH unit compared to free dye because the hydrogel 

alters the local microenvironment and effective pKa
24,33 Interestingly, after encapsulation 

we observe a small spectral blue-shift to the protonated absorption peak and a red-shift 

to the deprotonated peak. This indicates that the dye in the gel experience a different 

local environment which affects the absorption photophysics, although we do not know the 

specific mechanism. Full absorption spectra of the film and dye as a function of pH and the 

inset of ratio vs. pH (log scale) are shown in electronic supporting information Figures S1 

and S2. The sensor is reversible and has a τ90% time constant of approximate 25 minutes 

going from pH5 to pH 7.4 and 5 minutes going from pH 7.4 to pH 5 (Figure S4 in ESI), 

which is adequate for most in vivo applications where pH shifts over hours.

We designed the sensor using biocompatible materials minimizing the toxicity associated 

with potential leaching of the pH indicator dye, and photoinitiator by an initial pre-

leaching treatment. PEG is widely used in tissue engineering applications because of its 

hydrophilicity, resistance to protein adsorption and customizability by modification of the 

chain length and addition of functional groups.34,35 The gadolinium particles enclosed 

in PDMS do not leach out or dissolve even in 1 M sulfuric acid.30 Gadolinium (Gd) 

compounds are used as contrast agents in MRI and the amount of Gd used in the sensor (18 

mg of Gd2O2S:Eu per 1 cm2 of area) is less than the recommended dose for MRI (0.1 mM 

of Gd-chelate per kg of body weight).36 The sensor leaches less than 10% of dye in PBS in 

36 days (ESI, Figure S3).

Effect of Tissue Thickness on Signal Intensity.

pH calibration curves were collected through a series of chicken breast tissue thicknesses 

(0-19 mm). Six 5 mm sensor discs were placed together on a clip and imaged using XELCI: 

one disc was a spectral reference with no pH-indicator film; the other five discs were 

pH-sensors in standard pH buffers at pH 4.0, 5.0, 6.0, 7.0, and 8.0 (Figure 3). The discs 

changed color from yellow at low pH to blue at high pH, with a white reference disc with no 

pH film (Figure 3a). Similarly, the XELCI 620/700 nm ratio images show decreasing ratio 

going from acid to base (increasingly blue in pseudo-colored ratio images, Figure 3c). When 

the clip was covered with tissue, the tissue obscured the clip from view in the photo, but 

the clips were readily apparent in the XELCI ratio image. With increasing tissue thickness, 

the 620 nm/700 nm ratio decreased at all pH (due to stronger tissue absorption at 620 nm), 

evident as a “blue shift” in the pseudo colored ratio images. The underlying 620 nm and 

700 nm images are shown in ESI Figure S5, and the average values are shown in Figure 4. 

Absolute intensity depends on several factors including alignment of optics, PMT sensitivity, 

scintillator film thickness and tissue thickness/properties. However, the spectral peak ratio 

accounts for these variations. For example, Figure 4a&b shows that both 620 and 700 nm 

light was above the trendline intensity through 9 mm of tissue, (about 1.4 times higher 

than expected at pH 4); however, the ratio of 620 nm to 700 nm light was consistent with 

other curves (Figure 4c&d). At any given thickness, the sensors in basic media consistently 
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absorbed more 620 nm than 700 nm light and the 5 mm diameter discs were clear through 

even 19 mm of tissue.

To quantify how the 620 nm, 700 nm and ratio signal changed with tissue thickness, we 

calculated the average intensity for each pH disc (Figure 4). Luminescence intensity at both 

wavelengths decreased exponentially with tissue thickness due to a combination of X-ray 

attenuation and optical absorption in the tissue (with a long path length due to multiple 

optical scattering events). The 620 nm light was more rapidly attenuated: After passing 

through 19 mm of tissue, the reference disc’s average luminescence intensity decreased to 

2.6% of its intensity without tissue at 620 nm, and to 6.1% at 700 nm. Similar attenuation 

was observed for all the pH-indicating discs (Figure 4c). This spectral distortion implies that 

tissue has a higher effective attenuation coefficient, μeff, at 620 nm than 700 nm, which is 

expected from its higher underlying absorption coefficient, μa, and slightly higher reduced 

scattering coefficient, μs. For example, Marquez and co-workers found that μeff in chicken 

breast tissue depended on the sample and muscle fiber orientation but ranged between 0.56 

– 1.28 cm−1 at 620 nm with an average of 0.99 cm−1 and 0.35 – 0.85 cm−1 at 700 nm with 

an average of 0.57 cm−1.37 These average values suggest a loss of 1.74 times more at 620 vs 

700 nm per cm and is consistent with the chicken data reference intensity values observed in 

our experiments corresponding to a loss of 1.58 – 1.95 times in going from 0 to 9 mm and 

from 0 to 11 mm of chicken tissue, respectively.

