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ABSTRACT 

Articular cartilage is an avascular tissue, and as such, diffusive transport is 

important in cartilage homeostasis and disease. While numerous techniques have been 

used to quantify diffusivity within porous, hydrated tissues, and to assess both 

cartilage pathology and the maturity of tissue engineered constructs, to date, these 

techniques have suffered from limitations in terms of their invasiveness and spatial 

resolution. In the present study, we implemented and compared two separate 

correlation spectroscopy techniques, fluorescence correlation spectroscopy (FCS) and 

raster image correlation spectroscopy (RICS), for quantifying fluorescent solute 

diffusion in agarose and articular cartilage. Specifically, we observed the equilibrium 

diffusion of fluorescein isothiocyanate (FITC), and Alexa Fluor 488-conjugated 3K 

and 10K dextrans in aqueous solutions, agarose gels of varying concentration (1%, 

3%, 5%), and in different zones of juvenile bovine articular cartilage explants (i.e. 

superficial, middle, and deep). In agarose, diffusion coefficients were inversely related 

to the size of the molecule and agarose gel concentration. In cartilage, no statistically 

significant trends were observed; however, the diffusion coefficient values obtained 

via FCS and RICS were in agreement with previously published work, using other 

techniques. Thus, this study demonstrated the utility of FCS and RICS as simple and 

minimally invasive ways to quantify solute diffusivity within both agarose constructs 

and bovine articular cartilage explants.
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Chapter 1 

INTRODUCTION 

Articular cartilage is a highly hydrated tissue whose primary function is to 

facilitate load-bearing and low-friction motion between joint surfaces. Articular 

cartilage is composed primarily of water (approximately 60-85% wet weight), and this 

water plays a critical role in the tissue’s function [1-4]. The remainder of the tissue 

consists of collagen (predominantly type II, 15-20% wet weight), proteoglycan (~5%), 

and a small percentage of non-collagenous proteins and glycoproteins [5]. Within 

articular cartilage, collagen contributes to the tissue’s tensile stiffness, while the 

negatively-charged proteoglycans are essential for cartilage’s characteristic swelling 

and water retention [6]. Together, the collagens and proteoglycans in articular 

cartilage form a stiff, hydrated, fiber-reinforced solid matrix that serves as a scaffold 

for specialized cartilage cells, chondrocytes [5]. Chondrocyte, collagen, and 

proteoglycan distributions are heterogeneous throughout the depth of the articular 

cartilage [7], resulting in varying solid-matrix and tissue hydration properties 

throughout the tissue [8-12].  

Cartilage, and the chondrocytes embedded within it, rely on diffusion or load-

induced convection of interstitial fluid to move solutes through the tissue since 

cartilage is avascular. The same is true of engineered cartilaginous tissue, such as 

those composed of naturally-derived hydrogels, e.g. agarose, alginate, hyaluronan, 

fibrin, or collagen [13-17]. Previous studies have demonstrated that dynamic loading 

of cartilage explants [18] and engineered cartilage constructs [16, 19, 20] can enhance 
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the transport of large macro-molecules into/through cartilage via convective processes. 

However, it is generally believed that diffusion is the predominant transport 

mechanism governing the distribution/exchange of smaller nutrients, waste, and 

signaling molecules in cartilaginous tissues [21]. As a result, molecular diffusion 

would be expected to play a critical role in the regulation of cartilage homeostasis and 

health, and in the maturation of engineered cartilage tissues. 

Diffusivity within porous materials is dependent upon several properties of the 

diffusing solute and the extracellular matrix, such as the size and geometry of the 

solute and matrix pores. Within cartilage, the pore size is predicted to range from 2 to 

6 nm, and has been found to be dependent upon the composition, structure, hydration, 

and degree of matrix compaction [22]. Thus, alterations in tissue composition and 

hydration, such as those related to depth- and age-dependent changes in tissue 

ultrastructure, disease-state, and mechanical loading, have the ability to influence the 

diffusive transport of solutes required for regulating chondrocyte metabolism, 

homeostasis, and health in natural and engineered cartilage tissues. Consequently, 

quantification of diffusivity within these tissues is an important tool for studying the 

transport of molecules within cartilage, as well as their natural physiology. 

Various imaging techniques have been used to quantify solute diffusivity 

within cartilaginous tissues. Magnetic resonance imaging (MRI) techniques, such as 

diffusion weighted [23] and diffusion tensor MRI [24-30], and NMR spectroscopy 

[31-34] have been used successfully to quantify diffusion and diffusional anisotropy 

within cartilage [35, 36]. However, they are restricted to the study of ions and very 

small molecules [23, 24, 28, 29, 31], and have limited spatial resolution compared to 

cartilage’s micro-scale features [37, 38]. They also typically require long imaging 
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times, and can be costly [39]. Adsorption/desorption diffusion assays can be 

implemented within cartilage through a variety of fairly simple quantification 

strategies, including optical/fluorescent imaging; however, such assays only report 

bulk diffusion measures within a tissue and thus lack spatial specificity. Conversely, 

fluorescence recovery after photobleaching (FRAP) is a fairly straightforward and 

widely-implemented microscopy technique that enables the quantification of micro-

scale diffusion within cells and tissues. Numerous studies using photobleaching 

techniques have quantified solute diffusion within the context of engineered cartilage 

constructs [9], cartilage explants [9, 40], in situ calcified cartilage [41, 42], and growth 

plate cartilage [43]. However, despite the ubiquity of its application, quantification of 

diffusivity via FRAP is not without its limitations. FRAP analysis involves the 

application of an external perturbation, in the form of photobleaching, to quantify 

solute diffusivity. The FRAP technique requires specific assumptions, whose validity 

can affect the accuracy of the derived transport results, regarding the system being 

observed and the nature of the perturbation. These include: 1) knowledge of the 

geometric shape of the bleached region of interest (ROI), 2) instantaneous bleaching 

within the ROI, 3) a bleaching profile approximated as a radial step function, 4) a 

uniformly and isotropically bleached ROI, and 5) a restriction of in-plane diffusion 

[44, 45]. Additionally, FRAP requires the use of high laser intensities to induce 

photobleaching of a relatively concentrated (µM) fluorescent solute, which may have 

phototoxic effects on cells and tissues under observation [46]. However, other 

fluorescence microscopy-based, correlation spectroscopy techniques exist that are 

capable of quantifying solute diffusion while avoiding the limitations of FRAP. 



