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ABSTRACT OF THE THESIS

Theoretical Modeling of the o-Cresolphthalein Complexone Assay for Bone Calcium Resorption

by
Swetha Mohan
Master of Science in Bioengineering
University of California San Diego, 2020

Professor Robert L. Sah, Chair

O-cresolphthalein complexone (Ocpc) is a widely-used colorimetric indicator used to
assess the Ca?* concentration of biological and non-biological samples. To minimize interference
by the ~ 0.8 - 1 mM Mg?* present in culture media and biological samples, Ocpc has been used
with 8-Hydroxyquinoline (8HQ) which preferentially binds to Mg?* over Ca?*. The Ocpc + 8HQ
assay could be useful in in-vitro bioassays to estimate changes in Ca?* concentration from the ~2
mM normally present in cell culture media. While several formulations of the Ocpc+8HQ assay
have been suggested, their utility for such applications is unclear. The overall objectives of this
project were (1) to develop a theoretical model of the Ocpc + 8HQ assay to assess Ca?* release,
and (2) to validate and apply this model to media in a bone resorption assay. Such a model can
provide a quantitative understanding of how the different molecules of the assay system interact
and contribute to the final output signal (OD). Models of increasing complexity were developed,
ranging from 1.1. Model | - the reaction between Ocpc and Ca?* to form the colored complex
Caocpc 1.2. Model Il - including interactions with 8HQ and 1.3. Model Il - including interactions

with Mg?*. Next, the model was 2.1. Validated by comparing the linear region slopes of the



predicted and experimental calibration curves, and then 2.2. Applied to a bone resorption scenario
by computing the sensitivity and specificity of the assay using relevant cell culture and bone
resorption assay parameters. These theoretical models contribute to understanding the effect of
the different complexes formed on the output signal. The results indicate the utility and limitations
of an Ocpc + 8HQ assay for analysing Ca?* from bioassays in culture medium. The modeling

approach may be useful for other assays with target and interferent molecules.



CHAPTER 1 - INTRODUCTION

1.1 In Vitro Bone Resorption Assays

Osteoclasts are multinucleated and the only cells capable of bone resorption. Their
differentiation is majorly regulated by macrophage colony-stimulating factor (MCS-F), RANK
ligand (RANKL), and osteoprotegerin (OPG) [1-3]. Bone demineralization by osteoclasts usually
involves the acidification of the extracellular microenvironment followed by degradation of organic
components by enzymes [1]. The resorbing area under the ruffled border of osteoclasts is acidic,
which favours dissolution of bone minerals [4]. They actively secrete lysosomal proteases into the
resorption lacuna along with H* and CI [5]. The osteoclast is a key target for characterizing and
understanding disease models as well as developing drugs for resorptive bone diseases [6-11].
When there is an imbalance between resorption and formation of bone, the bone homeostasis is
affected. Increased resorption increases risk of fractures. Such conditions are prevalent in bone
disorders such as osteoporosis, hyperparathyroidism, renal osteodystrophy, Paget’s disease and
metastatic bone disease [11]. Osteoporosis is a metabolic disease that occurs due to an
imbalance in skeletal turnover so that bone resorption exceeds the bone formation [12]. The

mechanism of osteoclastogenesis and bone resorption by osteoclast is illustrated in Figure 1.1.
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Figure 1.1: Mechanisms of osteoclastogenesis and osteoclastic bone resorption [1]

To study such mechanisms of the osteoclasts in order to understand diseases, several in
vitro studies analyse factors affecting overall numbers of osteoclasts, osteoclast activation and
differentiation that are key to regulating bone loss. In vitro studies have become important to
characterize the factors that influence bone metabolism especially in disease conditions [10, 13-
15]. In typical in-vitro resorption assays, the osteoclasts form pits and trails that are considered
hallmarks of the osteoclastic activity. These assays are performed as either pure cultures or in
coculture with other cell types such as osteoblasts along with a substrate for resorption typically
like bone, dentin, HA substrates etc. The osteoclastic behavior can be extrapolated from such in-
vitro experiments that help characterize the behavior as well as help build models for bone related
diseases [7-9, 16]. These results are then used to develop several antiresorptive therapies against

the excessive bone loss that tend to occur in numerous skeletal disorders [17].

