
 

 

 

 

 

 

Difluoroboron β-Diketonate Materials with Long-Lived 

Phosphorescence Enable Lifetime Based Oxygen Imaging 
with a Portable Cost Effective Camera 

 

 

Journal: Analytical Methods 

Manuscript ID AY-ART-11-2015-002959.R2 

Article Type: Paper 

Date Submitted by the Author: 20-Mar-2016 

Complete List of Authors: Mathew, Alexander; University of Virginia, Department of Chemistry 

DeRosa, Christopher; University of Virginia, Department of Chemistry 
Demas, J; University of Virginia, Department of Chemistry 
Fraser, Cassandra; University of Virginia, Department of Chemistry 

  

 

 

Analytical Methods



Analytical Methods  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Difluoroboron ββββ-Diketonate Materials with Long-Lived 

Phosphorescence Enable Lifetime Based Oxygen Imaging with a 

Portable Cost Effective Camera 

Alexander S. Mathew, Christopher A. DeRosa, James N. Demas, Cassandra L. Fraser* 

Lifetime-based oxygen imaging is useful in many biological applications but instrumentation can be stationary, expensive, 

and complex. Herein, we present a portable, cost effective, simple alternative with high spatiotemporal resolution that 

uses a complementary metal oxide silicon (CMOS) camera to measure oxygen sensitive lifetimes on the millisecond scale. 

We demonstrate its compatibility with difluoroboron β-diketonate poly(lactic acid) (BF2bdkPLA) polymers which are 

nontoxic and exhibit long-lived oxygen sensitive phosphorescence. Spatially resolved lifetimes of four BF2bdkPLA variants 

are measured using nonlinear least squares (NLS) and rapid lifetime determination (RLD) both of which are shown to be 

accurate and precise. Real-time imaging in a dynamic environment is demonstrated by determining lifetime pixel-wise. The 

setup costs less than $5000, easily fits into a backpack, and can operate on battery power alone. This versatility combined 

with the inherent utility of lifetime measurements make this system a useful tool for a wide variety of oxygen sensing 

applications. This study serves as an important foundation for the development of dual mode real time lifetime plus 

ratiometric imaging with bright, long lifetime difluoroboron β-diketonate probes. 

 

Introduction 

 Oxygen is essential to numerous biological processes and 

insufficient concentrations can cause physical ailments.
1
 

Consequently, quantification of oxygen has been of increasing 

interest for several decades. While there are many approaches 

to measuring oxygen, chemical probes displaying oxygen 

sensitive phosphorescence are of particular interest.
2
 Excited 

molecules of this type can be deactivated by collisions with 

ground state triplet oxygen in a dynamic quenching process. 

The result is a reduction in luminescence intensity and lifetime 

dependent on the oxygen concentration according to the 

classic Stern-Volmer relationship, Equation 1, where “τ” is the 

lifetime, “I” is the emission intensity, kq is the bimolecular 

quencher constant, and the 0 subscripts denote the value in 

the absence of oxygen. Luminescence quenching 

measurements are desirable because of their high sensitivity, 

high accuracy, and non-invasiveness. Further, they are highly 

compatible with imaging techniques enabling medical 

applications such as monitoring regenerating tissue, cancerous 

tumors, or chronic wounds.
3–7

  

 
τ�
τ � I�

I � 1 � k�τ�	
��										�1� 
 

Sensors for luminescence quenching-based probes 

measure changes in either emission intensity or lifetime 

modes. While intensity sensing is generally simpler, it is 

dependent on measuring an unquenched reference signal. A 

reference is necessary because the intensity can be affected by 

external factors such as excitation noise, background 

fluorescence, probe concentration, scattering losses, and 

decomposition. The lifetime, however, is an intrinsic property 

of a molecule and thus remains unchanged by these factors. A 

great advantage of lifetime-based imaging is the independence 

of probe concentration, as this is problematic when probes 

accumulate in specific biological regions, such as tumors.
8
 

Thus, in the case of lifetime, a single oxygen calibration at a 

given temperature is necessary per probe, making it preferable 

for applications with dynamic environments.   

 Lifetime based oxygen imaging instruments are widespread 

due to the attractiveness of this parameter. Wang et al., for 

example, have created several systems capable of measuring 

spatially resolved lifetimes on the order of nanoseconds.
9–11

 

Decays on such a short time scale require sophisticated 

hardware resulting in increased complexity and immobility. 