 4 

Recently, fluorescence correlation spectroscopy (FCS) has been used to 

quantify the diffusivity of fluorescent solutes in healthy and chemically degraded 

porcine articular cartilage [47]. FCS is based upon the correlation analysis of 

fluctuations in fluorescence intensity driven by physical processes within the system 

under study. Unlike FRAP, FCS does not rely on large external perturbations to the 

system to study diffusive transport, but is instead based upon observation of small, 

intrinsically-driven perturbations/fluctuations in the system due to the Brownian 

motion of the particles under study. FCS is a well-developed and highly-sensitive 

analytical tool that represents an alternative methodology for quantifying solute 

transport within articular cartilage. Advantages of FCS over other quantification 

methods include its femto-scale observation region, well-defined and consistent data 

collection and analysis methodologies, and very short experiment times (~1 minute). 

Additionally, FCS does not require high laser powers for data collection, and is 

suitable for low (nanomolar) solute concentrations. However, FCS is not an image-

based technique, so the observation region cannot be directly visualized while 

collecting data and average diffusivity measurements are restricted to the stationary 

location of the observation volume. A recently developed image-based extension of 

FCS, called raster image correlation spectroscopy (RICS) [48, 49], allows for the 

quantification of solute diffusion within raster-scanned, confocal images, and may 

thus prove useful for measuring solute diffusion in engineered and natural cartilage 

tissues. However, no studies have been conducted in which RICS has been applied to 

the quantification of solute diffusion within in porous, engineered or natural cartilage 

materials. Thus, the goals of the present study were to apply and compare FCS and 
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RICS in quantifying the solute diffusion in various agarose constructs and in 

compressively strained bovine articular cartilage explants. 
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Chapter 2 

METHODS 

2.1 Correlation Spectroscopy Theory and Analysis 

In the present study, solute diffusivity was quantified via both fluorescence 

correlation spectroscopy (FCS) and raster image correlation spectroscopy (RICS), 

using adaptations of protocols previously described in the literature [50-52]. FCS is an 

Eulerian measurement technique that measures fluorescent intensity fluctuations due 

to transits of fluorescent solutes through a small (~1-fL) observation volume. RICS is 

an image-based extension of FCS that exploits the time lags between consecutively 

and dynamically captured pixels (observation volumes) in a raster-scanned image to 

capture the diffusion of fluorescent solutes over time. The theory behind FCS and 

RICS diffusivity measurement and their application are described briefly herein. 

2.1.1 Fluorescence Correlation Spectroscopy 

FCS is a microscopy technique that is dependent upon the use of a small, well 

defined, and fixed observation volume (achieved using confocal microscopy) [50, 53, 

54]. When low-concentration fluorophores (<10 nM) transit this stationary observation 

volume, fluctuations in fluorescence intensity, detected by optical detectors are 

recorded (Figure 1). Temporal autocorrelation analysis (Equation 1), which represent 

the correlation of a time series against itself after having been shifted by a time lag, τ, 

is performed on the intensity traces to extract information regarding the physics 

underlying the observed fluctuations according to: 

𝑔(τ) =  
〈𝛿𝐼(𝑡)𝛿𝐼(𝑡 + τ)〉

〈𝐼(𝑡)〉2
                    (1) 
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where I(t) represents the recorded fluorescence intensity and δI(t) = I(t) - 〈I(t)〉 

is the deviation from the mean intensity. The brackets denote averaging across all data 

collected (Equation 2), 

〈𝛿𝐼〉 =
1

𝑀
∑(𝐼𝑖 − 〈𝐼〉)

𝑀

𝑖=1

             (2) 

where M is the total number of data points collected. When analyzed with an 

appropriate physical model, quantitative information regarding diffusion coefficients, 

concentrations, chemical reaction rates, and particle photophysics can be obtained 

from the autocorrelation output. 

To extract measures of diffusivity from the autocorrelation output, 

autocorrelation curves were fit to a normal diffusion model (Equation 3) [55] that 

considers the parameters of the imaging system, but does not require any assumptions 

to be made about the system being observed (e.g. sample geometry). 

𝐺(𝜏) = 𝐺(0) (
1

1 + 𝜏
𝜏𝐷⁄

) (
1

1 + 𝜏
𝑎2𝜏𝐷

⁄
)

1 2⁄

+ 𝐺(∞)                   (3) 

Where G(0) = 1/N gives the inverse of the mean number of diffusing particles 

in the observation volume over time, τD is the characteristic solute residence time 

within the observation volume, and a = ωz/ω0 is the ratio of the axial (ωz) to radial 

(ω0) waists (e-2 radii) of the observation volume. The dimensions of the axial and 

radial waists of the observation volume are established by the optical equipment and 

the wavelength of the emitted light, and are described mathematically by the 

microscope’s point spread function (PSF). Typically, the PSF is ellipsoid in shape 

with ω0 ranging from 200-300 nm and ωz ≈ 3-5ωxy [51, 57, 58]. In FCS measurements, 

values for ω0 and a can be quantified empirically from confocal scans of point-



 8 

emitting sources, or via calibration, by performing FCS on a solute with a known 

diffusion coefficient (see below). 