Assessing the size of the pit and the number of pits formed by the osteoclasts are
usually used as a measure of the resorptive capabilities of the osteoclast. The pits that are
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formed are typically analyzed using light microscopic images and other 2D imaging techniques
[6, 7, 16, 18, 19]. These techniques help estimate the area of resorption by osteoclasts and do

not accurately capture the gradual 3D resorption process by the osteoclasts.

1.2 Extracellular Calcium and Bone Resorption

Osteoclasts used for in-vitro bone resorption assays are exposed to high levels of
extracellular calcium due to the bone resorption. Through the progression of the resorption
process Ca?" is released into the micro-environment and gets accumulated. This extracellular
Ca?* has been shown to inhibit osteoclastic activity in a dose-dependent manner by transducing
an increase in cytosolic Ca?* concentrations [20, 21], and has been proposed as a negative-
feedback mechanism for osteoclastic activity. Similar to parathyroid hormone (PTH)-secreting
cells, a specialised surface receptor that detects changes in ambient Ca?* concentration is
believed to be responsible for this induction of Ca?* signal across the cell membrane. A similar
alteration of cytosolic Ca?" concentration and inhibition of resorption upon exposure to other
divalent ions such as Mg?* and Ba?* suggests that Ca?* independently plays a role in extracellular
regulation of and intracellular messaging in an osteoclast [22]. A significant change in resorption
was noted at an ambient divalent ion concentration of 20 mM. Such changes in the cytosolic Ca?*
concentration also result in cell retraction [23] and reduction in secretion of osteoclastic enzymes

such as TRAP [22], in addition to the inhibition of resorption.

High extracellular Ca?* (~ 20 mM) at the start of a resorption experiment inhibits bone
resorption by preventing the adhesion of osteoclasts to the bone slice. However, this inhibition is
minimal when the spike in extracellular Ca?* happens at a later time point after the start of the
experiment [24]. At lower extracellular Ca?* concentrations (~ 10 mM), osteoclast apoptosis has
been proposed as a mechanism for calcium-induced inhibition of apoptosis [25]. Even an
extracellular Ca?* concentration of ~ 1.8 mM, roughly equal to the Ca?* concentration of medium
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+ serum, at the start of a bone resorption assay can result in ~ 20% of the cells becoming apoptotic

after 72 hours.

Typical cell culture media has a background Ca?* concentration of ~1.5 - 1.8 mM [17, 24]
and that of serum is ~3-4 mM [26, 27]. For in vitro bone resorption assays, serum of 10% is widely
used and hence, the final background Ca?* concentration for such cell culture media is ~ 2 mM.
Osteoclasts based on their origin resorb at different rates. Individual osteoclastic volumetric
resorption rates range from 1,000-30,000 um?®/(cell-day) [28]. Cortical bone, which is widely used
as a substrate for in vitro bone resorption assays have ~25% of their dry weight to be Ca?*. As
the bone gets resorbed, the Ca?* gets released into the microenvironment. In cases of in vitro
assays, Ca?* gets accumulated in the microenvironment until media is replaced. Such assays are
typically conducted in a way that does not affect the cells or the resorption process. In that case,
the Ca?* shift from the basal concentration will be very small and a sensitive assay is required to

measure these small changes.