Other simpler systems have been developed but are restricted 

to lifetimes on the microsecond scale and still require external 

gating control as well as image intensifiers, pulse generators, 

Page 1 of 7 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

or cameras with ultra-fast shutters which can be costly.
12,13

 For 

example, to monitor the phosphorescence lifetimes of 

ruthenium based dyes (1-5 µs) with complementary metal-

oxide silicon camera (CMOS), both ultrafast shutters and image 

intensifiers are typically employed.
14,15

 Indeed most lifetime 

imaging systems suffer from some combination of expense 

and complexity. Limitations become increasingly pronounced 

with faster lifetimes. 

 Technical demands, and thus cost, can be minimized by 

using long-lived probes. This approach is successful in 

phosphorescence lifetime imaging microscopy (PLIM) for 

background free imaging of cells and tissues.
16-18

 These 

molecules eliminate the need for a fast excitation pulse and 

have the additional advantage of diminishing background 

interference from shorter-lived luminophores in the 

environment. However probes with lifetimes on the order of 

milliseconds or longer are few and far between. Certain 

trivalent europium and terbium complexes, as well as some 

metalloporphyrins, have lifetimes on this scale.
19,20

 However, 

rare-earth and heavy metal activated phosphorescence 

materials can be costly and may lead to unintended 

cytotoxicity for the biological specimens.
21

 In recent years, 

purely organic phosphors have been developed with 

exceptionally long lifetimes, but the phosphorescence is either 

oxygen insensitive due to material crystallinity
22–24

 or dyes are 

embedded in biologically incompatible polymer matrices.
25,26

 

For biological sensing applications, dual emissive difluoroboron 

βdiketonates conjugated to biodegradable polylactide 

(BF2bdkPLA), have been developed.
27–29

 Modifications to the 

dye scaffold, and polymer composition have enabled 

fabrication of oxygen sensitive films,
30

 nanoparticles,
31

 and 

nanofibers.
32

 These materials exhibit lifetimes up to hundreds 

of milliseconds making them uniquely compatible low cost 

imaging methods.  

 Many commercial oxygen sensing techniques based on 

luminescence already exist.
33

 For example, ©Presens has 

developed a convenient hand-held system that utilizes the 

red/green/blue (RGB) channels of a camera to perform 

ratiometric imaging.
2
 The hand-held camera, in combination 

“sensor foils” generates oxygen maps to gather spatial and 

temporal information. Commercial lifetime-based oxygen 

sensors are primarily fabricated as fiber optic lifetime decay O2 

sensors, such as the ©Piccolo2 developed by ©PyroScience.
27

 

These provide highly reliable O2 measurements, but only point 

measurements based on the location of the probe tip, and can 

be invasive in a biological context. Lifetime based 

measurements can be performed spatially with high-speed 

cameras, but dependent on the phosphors in use, costs and 

feasibility can differ greatly.   

Recently, Meier et al. compared several camera-based 

imaging techniques. Of those reviewed, lifetime imaging was 

shown to be the most expensive ($15,000 - $60,000), the most 

complex, and the least portable.
34 

We have substantially 

minimized these limitations with the system described below. 

Our setup costs less than $5000, easily fits into a backpack, 

and can operate on battery power alone. We report the 

development of a low-cost real-time oxygen imaging system 

that takes advantage of the long lifetimes of heavy-atom free 

BF2bdkPLA materials. The lifetimes of four different boron 

polymer materials are measured and compared with those 

measured by a commercial phosphorimeter to determine 

accuracy and precision. Real-time imaging is also 

demonstrated. This study demonstrates great synergy 

between bright boron based probes with long 

phosphorescence lifetime and camera imaging techniques. It 

sets the stage for the future development of real time, 

combined lifetime and ratiometric imaging with more O2 

sensitive boron materials and their application in medicine. 

 

Experimental Section 
 
Method Concept. A digital camera is an ideal tool for two-

dimensional analysis. At its core is an array of photosensors 

(pixels) that convert incident photons into a digital signal. Each 

pixel acts as its own sensing element providing spatial 

resolution, while a gated shutter provides temporal resolution. 

These processes are all performed on-board by the digital chip 

allowing for simple operation. Further, the commercialization 

of digital cameras has significantly reduced their price. The 

goal of this study is to utilize such a camera for quantitative 

lifetime imaging of oxygen levels.  