In our FCS analysis, a triplet state term was included in the model to account 

for fluorescent particle blinking due to entering the triplet state. Equation 4 is the full 

form of the FCS diffusion model, including terms for triplet state kinetics. 

𝐺(𝜏) = 𝐺(0) (
1 − 𝐹 + 𝐹𝑒−𝜏 𝜏𝐹⁄

1 − 𝐹
) (

1

1 + 𝜏
𝜏𝐷⁄

) (
1

1 + 𝜏
𝑎2𝜏𝐷

⁄
)

1 2⁄

+ 𝐺(∞)                  (4) 

Where F is the fraction of fluorescent molecules in the triplet state and τF is the 

triplet state relaxation time. Lastly, the characteristic residence time (τD), determined 

via one-photon excitation is related to the diffusion coefficient and is described by 

Equation 5. 

𝐷 =  
𝜔0

2

4𝜏𝐷
                    (5) 

 

Figure 1: (A) Example of a 1-second subset of fluorescent fluctuation data from a 

representative FCS trial of 10 nM FITC in aqueous solution (B) Semi-log 

graph of the autocorrelation output from the data in A, and the best fit of 

the data to the full form FCS diffusion model, including terms for triplet 

state kinetics (Equation 3).  
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2.1.2 Raster Image Correlation Spectroscopy 

Similar to FCS, RICS is a fluorescence microscopy technique that is dependent 

upon the use of a small, well-defined observation volume; however, unlike in FCS, the 

observation volume does not remain fixed. Instead, a dynamic pattern of observation 

is generated using a laser scanning confocal microscope (LSCM), which raster-scans 

the confocal observation volume through space to capture images pixel-by-pixel. 

Because of the raster-scanning procedure, images from LSCMs contain a hidden 

spatial and temporal structure. RICS exploits this structure, or more specifically the 

defined time lag between consecutively captured pixels and lines to quantify the 

diffusivity of solutes within the images [59]. 

Prior to RICS analysis, background subtraction is performed to remove 

immobile particles from the image data sets using previously published methodologies 

[59]. Then two-dimensional spatial autocorrelation is performed on each background-

subtracted image to extract the kinetics of solute diffusion from within the collected 

images. Spatial autocorrelation is the correlation of an image against itself after having 

been shifted by a spatial increment  and  in the x and y directions, respectively, and 

can be represented as a function of  and  by Equation 6. 

𝐺(𝜉, 𝜓) =
〈𝛿𝐼(𝑥, 𝑦)𝛿𝐼(𝑥 + 𝜉, 𝑦 + 𝜓)〉

〈𝐼(𝑥, 𝑦)〉2
                    (6) 

Again, where I(x,y) represents the recorded fluorescence intensity and δI(x,y) = 

I(x,y) - 〈I(x,y)〉 is the deviation from the mean intensity. This 2-dimensional spatial 

correlation is efficiently computed using fast Fourier transform (FFT) techniques.  

To extract the kinetics of diffusion from the data, the resultant autocorrelation 

output (surface) is fit to a normal diffusion model [56] that considers both the raster 

scan parameters of the imaging system and the physics of diffusion; thus, allowing one 
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to account for the relationship between time and the position of the LSCM scanning 

beam while not requiring any assumptions to be made about the system being 

observed (e.g. sample geometry) to determine diffusivity.  

The contribution of the raster scanning pattern of the confocal microscope to 

the autocorrelation of the images is described by Equation 7. 

𝑆(𝜉, 𝜓) = 𝑒𝑥𝑝 (− (
1

2
[(

2𝜉𝛿𝑟

𝜔0
)

2

+ (
2𝜓𝛿𝑟

𝜔0
)

2

]) (1 +
4𝐷(𝜏𝑝𝜉 + 𝜏𝑙𝜓)

𝜔0
2 )

−1

)                (7) 

Where x is the horizontal pixel position, y is the vertical pixel position, δr is 

the pixel size, ω0 is the radial waist dimension of the PSF, D is the diffusion 

coefficient, τp is the pixel dwell time, and τl is the line scan time. The pixel size must 

be 3-4 times smaller than the radial waist of the PSF to achieve a requisite spatial 

oversampling of the PSF [48, 51]. Further, the pixel dwell time must be optimized for 

the system being observed such that the speed of diffusion is on approximately the 

same time scale as the speed of scanning [49]. Quickly diffusing particles are best 

observed at short pixel dwell times (fast scan speeds), while slowly diffusing particles 

should be observed at longer pixel dwell times (slower scan speeds). 

The contribution of particle diffusion to the autocorrelation of the images is 

described by Equation 8. 

𝐺(𝜉, 𝜓) =  
𝛾

𝑁
(1 +

4𝐷(𝜏𝑝𝜉 + 𝜏𝑙𝜓)

𝜔0
2 )

−1

(1 +
4𝐷(𝜏𝑝𝜉 + 𝜏𝑙𝜓)

𝜔𝑧
2

)

−1/2

                    (8) 

Where γ is a factor that describes the geometry of the illumination volume (and 

equals 0.35 for a 3D Gaussian [52]), N is the mean number of diffusing particles in the 

observation volume over time, and ωz is the axial waist dimension of the PSF. Again, 

the ellipsoidal PSF dimensions share the relationship ωz ≈ 3-5ω0 for one-photon 
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confocal microscopy [57, 58], and ω0 and ωz can be quantified by performing RICS 

on a solute with a known diffusion coefficient.  Finally, the autocorrelation of the 

images is described by the product of the functions, as in Equation 9. 