1.4 Colorimetric Estimation of Ca?*

O-cresolphthalein complexone is a widely used indicator of Ca?* in both biological and
non-biological samples. It is a triphenylmethane based chelating ligand that has two iminodiacetic
acid functional groups. It reacts with alkaline earth metals and forms a deep purple color. At an
alkaline pH the complex (HeL) exists as H,L* [29]. The structure of the Ocpc complex is shown in

Figure 1.1
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Figure 1.2: Structure of Ocpc [30]

In the initial stages of the assay development and usage, automated spectrophotometric
procedures were described to estimate calcium in serum and urine [31]. These showed the direct
application of such assay to biological samples [32]. Due to the interference by magnesium
present in biological samples, the assays were then developed to also include a chelating
molecule 8 Hydroxyquinoline [32-35]. 8 Hydroxyquinoline (C9H7NO) is a chelating molecule that
can bind to divalent metal ions [36]. This molecule is known to preferentially bind to magnesium
over calcium and hence, the effect of magnesium interference was observed to be masked in

such systems [37].

Based on these developments, manual spectrophotometric methods were developed to
test smaller batches of samples [33]. There have been different iterations of the assay over the
years based on the different applications involved. Based on its application for biological samples
like blood serum, since a major portion of the Ca?* will be bound to proteins. Different assay’s use
different methods to isolate the Ca?* ions from the proteins. Calcium oxalate has been
decomposed using heat and the released calcium is estimated using the Ocpc reagent [38].

Another method used deproteinization buffers to precipitate the protein and estimate the calcium



amount [33] Even though the assay is widely used, the chemistry behind it was not extensively
investigated. Especially the chemistry behind the cross reaction between the different
components added and the effect of different concentrations of the species were unclear.

Understanding how the input species react is essential to predict the output behavior of the assay.

All these different methods used a wide range of acids, buffers and bases and each assay
is calibrated specifically based on the application at hand. These vary the final pH of the assay
system while maintaining it between 10-12 for the reaction to occur. Even though the affinity of
calcium ions to Ocpc is higher, since 8HQ can react to divalent cations, there is always some
reaction between Ca? and 8HQ to form complexes that reduce the sensitivity. Similarly, the
affinity of Mg?* molecules to 8HQ is higher, but as mentioned earlier, they react to Ocpc. Mg?*
and Ocpc reactions are masked by 8HQ, but the cross reaction between Ca?* and 8HQ will still
be prevalent. The ligand strength of Ca?* seems to be highest ~ pH 11 [33] and even small
changes in pH is observed to have an effect on the ligand strength and hence alter the output

signal.

Diethylamine used to be the most widely used base for this reaction to maintain the
alkaline pH for it to occur. Since the cresolphthalein complexone was colored even in the absence
of Ca?* ions producing a high blank, 2-amino 2-methyl 1-propanol started being used to provide
a more stable reaction assay system that overcomes the disadvantages like toxicity, volatility etc

[39].

The effect of the different concentrations of species on the final output was unclear and
hence, analysing the effect of each complex formed on the final output signal would help plan

experiments with higher sensitivity and specificity to the target Ca?*.



CHAPTER 2 - Theoretical Modeling of the Ocpc for Bone Calcium Resorption

2.1 ABSTRACT

Background: O-cresolphthalein complexone (Ocpc) is a widely-used colorimetric indicator used
to assess Ca?* concentration of biological samples. To minimize interference by the ~ 0.8 - 1 mM
Mg?* present in culture media and biological samples, Ocpc has been used with 8-
Hydroxyquinoline (8HQ), which preferentially binds Mg?* over Ca?". The Ocpc+8HQ assay can
be useful to estimate changes in Ca?* concentration above the ~2 mM normally present in cell
culture media. While several formulations of the Ocpc+8HQ assay have been suggested, their
utility for such applications is unclear.

Aims and approach: The overall objectives were to (1) develop a theoretical model of the Ocpc
+ 8HQ assay to assess Ca?' release, and (2) to validate and apply this model to media in a bone
resorption assay. Models of increasing complexity were developed starting with (1.1) the reaction
between Ocpc and Ca?' to form the colored complex Caocpc, extended (1.2) to include
interactions with 8HQ, and finally, (1.3) include interactions with Mg?*. Next, (2.1) the validity of
the final model was assessed by comparing the linear region slopes of the predicted and
experimental calibration curves and then, 2.2. applied to a bone resorption scenario by computing
the sensitivity, specificity, and linear range of the assay using relevant cell culture and bone
resorption assay parameters.