Since the spectral distortion at any given tissue thickness was consistent for all pH, the 

reference disc spectrum could be used to measure and account for this distortion. The 

reference disc consists of only scintillator layer without a pH sensitive gel layer and is not 

affected by pH changes, it can be used to account for signal attenuation caused by the tissue. 

This pH independent attenuation is same for sensor discs and reference disc as long the 

tissue is uniform. The ratio at each tissue thickness was normalized to the ratio measured for 

the reference disc ratio (Figure 4d). These normalized calibration curves overlap well with 

each other allowing a tissue depth-independent calibration. This normalization is effective 

provided the tissue is homogeneous over the distance between the sample and the reference. 

The standard deviation in normalized ratio at different tissue thicknesses corresponded to 

about 0.2 pH units between pH 4-8.

The pixel-to-pixel noise level within any disc could be found by dividing the ratio standard 

deviation the by calibration curve slope. This noise depended strongly on the light intensity 

at 620 nm and increased with both pH and tissue depth: At 1 mm tissue the noise ranged 

from 0.015 pH units at pH 4 to 0.17 at pH 7; at 11 mm, it ranged from 0.067 at pH 4 to 

0.54 at pH 7; and at 19 mm it ranged from 0.12 pH units at pH 4 to 1.4 pH units at pH 7. 

The signal to noise ratio (S/N) appeared to be limited by shot noise at low 620 nm signal 

intensity (10–100 counts per pixel at 620 nm) implying increasing signal intensity/pixel 

would increase the S/N (Supporting Information Figure S6). This could be achieved by 

slowing acquisition, averaging over several of the 250 μm pixels, optimizing the pH film 

for a given pH (e.g., less dye would give better resolution at higher pH), or improving the 

optical collection and detection efficiency of the setup. Nevertheless, the results showed 

reasonably good pH resolution even through 19 mm of tissue at low pH or averaged across a 

disc.
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Cadaver Study.

The pH sensors were next imaged with XELCI on a human cadaveric lower leg. A series 

of pH sensor discs were prepared in a similar manner except that the pH indicating film 

was pre-leached in the buffer for several days resulting in slightly shifted pH spectra as 

the excess dye leached out. Figure 5a shows a photograph of the pH discs that were 

placed on an orthopedic plate fixed on the cadaveric human tibia and imaged through the 

tissue and skin. The reconstructed XELCI images for both 620 nm and 700 nm intensities 

as well their ratio (I6/I7) through the cadaveric tissue are shown in Figure 5b and the 

calibration curve is shown in Supporting Information Figure S7. The image has high spatial 

resolution (like Figure 3 through chicken breast) due to the sharp focus of the incident 

X-ray beam. Analysis of the XELCI images reveal a spatial resolution (80%-20% knife edge 

resolution) of about 500 μm for both the 620 and 700 nm signal intensities through tissue. 

XELCI has sub-millimeter spatial resolution that is comparable to most of the radiation 

based imaging techniques such as X-ray projection computed tomography (typical spatial 

resolution of about 0.5 mm for medical CT systems and higher for μCT), single photon 

emission computed tomography (spatial resolution of 15–20 mm for a SPECT of human 

brain) and positron emission tomography (spatial resolution of 1–3 mm for μ-PET and 5–10 

mm for clinical PET). Usually, there is a tradeoff between high spatial resolution, sensitivity, 

energy of the X-rays used and radiation dose.38 This X-ray beam-limited spatial resolution is 

much finer than the optical point spread function (which is typically over 10 mm for imaging 

through 10 mm of tissue),29 allowing the sample signal to be distinguished from reference 

region signal and enabling visualization of fine pH features in the sample.

Reference and acidic pH discs appear brighter and the higher pH discs are less intense 

except for pH 8 that was on the edge with light leaking out as the tissue could have been 

thinner or a good possibility that it was not properly covered all the way on that end. The pH 

discs closer to the reference are also normalized better than those away from the reference 

and again this effect is especially pronounced for pH 8. This is because the cadaveric tissue 

was not uniform over the whole length of the sensor discs as can be seen in the 700 nm 

intensity image and changes in tissue thickness affects signal normalization. The 700 nm 

intensity can be used to address tissue discrepancies.