𝐺𝑠(𝜉, 𝜓) =  𝑆(𝜉, 𝜓)  ×  𝐺(𝜉, 𝜓)                    (9) 

 

Figure 2: (A) Representative image from RICS data set that captures the ‘slow’ 

diffusive movement of 200 nm fluorescent particles in an aqueous 

solution. Due to the raster-scanning of the spatially over-sampled point 

spread function, these slowly diffusing ‘point-source’ fluorescent 

particles appear as streaks in both the x- and y-scan directions. (B) 

Average autocorrelation surface from RICS data (images) of 200 nm 

fluorescent particles diffusion in an aqueous solution. (C) Representative 

image from RICS data of the faster diffusive movement of aqueous 10 

nM FITC. (D) Average autocorrelation surface from RICS data (images) 

of aqueous 10 nM FITC. 
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2.2 Sample Preparation 

2.2.1 Agarose Plugs 

Agarose (MP Biomedical, Cat. No. 02193983) plugs were prepared at densities 

of 1, 3, and 5% w/v in water. Briefly, melted agarose gel was cast into a 1.5 mm-thick 

slab between glass slides and solidified at 4 ͦC for at least 30 minutes. Once solidified, 

3 mm-diameter plugs (n = 55) were prepared using a biopsy punch. Following 

isolation, plugs were equilibrated for 24 hours at 4 Cͦ in 10 nM solutions of either 

fluorescein isothiocyanate (FITC; MW = 389 Da; Sigma-Aldrich, Cat. No. F7250), 

AlexaFluor488-conjugated 3K dextran (AF488-3K; MW = 3,000 Da; Molecular 

Probes, Cat. No. D34682), or AF488-10K dextran (MW = 10,000 Da; Molecular 

Probes, Cat. No. D22910) in PBS. 

2.2.2 Bovine Articular Cartilage 

Intact, healthy joints from freshly slaughtered bovine calves (< 1-year-old; n = 

3) were obtained from a local abattoir (Green Village Packing, Green Village, NJ). 

Upon receipt, full thickness articular cartilage plugs (3-mm diameter) were harvested 

from the medial femoral condyles, using a biopsy punch. Plugs were cut into 1 mm-

thick sections (n = 35), and separated into groups corresponding to the superficial, 

middle, and deep zones. The first 1 mm-thick section corresponded to the tissue of the 

superficial zone; the subsequent section corresponded to the middle zone; and the 

deepest 1 mm-thick section absent subchondral bone corresponded to the deep zone. 

Following isolation, bovine plugs were stained with 2 µM DAPI (Molecular Probes, 

Cat. No. D1306) for 1 hour at 4 ͦC, followed by 24-hour equilibration in 10 nM of 

fluorescein or AF488-3K Dextran to facilitate solute diffusion measurements. 
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2.3 Imaging 

Agarose and articular cartilage plugs were imaged within in a custom-designed 

sample holder that incorporated modular spacers allowing the application of specified 

degrees of equilibrium strain (ex. 0, 10, 20, or 30% strain) in unconfined compression 

between an impermeable No. 1 coverslip and a glass slide. Samples were surrounded 

by their respective dye solutions to maintain hydration and a constant source of 

bathing solute during observation. Agarose plugs were sequentially compressed to 0% 

and 10% equilibrium strain, while cartilage plugs were sequentially compressed to 

0%, 10%, 20%, and 30% equilibrium strain. Samples were allowed to equilibrate 

(effectively under stress-relaxation) for a minimum of 10-minutes following 

compression and prior to imaging; mechanical testing on similar samples confirmed 

that this length of time allowed full relaxation of both agarose and cartilage plugs in 

unconfined compression. Prior to performing correlation spectroscopy, reflected light 

imaging (using 633-nm excitation) was used to identify the plug/coverglass interface 

and to allow positioning of the observation volume/plane ~20-um into the sample. In 

addition, standard DAPI imaging was used to observe chondrocyte cell nuclei within 

the cartilage plugs and to insure that the FCS observation volume and center of RICS 

imaging region were placed in regions away from identifiable chondrocytes 

(Supplemental Figure 2). 

2.4 Acquisition of Correlation Spectroscopy Data 

FCS and RICS were each performed in a paired manner, at three different 

observation locations (separated by ~40-μm from each other) within each agarose or 

cartilage specimen in order to obtain a single average diffusivity value for each sample 

and technique. All correlation spectroscopy data and images were collected on either a 
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Zeiss LSM780 or Zeiss LSM880 laser scanning confocal microscope, similarly 

equipped with FCS and RICS capabilities. For all tests, a 488-nm Argon laser, 

reflected off of a 488-nm primary dichroic, was used to excite the fluorescent solutes 

(FITC, AF488-3K dextran, or AF488-10K dextran) through a 40X water immersion 

lens (C-Apochromat 40x/1.20 W Korr M27). A spectral array of GaAsP detectors 

were utilized to collect emitted fluorescent light between 490 nm and 543 nm. For 

both FCS and RICS, the confocal pinhole size was set to 1 Airy Unit. 

Prior to performing correlation spectroscopy, the PSF geometry (ω0 and ωz) of 

the LSCM was determined in both FCS and RICS imaging configurations using an 

aqueous solution containing solute of known diffusivity. In the present study, we used 

10 nM fluorescein dissolved in water, assuming a reference diffusion coefficient of 

450 μm2/s [60-63]. The reference solution was imaged within a 9-mm diameter by 

0.12-mm deep well (SecureSeal imaging spacers) behind a No. 1 cover glass. PSF 

geometry (typically ω0 = 254+28 nm and ωz = 1.27+140 nm) was determined by 

fitting the FCS or RICS autocorrelation data to diffusion models utilizing a fixed 

diffusion coefficient of 450 μm2/s. PSF calibration was performed daily following 

warm-up and stabilization of the microscope and laser. Once the PSF parameters were 

determined, FCS and RICS analyses was performed on samples such that the PSF 

parameters (ω0 and ωz) remained fixed, and the diffusivity parameter was varied to 

produce a best-fit to the autocorrelation. 