      Lifetimes are measured with our system by monitoring a 

luminescent probe with a camera. The sample is excited with 

pulsed UV light, and the subsequent decay is analyzed frame 

by frame via software. Because the gated shutter temporally 

resolves each frame, emission intensity may be determined as 

a function of time and fit to a decay function using nonlinear 

least squares (NLS), which yields the lifetime as a function of 

position. Filters, profile detection in software, and a 

comparatively fast pulse minimize contributions from the 

excitation pulse. Repeating this process pixel-wise may 

perform imaging. To achieve enough data points for good NLS 

fits, the lifetime must be longer than the time between each 

frame. This prerequisite rules out most probes. However in the 

case of BF2bdkPLA materials, even basic modern cameras have 

the necessary shutter speed.  

      If real-time imaging is desired, the rapid lifetime 

determination (RLD) method (see Figure S1), described by 

Ashworth et al., is employed in combination with our system 

instead of NLS.
35

 This method requires that only two frames be 

captured. The lifetime is then calculated according to equation 

2, where the integration times (t1 and t2) are given by the 

shutter speed and the integration values (A1 and A2) are 

calculated from pixel intensities within each frame. Unlike NLS, 

RLD has a closed form making it up to hundreds of times faster 

computationally. RLD can be performed pixel-wise in real-time 

where the imaging speed is limited only by the time between 

excitation pulses. Furthermore, because it requires fewer 

frames than does NLS, shorter lifetimes can be detected. RLD 

has been shown to demonstrate good accuracy and precision 

for single exponential decays even under low light 

conditions.
36

 However in the multiexponential case, it should 

be noted that the accuracy of the calculations can change  
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Figure 1. Schematic of the system setup (left) and data 

processing for real time RLD imaging (right)  

 

depending on how the integration intervals (t1 and t2) are 

selected.  

 

� � �� � ��
ln ��� ��� �

									�2� 

 

System Setup and Components. A schematic of the system 

setup is shown in Figure 1. Samples are placed approximately 

0.5 m below the camera and are excited by a manually 

triggered Yongnou 560-II flash unit masked by an Esco Optics 

425 nm bandpass filter (40 nm bandwidth). Pulses with 

reproducible profiles and durations as short as 50 µs can be 

generated at regular intervals for imaging. Images are 

captured with a PGR GS3-U3-41C6C-C video camera 

(http://www.ptgrey.com/) equipped with a Spacecom f/0.95 

50 mm lens and an Edmund Optics 425 nm long pass filter to 

minimize excitation background. Emission profiles of filters 

used are shown in Figure S2. The camera has a color CMOS 

chip capable of 90 frames per second (FPS) at a maximum 

resolution of 2048x2048 pixels. Framerates up to 2000 FPS can 

be achieved at reduced resolutions. A color camera was 

chosen to increase versatility for other luminescence-based 

applications. The quantum efficiencies of the color channels 

are shown in Figure S3. Camera data and power are provided 

through a USB 3.0 cable connected to a Lenovo w530 laptop, 

which is responsible for camera control, data acquisition, 

processing, and display. Further details about component 

selection and cost are provided in Table S1. All components 

can easily fit in a backpack for portability and can operate on 

battery power for field applications. 

 

Software Design. The camera records 8-bit Bayer data and 

performs a nearest-neighbor demosaicing algorithm on-board 

unless otherwise specified. Camera control, data acquisition, 

processing, and display are all performed in custom MATLAB 

2014b programs. The Image Acquisition and Curve Fitting 

toolboxes are necessary add-ons for these programs. The 

apparent light intensity is controlled primarily through the 

shutter speed. Gain may be increased if the image is 

underexposed. Otherwise it is turned off. Gamma correction is 

always set to a value of 1 (meaning no additional amplification 

or distortion of the sensor output is applied). The white 

balancing feature is also turned off. The region of interest 

(ROI) may be specified to reduce data output or increase 

framerate. The FPS is set based on the calculation method 

(NLS vs RLD) as well as the range of expected lifetimes. Total 

intensity at a single pixel is determined by summing the 8-bit 

values from red, green, and blue channels. 

      If single, absolute lifetime measurements are desired, the 

NLS method is used and the FPS is set such that at least ten 

frames will be acquired during the decay. The beginning of the 

decay is detected in software by the appearance of the 

excitation peak. After monitoring the decay, all pixel intensities 

in the ROI are averaged frame-by-frame and fit as a function of 

time (determined by the FPS) to a single or multiexponential 

decay function with an offset. In the case of a single 

exponential decay, the lifetime may be extracted directly from 

the fit parameters. For a multiexponential decay, a weighted 

lifetime is calculated using pre-exponential weighting.
37

 

Oxygen imaging may be performed by computing the lifetime 

at each pixel, applying a predetermined oxygen calibration, 

and displaying the resultant distribution as a scaled colormap. 