Although the calibration curve in the cadaveric specimen was similar to the chicken breast 

tissue, the signal intensity ratio was 5 times weaker for the same tissue depth (a distortion 

factor of 5x for chicken tissue as compared to 25x for cadaveric tissue) and the overall 

signal intensity was much lower too. This is qualitatively consistent with reported absorption 

values in literature for human muscle tissue (for example, μa value of 11.2 cm−1 at 633 

nm) compared to the white chicken tissue (μa value of 0.12 – 0.17 cm−1 at 633 nm) 

mainly because of absorption by blood and also depends on the measurement and modelling 

techniques used.39 Covering the sensors with 11 mm of cadaveric tissue decreases the signal 

by 1600x at 620 nm and 140x at 700 nm, more than expected based solely on in vivo 

extinction coefficient of human extremities: Taroni et al reported that the 1/e penetration 

depth of light through a live human forearm (probably similar to lower leg) was 0.26 cm 

at 620 nm and 0.42 cm at 700 nm, corresponding to an expected plane wave attenuation 

through 11 mm of tissue of 69x at 620 nm and 15x at 700 nm.40 The comparatively 
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weaker signal we observed is likely a combination of incident X-ray attenuation, lateral 

diffusion of the light to a spot size larger than the 7.6 mm core liquid light guide, and 

differences in the skin and tissue after freeze thaw cycles. Even with a large attenuation, 

however, high spatial resolution pH maps were acquired through the tissue in a plated lower 

leg specimen. Also, the principle of luminescence imaging and referencing through tissue 

worked for both cadaveric and chicken breast tissue and would apply to any homogeneous 

tissue sample whether it absorbs and scatters more or less than in a cadaveric specimen. The 

tray is large enough to accommodate animals as large as rabbits. For such studies, additional 

considerations would need to be given for shaving the fur, anesthetizing the animal to keep it 

still during the scan, and using multiple reference regions to account for possible variation in 

tissue thickness and optical properties; these will be discussed in forthcoming publications.

A plain radiograph of the cadaveric lower leg with the pH sensors affixed to the tibial 

orthopedic plate was also obtained and super-imposed with a ratiometric XELCI image of 

the same (figure 5c). This combination of structural (radiograph) and functional (XELCI) 

X-ray imaging can provide useful information about bone healing and implant associated 

infection.

To show the changes in pH on the same pH sensor can be imaged through tissue using 

XELCI, a sensor disc was cycled through pH 4 and pH 7 and scanned through the human 

cadaveric tissue. pH 4 and 7 were chosen as these represent the two extremes of the pH 

spectrum with one being neutral/physiological and the other acidic.30 We also observed a 

pH drop from pH 7.4 to 5 during the in vitro biofilm study reported in our previous work. 

Figure 6 shows the XELCI ratiometric images of a reference disc (right) and the cycled pH 

sensor disc (left). The change in signal intensity indicating the change in pH and reversible 

response can be clearly seen (consistent with the in vitro reversibility study on the pH sensor 

film, Figure S4). The intensity ratio for each pH agree with the respective values of the 

pH calibration curve obtained through the human cadaveric tissue. Placement of flap of the 

human cadaveric tissue varied each time as the pH discs were cycled between the two pH. 

This resulted in minor differences in the signal intensities for pH 7 in figure 6a and 6c, and 

for pH 4 in figure 6b and 6d because of differences in thickness of the cadaveric tissue, 

the same is also true for the reference disc. This can be accounted for by calculating the 

difference in intensity values for the reference disc between each measurement.

CONCLUSIONS

We imaged and resolved different pH through human cadaveric tissue and evaluated the 

effect of increasing tissue (chicken) thickness on the signal from our sensors. Although 

the tissue attenuates the signal intensity, we were able to resolve different pH through as 

much as 19 mm thick tissue. The data obtained through the human cadaveric tissue agree 

with the chicken tissue measurements demonstrating the consistency of sensor response and 

the imaging technique (XELCI). Sensor design can be modified to develop a method to 

uniformly coat the whole implant with the pH sensor layers. In addition, the imaging system 

is far from optimized and optical collection can improved using red-efficient photodetectors 