Initial image collection settings for both FCS and RICS were established based 

upon published protocols [47-59, 64-72] and were subsequently optimized for the 

present study. The following procedures and settings were used for FCS. Prior to data 

collection the laser intensity was adjusted to achieve a count rate of ~10,000 Hz, and 
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confocal pin-hole alignment and objective correction was performed to maximize the 

number of photon-counts per second. Each FCS measurement consisted of the 

collection of ten consecutive, 10-second-long FCS data captures at a single 

observation location, encompassing ~106 to 108 individual transits of fluorescent 

solute through the FCS observation volume. Temporal autocorrelation of each 10-

second trial was automatically performed by hardware on the microscope and recorded 

by the Zeiss software. Following collection, each FCS data trace and autocorrelation 

sequence was visualized. If significant photobleaching (Supplemental Figure 1a, 

typically only seen in the first 10-second capture), or fluorescent particle aggregation 

(Supplemental Figure 1b, evidenced as brighter, slower decaying intensity 

fluctuations) was observed within a specific 10-second trace, that trace was 

individually excluded from further analysis. An average autocorrelation curve was 

generated and fit to the full form diffusion model (Equation 4) from the remaining 

collection of 10-second trials in each 100-second dataset. 

RICS experiments were performed immediately following each FCS data 

acquisition in the same sample location, using the same objective and excitation-

emission settings as for FCS. Each RICS experiment was conducted at a spatially 

oversampled optical zoom (200X-320X; 50-80 nm pixel size), as required for RICS 

data collection and analysis. Between 50 and 100 images (frames) were captured for 

each test at a frame size of either 256 x 256- or 512 x 512-pixels. The pixel dwell time 

varied from 0.64 µs to 12.6 µs, resulting in line scan times between 0.77 ms and 7.56 

ms, and frame rates between 0.52 fps and 2.55 fps. Following collection, RICS images 

were analyzed using a custom MATLAB (MathWorks) script to perform spatial 

autocorrelation on each raster-captured image and to fit the resultant autocorrelation 
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(averaged across all frames in a single test) to a diffusion model accounting for both 

solute diffusion and the raster scanning acquisition (Equations 6, 7, and 8). 

2.5 Statistical Analysis 

Repeated measures two-way ANOVA was performed separately on FCS and 

RICS data for the cartilage datasets and the unstrained agarose dataset. Repeated 

measures one-way ANOVA was performed on all datasets, with Tukey’s multiple 

comparison post-hoc test to determine significant differences between groups. 

Correlation and linear regression analyses were also performed on agarose and 

cartilage datasets, separately, to compare the average diffusion coefficients obtained 

via FCS versus those obtained via RICS.  All data are presented as mean + standard 

deviation (SD). All statistical analyses were performed using the GraphPad Prism 

statistical analysis software. For all tests, p < 0.05 indicated significance. 
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Chapter 3 

RESULTS 

3.1 Agarose 

The diffusivity of various nanomolar concentration fluorescent solute species 

were quantified in aqueous solutions, as well as in agarose plugs under various 

compressive strains using both FCS and RICS techniques. In aqueous solution, the 

diffusivity of fluorescein, which was set to the reference values of 450 µm2/s to 

establish the PSF geometry for both techniques, was, as expected, significantly greater 

than that of 3K dextran (153.37+3.19 µm2/s, p<0.0001; and 165.59+18.42 µm2/s, 

p<0.0001, for FCS and RICS, respectively; one-way ANOVA, Tukey post-hoc) and 

10K dextran (112.99+2.71µm2/s, p<0.0001 and 108.34+12.88 µm2/s; p<0.0001 one-

way ANOVA, Tukey post-hoc) (Figure 3). The diffusion coefficient of 3K dextran, as 

determined by RICS, was also significantly greater than that of 10K dextran in 

aqueous solution (p=0.0002 for RICS data, p=0.3449 for FCS data, one-way ANOVA, 

Tukey post-hoc). No significant differences in aqueous diffusivity were observed 

between quantification techniques (FCS versus RICS) for a given solute size. 
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Figure 3: Diffusion coefficients of FITC, 3K dextran, and 10K dextran, as 

determined by FCS and RICS in aqueous solutions and various 

concentrations of agarose (% wt/vol). Data reported as mean + SD. Bars 

indicate significant difference (p<0.05, one-way ANOVA with Tukey 

post-hoc test) in diffusivity between different sized solutes for a given 

agarose concentration and detection technique. Letters indicate 

significant difference in solute diffusivity (e.g. FITC, 3k-, or 10k-

dextran) between agarose concentrations for a given solute and detection 

technique; a = significant different then corresponding solute values at 

0% (aqueous solution), b = 1% agarose, c = 3% agarose, and d = 5% 

agarose (p<0.05, one-way ANOVA, Tukey post-hoc test). No significant 

differences in diffusivity were observed among quantification methods 

for any given combination of solute size and agarose concentration 

(p<0.05, paired t-test). These results demonstrate the solute diffusivity in 

agarose is inversely related to solute size and gel density. 

Within agarose plugs it was observed that solute diffusivity, as measured by 

both FCS and RICS, was dependent upon agarose concentration, solute size, and 

applied compressive strain (Figures 3 and 4). For all solute species, diffusivity 

decreased with increasing agarose concentration (p<0.0001, repeated measures two-

way ANOVA, for both FCS and RICS datasets) (Figure 3) and with the application of 

10% compressive strain (FCS: p=0.0127, RICS: p=0.0535; Figure 4). Similarly, for a 

given gel concentration diffusivity was inversely related to both solute size (p<0.0001, 
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repeated measures two-way ANOVA) and applied strain (p<0.0001, repeated 

measures two-way ANOVA). Again, no significant differences in aqueous diffusivity 

were observed among quantification techniques (FCS vs. RICS) for a given 

experimental condition. Thus, in quantifying solute diffusivity within aqueous 

solutions and within agarose plugs, measurement by both FCS and RICS detection 

were both reproducible and highly consistent (Figure 5). 