This process is computationally intensive and cannot be done 

in real time. It should also be noted that precision in general 

decreases as fewer pixels are averaged. 

 For high speed imaging applications, the RLD method is 

used. A simplified flow chart of the processing is shown in the 

right hand side of Figure 1. The FPS is set such that at least two 

frames will be acquired during the decay. Because an offset 

can significantly affect the ratio of the denominator of the RLD 

equation, a background image is captured before imaging 

begins. The excitation pulse is detected in software and at 

least two consecutive frames are subsequently captured. The 

background image is subtracted pixel-wise from each frame. 

The lifetime at each pixel is then determined by Equation 2 

where the numerator is the inverse framerate and the 

denominator is given by the natural logarithm of the ratio of 

intensities. A predetermined oxygen calibration is then applied 

to each pixel to determine the concentration. The oxygen 

distribution is displayed as a scaled colormap. The program 

then awaits the next excitation pulse. The program used for 

RLD imaging is available in Figure S4. Because the decay times 

are substantially longer than the RLD processing time, real 

time processing may be performed at full resolution at 2 FPS. If 

lifetimes are long enough to capture more than two frames, 

the width and timing of the integration intervals may be 

changed in software for optimal performance. 

 

Materials. Boron dyes were prepared as previously 

described.
27,28,38

 Steady-state fluorescence emission spectra 

were recorded on a Horiba Fluorolog-3 Model FL3-22 

spectrofluorometer (double-grating excitation and double-

grating emission monochromator). A 2 ms delay was used 

when recording the long-lived emission spectra. 

Phosphorescence lifetimes were measured with a 1 ms 

multichannel scalar (MCS) excited with a flash xenon lamp (λex 

= 369 nm; bandwidth = 5 nm; duration <1 ms). Lifetime data  
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Figure 2. Optical properties of BF2bdkPLA materials. a) 

Structures and nomenclature of boron dye PLA materials. b) 

Image of dye-PLA polymers under nitrogen with continuous UV 

illumination (λex = 365 nm) showing fluorescence plus 

phosphorescence and delayed image; λex = camera flash with 

blue filter (i.e. phosphorescence plus thermally activated 

delayed fluorescence) c) Total emission spectra in air (λex = 369 

nm). d) Delayed emission spectra under nitrogen (λex = 369 

nm) 

 
were analyzed with DataStation v2.4 software from Horiba 

Jobin Yvon. Oxygen sensitivity calibrations were performed as 

previously described.
28 

Thin films were prepared on the inner 

wall of vials by dissolving polymers in CH2Cl2 (5 mg/mL) and 

then evaporating the solvent by slowly rotating the vial under 

a slow stream of nitrogen. The films were then dried in vacuo 

for at least ∼15 min before measurements were taken. 

 

Results and Discussion 
 
Photophysical Properties. Non-heavy atom substituted 

BF2bdkPLA materials were chosen to demonstrate imaging 

system capability because of their long phosphorescence 

lifetimes at room temperature, shown in Figure 2. Specifically, 

polymers with molecular weights (MWs) of 15 kDa or higher 

were selected because of their long phosphorescence lifetimes 

(117-265 ms). The delayed emission of BF2bdkPLA polymers is 

comprised of room temperature phosphorescence (RTP) and 

thermally activated delayed emission (TADF) at room and body 

temperatures.
31

 Samples 1 (BF2dbmPLA, 20 kDa) and 2 

(BF2nbmPLA, 19 kDa) show predominantly RTP, while  

 

Table 1. Phosphorescence Lifetime (τP) Comparison  

Sample MSPC
a 

(ms)
 

NLS
b 

(ms)
 

RLD
c 
(ms)

 

1 265 ± 2 253 ± 21 256 ± 23 

2 222 ± 7 216 ± 19 228 ± 8 

3 203 ± 1 209 ± 7 193 ± 8 

4 117 ± 1 119 ± 4 114 ± 1 

 

a) Multi-scalar photon counting (Horiba fluorimeter) b) Non-

linear least squares (NLS) c) Rapid lifetime determination 

(RLD). Uncertainties are the standard deviation for three 

independent measurements 

 