Results: (1) The effect of the different non-dimensional parameters on the concentration of
Caocpc and the linearity of the calibration curve was ascertained. (1.1) When a < 1, i.e the
concentration of total Ca?* present in the system < concentration of total Ocpc, the assay output
corresponded to the linear range. b) Increase in A i.e the amount of 8HQ present in the system

decreased the sensitivity of the curve and c) increase in n i.e Mg?" present in the system



decreased the linear range in the absence of 8HQ and had no effect on the same in the presence
of an appropriate amount of 8HQ. 2) The slopes of the linear regime of the predicted and
experimental calibration curves were ~94% similar for the same input concentrations. For typical
resorption assay parameters for a cortical bone in a 96 well plate, Ocpc of ~0.06 mM and a 8HQ
of ~1 mM were appropriate for quantifying resorption-dependent Ca?* increases after 1:80 dilution
with a specificity of ~100% to 0.025 mM Ca?* over 0.0125 mM Mg?*.

Discussion: These theoretical models contribute to understanding the effect of the different
complexes formed on the output signal. The results indicate the utility and limitations of an
Ocpc+8HQ assay for analyzing Ca?* from bioassays in culture medium. The modelling approach

may be useful for other assays with target and interferent molecules.

2.2. INTRODUCTION

In vitro bone resorption assays typically quantify pit formation by cells seeded on target
substrates by light microscopy [6, 7, 18, 19]. Osteoclasts (OCs) resorb hydroxyapatite (HA)
mineral by localized H* secretion to acidify and enlarge resorption lacunae [40, 41]. The in vitro
assay of osteoclast resorption has helped identify the role of key molecules, such as RANKL
ligand (RANKL) and macrophage colony-stimulating factor (MCS-F) that regulate OC resorption
[1-3]. Such functional regulation is important for elucidating mechanisms of bone related diseases
like osteoporosis, hyperparathyroidism, renal osteodystrophy, and metastatic bone disease [6-
11]. The area of the substrate perforated by such cells is typically estimated by transmitted light
microscopy imaging and 2-dimensional image analysis [6, 7, 18, 19]. However, such analysis
does not fully reflect the gradual and 3-dimensional nature of the resorption process. The release

of calcium into the culture media may be a useful index of OC resorption of bone mineral.

The increased levels of extracellular Ca?* during OC resorption in vitro may also regulate
OCs in a physiologically-relevant manner [20, 24]. Typical media used in bone resorption assays
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include DMEM, Alpha MEM, and Medium 199, often also containing serum [17, 24]. The Ca*
concentration of these defined media are 1.5 - 1.8 mM [17, 24] and that of serum is ~3 - 4 mM
[27, 42]. Individual osteoclastic volumetric resorption rates range from 1,000-30,000
um?/(cell-day) [28]. Of the dry weight of cortical bone, ~25% is Ca?*[43-45]. The increase in Ca?
concentration in vitro causes a dose-dependent inhibition of bone resorption and stimulation of
osteoclast apoptosis at ~20 mM [25]. Thus, being able to assess medium Ca?" concentration is

useful, whether the goal is to maintain basal levels or to assess its effects on OC function.

The O-cresolphthalein complexone (Ocpc) can be used to estimate Ca?* in media and
serum, but is liable to interference by Mg?* ions [29, 33-35, 46]. Ocpc is a triphenylmethane-based
chelating ligand that has two iminodiacetic acid functional groups. It is usually denoted by HoL*
to indicate the two hydrogen ions that are present and ionizable under alkaline conditions. It binds
a number of alkaline earth metals (M) to form MHL? complexes that provide the characteristic
deep purple color that has a peak in light absorption at 560-590 nm. However, Ocpc can also bind
to the ~0.8 - 1 mM Mg?* present in culture media. Ca?* and Mg?* have different binding affinities
for Ocpc, and the molar absorptivity at 580 nm for CaOcpc (€580°2°°) is ~3.5 times that of MgOcpc

(EsgoMgOCpC) [33].