 

Figure 4: Diffusion coefficients of 3K dextran determined by FCS and RICS in 1% 

agarose at 0% and 10% compressive strain. Data reported as mean + SD. 

Bars indicate significant difference in diffusivity among uncompressed 

agarose plugs and plugs compressed to 10% strain (p < 0.05, paired t-test, 

n = 5 for each group). These data show that strain affects the diffusion 

coefficient of 3K dextran in 1% agarose, and while the diffusion 

coefficients obtained via RICS were not significantly different, there does 

seem to be a trend towards significance (p=0.0535). 
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Figure 5: XY-scatter plot of paired FCS and RICS diffusivity measures for FITC, 

3K dextran, and 10K dextran under the various experimental conditions 

tested (e.g. 0, 1, 3, and 5% agarose at 0% and 10% compressive strains). 

Individual data points for each tested condition are displayed. The linear 

regression line, as shown by the solid grey line was fit to the data set 

encompassing all conditions; y = 0.9377x + 25.49, 95% confidence 

intervals of the fit are shown by the dotted grey lines, R2 = 0.9469, p < 

0.0001. The slope and R2 value being nearly equal to 1 demonstrates the 

repeatability of diffusivity measurements made by FCS and RICS. 

3.2 Cartilage 

Depth- (i.e. cartilage zone) and strain-dependent diffusivity of various 

nanomolar concentration fluorescent solutes were quantified in juvenile bovine 

articular cartilage plugs using FCS and RICS techniques. Quantification of diffusivity 

via both FCS and RICS demonstrated that axial compression (strain) significantly 
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influenced overall solute diffusivity (two-way ANOVA, FCS: p=0.0001, RICS: 

p=0.0002) (Figure 6). A trend towards decreased solute diffusivity was observed 

between the uncompressed and 10% strain conditions within each cartilage zone (data 

for 3K dextran is shown in Figure 6). However, no trends were apparent between 

higher levels of strain (20% or 30%) (Figure 6). The diffusivity of FITC and 3K 

Dextran were also compared in zonally matched cartilage samples. Two-way ANOVA 

of the FCS data revealed that cartilage zone significantly affected solute diffusivity 

(p=0.0052), while in the RICS data the trend was not significant (p=0.1174). 

Qualitatively, a difference between the diffusion coefficients of FITC and 3K dextran 

was observed in the superficial zone cartilage, but there were no obvious relationships 

for the middle and deep zones (Figure 7). 
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Figure 6: Diffusion coefficients of 3K dextran in the superficial, middle, and deep 

zones of bovine calf cartilage under 0, 10, 20, and 30% strains as 

determined by FCS (A) and RICS (B). While there was a trend toward 

decreasing 3k-dextran diffusivity with the application of 10% strain to 

the superficial layer under both techniques no significant differences 

were found between experimental groups (p > 0.05, One-way ANOVA, 

Tukey post-hoc and paired t-test, as applicable). Data reported as mean + 

SD (n = 12 for each group). While there were no significant differences 

in this data, there may be a slight decreasing trend in the diffusion 

coefficient of 3K dextran between 0% and 10% strain superficial zone 

cartilage. 
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Figure 7: Diffusion coefficients of FITC and 3K dextran as determined by FCS (A) 

and RICS (B) in the superficial, middle, and deep zones of un-

compressed bovine calf cartilage. No significant differences were found 

between experimental groups (p > 0.05, One-way ANOVA, Tukey post-

hoc and paired t-test, as applicable). Data reported as mean + SD (n = 6 

for each group). While there were no significant differences in this data, 

there may be a slight decreasing trend between the diffusion coefficients 

of FITC and 3K dextran in superficial zone cartilage; no trend is apparent 

in the middle and deep zone cartilage. 

In general, it was observed that diffusivity measurements in cartilage were 

more variable then those in agarose gels (coefficient of variation ranged from 0.16 to 

0.52 in cartilage, compared to 0.04 to 0.3 in agarose). This was presumably due to the 

increased heterogeneity of cartilage and the influence of this heterogeneity on data 

collection. Furthermore, the relationship between the paired diffusion coefficients 

quantified via FCS, versus those obtained by RICS in cartilage (Figure 8) was less 

robust than those observed within aqueous solution and agarose gels. 
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Figure 8: XY-scatter plot of diffusion coefficient values of 3K dextran and FITC in 

all cartilage zones, at all applied strains obtained by RICS versus those 

obtained by FCS. Data points denote the average diffusion coefficient 

across three locations within a sample. The linear regression line is 

shown by a solid grey line (y = 0.5450x + 7.671), with 95% confidence 

intervals shown by dotted grey lines. Significant correlation was found (p 

< 0.0001), R2 = 0.1820. The low slope and R2 values indicate low 

repeatability in quantifying the diffusion coefficient of 3K dextran in 

cartilage using FCS and RICS, perhaps due to the spatial heterogeneity in 

cartilage matrix structure. 
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Chapter 4 

DISCUSSION 

The avascular nature of cartilage requires that the transport of solutes (e.g. 

nutrients, waste, and signaling molecules) is facilitated through mechanical and/or 

thermodynamic processes within the joint. These processes are dependent upon the 

hierarchical structure of the cartilage, which changes throughout development, aging, 

and degeneration. Thus, solute diffusion, a critical regulator of articular cartilage 

homeostasis and pathology, has become an important area of research in 

studying/quantifying natural and disease state cartilage, as well as in assessing tissue 

engineered constructs [73, 2, 23, 13, 29, 24]. However, to date, the techniques used to 

quantify solute diffusivity in situ suffer from limitations such as invasiveness and 

spatial resolution. In this study, we demonstrated the utility of fluorescent correlation 

spectroscopy (FCS) and raster image correlation spectroscopy (RICS) as simple and 

minimally invasive ways to quantify solute diffusivity within porous, cartilaginous 

materials. 