(the PMTs were 5% efficient at 620 nm and 2% at 700 nm), and replacing the 7.6 mm 

core liquid light guide with a larger air/acrylic light guide to increase collection area and 
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acceptance angle. Further studies will be conducted to measure pH changes on the surface of 

implanted medical devices in a rabbit model to help diagnose and gain insight into implant 

associated infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic drawing of the XELCI experimental setup. The sample is placed on an x-y-z 

motorized stage and irradiated with a focused X-ray beam. The luminescence signal is 

transmitted via liquid light guide to two photomultiplier tubes (PMTs), measuring light 

intensity at 620 nm and 700 nm respectively. The intensities and ratios are monitored as the 

stage scans, with real time image shown on the computer screen.
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Figure 2. 
Sensor design. (a) The sensor consists of two layers: A top pH-indicating film made 

of PEG hydrogel with encapsulated BCG dye. A bottom layer of scintillating particles 

(Gd2O2S:Eu) encapsulated in PDMS and covered by the pH sensing film. (b) Luminescence 

spectrum of scintillators (Gd2O2S:Eu) (red line, left y -axis) and the extinction spectra of 

BCG-doped PEG films in pH 3.0 buffer (yellow line, right y-axis) and pH 7.0 buffer (blue 

line, right y-axis). Inset: Sensor discs (scintillator + pH film) showing color change at 

acidic pH (yellow), physiological pH (blue-green) and reference disc (white) containing only 
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scintillators with no pH film covering it. (c) Scintillator radioluminescence spectrum after 

passing through the BCG pH dye in PEG hydrogel at different pH. Inset: Ratio of 620 and 

700 nm intensities plotted for each pH (ratio vs. pH on log scale available in ESI, S2).
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Figure 3. 
Imaging pH through varying tissue thickness. (a) Photo of pH sensor discs placed on a piece 

of tissue. (b) Photo of pH sensor discs sandwiched between two slices of chicken breast 

tissue. Thickness of the top slice was increased from 1 – 19 mm with 2 mm intervals. (c) 

Photograph of pH sensor discs (7 mm in diameter) placed in a 3-D printed holder in pH 

buffers 8, 7, 6, 5 and 4 and a reference disc without any pH coating. A reference strip 

is placed along the length of the holder to account for variation in signal intensity caused 

by variation in tissue thickness. Ratiometric XELCI images (ratio of 620 nm and 700 nm 

intensities) of the pH sensor discs at respective pH obtained without tissue and through 1 – 

19 mm of chicken tissue.

Uzair et al. Page 17

ACS Sens. Author manuscript; available in PMC 2022 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Effect of tissue thickness on signal intensity. (a) 620 nm light intensity vs. tissue thickness 

(0 – 19 mm) at pH 4, 5, 6, 7, 8 and uncoated reference. (b) 700 nm light intensity vs. tissue 

thickness (0 – 19 mm) at pH 4, 5, 6, 7, 8, and uncoated reference. (c) Ratio of 620 and 700 

nm intensities for each tissue thickness (0 – 19 mm) at pH 4, 5, 6, 7 and 8. Note y-axis log 

scale. Reference was plotted at pH 3.5. (d) Plot (c) normalized to reference value. All tissue 

intensities (0 – 19 mm) show good overlap at different pH except for pH 8 due to relatively 

weak signal intensity and higher signal to noise ratio at pH 8. Note y-axis log scale.
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Figure 5. 
Imaging pH sensor discs fixed on a tibial plate on a cadaveric specimen. (a) Photograph of 

pH sensor discs (5 mm in diameter) placed in a 3-D printed clip in pH buffers (left to right) 

8, 7, 6, 5, 4, and a reference disc without any pH coating. (b) XELCI images of the pH 

sensor clip fixed on the tibial plate: Top image: 620 nm light intensity; middle image: 700 

nm light intensity; bottom image: Ratio of 620/700 nm intensities. (c) X-ray radiograph of 

the human cadaveric tibia superimposed with XELCI image of the pH sensor discs.
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Figure 6. 
pH reversibility through cadaveric tissue. XELCI ratiometric images (I700/I620 nm) of the 

pH sensor clip with two wells fixed on a tibial plate through human cadaveric tissue. Right 

well contained only the reference scintillator film and the left well had the pH sensing gel 

film on top of the scintillator layer. The pH of the left well was cycled between 4 and 7 by 

rinsing with pH 4 and pH 7 buffers alternatively followed by imaging with XELCI through 

tissue. (a) and (c), set to pH 4. (b) and (d), set to pH 7.
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