The interference of Ca?* binding Ocpc by Mg? can be blocked by the chelator 8
Hydroxyquinoline (8HQ) [32-35]. 8HQ can chelate and complex alkaline earth metal ions [36].
Although 8HQ preferentially binds Mg?* over Ca?* [37], its binding of Ca?* can compete with
binding to Ocpc and reduce the sensitivity of the CaOcpc assay. Typical Ocpc assays that
estimate Ca?* concentration in biological samples use Ocpc, 8HQ, and an alkaline (pH 10-12)
buffer. However, the effects of varying Ocpc and 8HQ concentrations on assay sensitivity and

specificity are unclear.



Thus, the use of Ocpc to assess calcium shifts in media would be enhanced by more
detailed and quantitative understanding of how the different molecules of the assay system
interact and contribute to the absorbance signal. The specific objectives of this study were (1) to
develop a theoretical model of the Ocpc + 8HQ assay to assess Ca?* release, and (2) to validate
and apply this model to media in a bone resorption assay. Models of variable complexity were
developed, ranging from (Model I, Section 2.3.1.1) the reaction between Ocpc and Ca?* to form
the colored complex CaOcpc, (Model I, Section 2.3.1.2) the reaction including interactions with
8HQ, and (Model IIl, Section 2.3.1.3) the reaction including 8HQ and Mg?*. Next, the model was
(Section 2.3.2) validated and calibrated by comparing the predicted and experimental linear
regions. Finally, (Section 2.3.3) the sensitivity and specificity of the assay in a model of in vitro

bone resorption was analyzed using relevant cell culture and bone resorption assay parameters.

2.3. MODELS
2.3.1 Assay Model

Theoretical models of increasing complexity were developed in terms of the target of
interest i.e the concentration of CaOcpc? complex formed. The reactants and product complexes
were denoted using their short forms along with their respective charges for deriving the models.
Equilibrium relationships between the reactants and product complexes for each aforementioned
system, along with their mass conservation equations were used to derive an expression for
[CaOcpc?] for models | and Il. Due to the complex nature of model Ill, analytical solutions were
not possible. Numerical methods were used to calculate the concentration of CaOcpc?. The
developed models were used to analyze the effect of Ca?*, Mg?*, Ocpc* and 8HQ concentrations
on the concentration of the colored complex of interest, CaOcpc?, that contributes to the output
OD. The findings were used to determine the applicability of the assay to quantify calcium

concentration shifts in bone resorption studies (Section 2.3.3)
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Table 2.1. List of assay model parameters and variables