FCS and RICS represent valuable microscopy techniques for the study of 

diffusion in porous, hydrated materials. They allow for the direct microscale 

quantification of solute diffusivity in situ without having to rely on i) external 

perturbations to system under study, ii) the use of intense laser illumination, or iii) 

knowledge/assumptions regarding the specific system under observation. Instead, 

correlation spectroscopy techniques only require knowledge of easily obtained 

information regarding the optics and image collection parameters of the imaging 

system, such as the geometry of the PSF (FCS and RICS) and the dynamics and 

structure of the raster scanning imaging pattern (RICS). Subsequently, quantification 
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of solute diffusivity occurs through the simple application of autocorrelation analyses 

and the well-established Gaussian description of Brownian motion. Thus, correlation 

spectroscopy techniques are experimentally straightforward, and allow for the 

quantification of solute diffusivity in systems whose states are prohibitively difficult to 

define a priori. 

The results of this study show that both FCS and RICS can be used to reliably 

quantify solute diffusion in porous media. The diffusion measurements obtained in 

agarose gels demonstrate the consistency and repeatability of diffusivity 

measurements obtained using both FCS and RICS, and are comparable to previously 

published data [74, 75, 76, 13]. Agarose gels represented an ideal system to test these 

techniques, since the properties of the porous media can be easily controlled and the 

resultant hydrogel structure is homogeneous [77, 78]. In contrast, articular cartilage is 

known to be structurally, compositionally, and mechanically heterogeneous, both 

throughout its depth [9, 79] and across its surface [10, 80, 5]. While we attempted to 

minimize heterogeneity in our samples by restricting the collection of cartilage plugs 

to the medial femoral condyles of similarly aged bovine calves, it is clear from the 

variability seen in our data that heterogeneity existed among the samples/analyses. 

Despite this variability, our results are comparable to a number of studies investigating 

zone- and strain-dependent diffusion coefficient values in cartilage using techniques 

such as solute desorption [81] and FRAP [9], further supporting the applicability of 

FCS and RICS for quantifying solute diffusion in articular cartilage. 

Our data show, as expected, that solute size and matrix structure affect solute 

diffusion in hydrated porous media. In agarose gels, solute diffusivity decreased with 

increased solute size and increased gel concentration. This is intuitive, as one would 
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expect a higher concentration gel to be denser, have a shorter mean free path length, 

and thus further hinder solute diffusion. Zonally, cartilage location did not have an 

obvious effect on diffusivity, aside from the observation of a slightly higher diffusivity 

within the superficial zone. A similar trend has also been seen in previously published 

data [9], and could be attributed to the lower proteoglycan content in the superficial 

zone compared to the middle and deep zones [5]. While there are known matrix 

compositional and structural differences throughout the depth of the cartilage, 

heterogeneity also exists across the transverse aspect of the cartilage surface [8-12], 

which could further confound the ability to detect depth-wise differences through the 

tissue. Although all our samples came from the medial femoral condyles of a small 

number of similarly aged bovine calves, plugs were collected from across the entirety 

of the joint surface, thus the grouping of multiple plugs may be less appropriate due to 

intra-group heterogeneity caused by different sampling locations across the surface of 

the condyle, as well as inter-animal heterogeneity.  

The demonstration of the utility of FCS and RICS in studying diffusion in 

biological tissue herein, and the simplicity and speed with which FCS and RICS 

techniques can be implemented on commercially available imaging platforms, 

suggests that these techniques are viable options for the in situ study of diffusion in a 

variety of situations. These include the direct characterization of developing, healthy, 

pathological, and treated cartilage tissues. As well as aiding in the direct, non-invasive 

testing of engineered and regenerated cartilaginous tissues. These techniques can also 

be readily adapted to the study of diffusion within a variety of musculoskeletal tissues, 

including tendon/ligament, muscle, bone, etc. However, it should be noted that the 
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planning of FCS and RICS data collection and analyses is an important component in 

the collection of robust diffusion data. 

Specific concerns that need to be accounted for are: accurate calibration of the 

microscope’s PSF, introduction of an appropriate fluorescent solute into the sample, 

and understanding the spatial limitations of each technique. Correctly establishing the 

geometry of the PSF can be achieved by imaging immobilized, point-source 

fluorescent beads (i.e. bead diameter smaller than the diffraction-limit resolution of the 

imaging device). However, this technique, while considered a gold-standard, requires 

specialized reconstruction and analysis software, and is oftentimes difficult to match 

to the experimental imaging conditions. Calibration of the PSF geometry based upon 

the use of a known diffusion standard is a quick, simple, and well-accepted method for 

PSF determination, but is not without limitations. Via the calibration technique, all 

diffusion values are calculated relative to the diffusivity specified for the calibration 

standard. In this manner, error in establishing absolute diffusivity is subject to the 

accurate adoption of a diffusion coefficient for the calibration solute. However, if all 

experiments are calibrated according to the same diffusion coefficient, the data 

remains internally consistent. In the present study, calibration was performed using 

fluorescein in aqueous solution at room temperature, for which a diffusion coefficient 

of 450 µm2/s was established for system calibration [48, 49, 51]. We note that in using 

this specific reference standard the diffusion values we report for the various 

experimental groups are consistent with values previously reported in the literature [9, 

13, 74-76]. In all optical observation systems, the choice of fluorescent solute must be 

made such that it has a minimal impact on the biological system being observed. This 

can be achieved easily using FCS and RICS, since only nanomolar concentrations of 
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solute are needed, and there exists a large number of non-reactive, photo-stable 

molecules (e.g. dyes, dextrans, proteins, etc.) appropriate for such analysis. Lastly, the 

spatial limitations of FCS and RICS must be considered in the construction and 

performance of imaging studies. For FCS analysis, the confocal observation region is 

restricted to a stationary observation volume (PSF) location, providing limited spatial 

knowledge unless the volume is subsequently repositioned with a given sample. For 

RICS, the observation region is larger than FCS, but is still restricted to ~20 µm2. 