BF2dnmPLA polymers (sample 3, 30 kDa and sample 4, 16 kDa)  

show more significant TADF.
27

 Because TADF is a thermal 

process, the delayed emission color, lifetime, and oxygen 

sensitivity
39

 change dramatically with variations in 

temperature.
38

 BF2nbmPLA (2) polymers have the largest 

singlet-triplet gaps (465-545 nm), and long unquenched 

phosphorescence lifetimes (222 ms), making this dye scaffold 

optimal for long-lived phosphorescence applications.
26,39,40 

All 

polymers 1-4 have long-lived triplet emissions, resulting in 

hypersensitivity to oxygen quenching. Because these dyes are 

covalently linked to the polymer matrix, fabrication into 

nanoprobes is easily achieved for biomedical application to 

acquire spatial information.
31,41

  

 

System Performance. A linear output is essential to obtaining 

quantitative data from digital cameras. Nonlinearity is 

common in lower cost cameras and may arise during multiple 

stages between when photons strike the sensor and when the 

image is displayed. While the sensor itself can be nonlinear 

and heterogeneous, the raw signal is usually distorted most by 

software. Some sources of nonlinearity include gamma, white 

balance, brightness, and compression. The issue is further 

complicated in the case of color cameras which have different 

filters covering every pixel and require an additional 

processing step (demosaicing) to extract color images. To 

ensure that the response of our system was reliable, a linearity 

calibration using neutral density filters was performed. The  

results (see Figure S5) show that all three color channels, as 

well as “total emission” determined by summing all three, 

show excellent linearity. 

 Once linearity was confirmed, we tested the performance 

of our system with BF2bdkPLA materials. The lifetimes of four 

derivatives including BF2dbmPLA (1), BF2nbmPLA (2) and BF2-

dnmPLA (3, 16 kDa and 4, 30 kDa) were measured under 

nitrogen using NLS and RLD. These unquenched lifetimes were 

compared with those measured by a commercial 

phosphorimeter used as the standard. The results are shown in 

Table 1. Lifetimes determined by NLS at a framerate of 90 FPS 

demonstrated high accuracy and precision, obviating the need  
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Figure 3. Imaging demonstration of a vial containing a film of 2 

being purged with a stream of nitrogen showing a) Image of 

phosphorescence with the region of interest (ROI) highlighted 

in a red box, b) Stern-Volmer calibration plot and c) raw 

camera intensity plot of an ROI during imaging (detected 

excitation in blue, sample decay in black) aligned with d) the 

fully processed oxygen color maps.  

 

for additional oxygen calibrations specific to our system. RLD 

performed similarly, however because the lifetimes of the 

materials used in this study are multiexponential, it was 

necessary to choose optimum integration parameters for each 

dye. Details of these parameters are given in Table S2. Due to 

the limited frame rate of our system, a rapid decrease in 

accuracy and precision was observed for lifetimes shorter than 

1 ms using NLS or 200 µs using RLD. 

 

Dynamic Imaging Application. The real-time oxygen imaging 

capability of the system when applied to BF2bdk materials was 

demonstrated. The oxygen sensitivity of 2 was calibrated using 

a spectrofluorimeter (Figure 3). Polymer BF2nbmPLA (2) (~5 mg 

dissolved in CH2Cl2) was drop-cast onto a glass surface to 

create a film of variable thickness. A stream of nitrogen gas 

was then blown onto the surface as continuous RLD imaging 

was performed using 55 ms integration intervals and a two 

second delay between excitation pulses. The raw intensity 

profile of an ROI and the associated spatially resolved frames 

are shown in Figure 3. Images from a higher time resolution 

repeated trial of this experiment with a shorter delay between 

pulses are shown in Figure S6. 

 

Conclusions 
An economical spatiotemporally resolved oxygen-imaging 

system was presented. It utilizes especially long lived oxygen 

sensitive probes, significantly reducing the technical demands 

of instrumentation. Our system improves upon three major 

limitations to typical lifetime based oxygen sensing 

(complexity, portability, and cost) and is also capable of 

imaging in real time. Both NLS and RLD lifetime calculation 

methods may be employed and each are suited to different 

scenarios. The camera can detect lifetimes as short as 200 µs. 

We tested the performance of the camera imaging system 

with four BF2bdk samples. The lifetimes of these probes were 

measured and shown to be accurate and precise. Then, real-

time oxygen imaging was demonstrated using a 

heterogeneous film of sample 2. The versatility of the imaging 

system combined with the biocompatibility of BF2bdk 

materials provides a cost effective alternative for oxygen 

visualization in biological systems. Imaging systems can also be 

expanded to even simpler capturing devices, such as handheld 

camera phones.
42

 Further system optimization, development 

of simultaneous lifetime and ratiometric imaging, and 

biomedical applications testing with BF2bdk probes are 

underway and will serve as the subjects of future reports. 
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