While these observation volumes may be small compared to the overall dimensions of 

articular cartilage, FCS and RICS do allow for the collection of diffusion 

measurements at resolutions unobtainable with other techniques, such as MRI and 

FRAP.  

In the present study, only 3D isotropic diffusion of a single solute species was 

considered. The assumption of isotropic diffusion may be a simplification of solute 

diffusion within cartilage as collagen orientation varies throughout the thickness of the 

tissue [7, 29, 82, 83]. In the deep zone, collagen fiber orientation perpendicular to the 

articular surface could increase diffusive transport along this out-of-plane fiber 

direction. Conversely, superficial zone cartilage exhibits a collagen fiber orientation 

that is predominately transverse to articular surface, and could result in increased 

diffusive transport in this plane. Previous work has shown that such structural 

hierarchy can affect solute diffusion [40]. Thus, an anisotropic diffusion model may 

better describe the solute diffusion in articular cartilage. RICS has been used to 

quantify anisotropic diffusion in cardiomyocytes [84], and while beyond the scope of 

the present study, could similarly be used to quantify anisotropic diffusion in 

musculoskeletal tissue as well. Image correlation spectroscopy (ICS) techniques can 
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also be used model the kinetics of multiple diffusing species, either from separate 

emission channels or among similar emitting solutes with well-separated diffusivities 

[56, 59, 64].  However, for a given emission channel ICS is unable to discriminate 

amongst continuously varying populations or between populations with similar 

diffusion kinetics. The dextrans utilized in the study are polydisperse [74, 76], with 

molecular weight variances ranging up to ~50% of the nominal solute weight. Thus, 

reported diffusivities reflect the mean diffusivity of a broad population distribution, as 

opposed to a well-defined individual solute. Also, while the present study only 

considered diffusion at equilibrium, load-induced fluid flow is another mechanism for 

nutrient transport in articular cartilage. While RICS is restricted to diffusion 

measurements alone, FCS and other ICS techniques (such a spatiotemporal image 

correlation spectroscopy (STICS)) can potentially quantify convective solute transport 

within porous materials. FCS is able to measure high speed flows (up to 80 mm/s) [85-

87] in various systems, and STICS has been applied to the study of convection across 

a range of slower speeds (between 0.1 and 2 µm/s) [59, 88, 89]. 

In conclusion, we have confirmed the ability of FCS, a well-established and 

commonly used aqueous diffusion characterization technique, to quantify solute 

diffusion within hydrogels and cartilage explants. We have also demonstrated that 

RICS, an image-based spectroscopy technique, can be used to quantify solute 

diffusion in hydrated, porous matrix environments with similar accuracy to FCS [47]. 

We have confirmed, using FCS and RICS, that solute diffusivity within hydrogels is 

dependent upon solute size, matrix composition, and applied strain. In cartilage, solute 

diffusivity is additionally dependent upon cartilage depth (zone). Together, FCS and 

RICS are microscopy-based techniques that are both simple to implement and provide 
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previously unachievable spatial resolution in quantifying solute diffusion in hydrogels 

and cartilage. Such micro-scale transport quantification techniques can be useful in 

examining micro-scale changes in solute-matrix interactions within biological tissue 

due to development, aging, disease, treatment, or regeneration, as well as within 

engineered materials and during the development and maturation of tissue constructs. 
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Appendix A 

SUPPLEMENTAL INFORMATION 

 

Figure A.1: (A) Example of a 10-second FCS trial that has spurious peaks much 

higher than the rest of the dataset. Such peaks are typically indicative of 

an aggregate of fluorescent solute particles, and the 10-second trial in 

which such peaks occurred were excluded from the diffusion analysis. 

(B) The autocorrelation and model fit of representative data containing an 

aggregate of fluorescent particles data. The presence of the aggregate 

results in a second, superimposed “hump” in the autocorrelation, 

indicative of a second solute species being present in the observation 

volume. (C) Example of a 10-second FCS trial in which photobleaching 

of the fluorescent particles (typically of an immobile fraction) has 

occurred. The photobleaching effect manifests in an exponentially 

decaying photon count rate. Any 10-second trials in which 

photobleaching effects were seen were removed from the diffusion 

analysis. (D) The autocorrelation and model fit of representative data 

exhibiting time-dependent photobleaching. Notice the drastically delayed 

decay time due to the contribution of the slow photobleaching kinetics. 
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Figure A.2: These are images of DAPI-stained cell nuclei in the superficial (A), 

middle (B), and deep (C) zones of a cartilage plug. These images were 

taken at 20X magnification, under 405 nm laser light exposure. These 

images demonstrate the heterogeneity in cellularity between the 

superficial and middle and deep zones. When performing FCS and RICS 

analyses, we avoided taking diffusion measurements within a cell. 

However, due to the increased cellularity in the superficial zone, this was 

not always achievable for every sample. The red boxes and red dots 

represent the sizes of the RICS and FCS observation regions, 

respectively. 