Il/aarr;?nbé?e/r Units Description
[BHQ-], [BHQ] mM total and equilibrium concentrations of 8HQ
a ratio of total concentrations of Ca?* and Ocpc*
B normalized equilib_rium constant of Ca-Ocpc reaction with total
Ocpc* concentration
v Caocpc?* c_oncentration at equilibrium normalized with total Ocpc*
concentration
2 product of the_equilibrium constant for the calcium-8HQ reaction and
the square of input 8HQ concentration
€caocpe mM-cm™ | Molar absorptivity for CaOcpc?
€MgOcpe mM-iem’* Molar absorptivity for MgOcpc?®
[Ca8HQ:] mM equilibrium concentration of Ca8HQ. complex
[Car?'], [Ca?], mM total and equilibrium concentrations of Ca?*
[CaOcpc?] mM equilibrium concentration of CaOcpc? complex
[Mgr?*], [Mg?'] mM total and equilibrium concentrations of Mg?*
[Mg8HQ;] mM equilibrium concentration of Mg8HQ, complex
[MgOcpc?] mM equilibrium concentration of MgOcpc? complex
[Ocpcr*], [Ocpc?] mM total and equilibrium concentrations of Ocpc*
Kcaocpe mM-? equilibrium constant for the calcium - Ocpc reaction
KcasHo? mM-2 equilibrium constant for the calcium - 8HQ reaction
Kwmgocpe mM-1 equilibrium constant for the magnesium - Ocpc reaction
KwmgsHa2 mM-2 equilibrium constant for the magnesium - 8HQ reaction
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Figure 2.1: Schematic illustrating the reactants, product complexes and equilibrium constants for
the developed models starting with (A) the simple reaction involving Ca?" ions and Ocpc
molecules reacting in a 1:1 ratio followed by (B) addition of 8HQ molecules and the resultant 2:1
complex formed with Ca?* ions and finally, (C) the inclusion of Mg?*ions and the respective 1:1
complex formed with Ocpc* and 1:2 complex formed with 8HQ.
2.3.1.1 Model | with Ca?" and Ocpc*

The concentration of the CaOcpc? complex formed for model I, [CaOcpc?];, depends on
the total input concentrations of Calcium ions [Car?*], Ocpc molecules [Ocpcr*], the formation
constant of the reaction, Kcaocpe, @nd the alkaline pH of the assay system. Considering only the

1:1 ratio reaction between Ca?" and Ocpc* [30], the formation reaction for the target complex

CaOcpc? is given as,

24 - 2
Ca*" 4+ Ocpc = CaOcpe Q)

pH10—
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The formation constant for this reaction (Kcaocpc) relates the equilibrium concentrations of

reactants and the products as,

Bﬁ(ﬂaOc c — [Caocp(;ih (2)
90 = [Ga2 T [0cpet T,

[Ca?*], and [Ocpc*] are the concentrations of the free calcium ions and free Ocpc ions,
both at equilibrium. 1/Kcaocpe, Which is also known as the dissociation constant of the complex, is
equal to [Ca?*], when half the total Ocpc* ([Ocpcr*]) in a system is converted to Caocpc? and the

rest are present as free Ocpc* i.e when [CaOcpc?], = [Ocpc*]..

At equilibrium, all the Ca?* ions and Ocpc* molecules exist freely or are bound to each
other as the colored complex, CaOcpc?. Mass conservation for total Ca?* and Ocpc* in the

system resulted in the following equations,

(Ca3t] = [Ca>*]; + [CaOepe®], <

4 4 2 (4)
[Ocper | = [Ocpe”™™ | + [CaOcpe™~|;
Non-dimensional parameters
a, B and y, denote the normalized versions of the input [Car?*], the dissociation constant

(1/Kcaoepc) @and the output [CaOcpc?] respectively. All parameters were normalized with respect to

[Ocper*].

_ [Caz']
" 0] ®
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1
B KCa.Ocpc * [OC}DC%:]

B (6)

= [Ca()cpi*] 7 @)
Ocpey |

2.3.1.2 Model Il with Ca?*, Ocpc* and 8HQ
In this system, the Ca?* and 8HQ also react in a 1:2 ratio with low affinity to form Ca8HQ:

complex alongside the formation of CaOcpc? complex of interest [33],

Ca*t +2+«8HQ = Ca8HQ- (8)

The formation constant for Ca8HQ:, KcasHg2, expressed in terms of the equilibrium

concentrations of the reactant and the product species is given by,

B [CQSHQQ]II ©
I(C'QSHQQ - [C(LQ—'—}II [SHQ}?I

[BHQ]2 is the concentration of free 8HQ molecules present at equilibrium in model II.
1/Kcasho2, Which is also known as the dissociation constant of the complex, is equal to [Ca?'],
when half the total 8HQ ([8HQ~]) in a system is converted to Ca8HQ, and the rest are present as
free 8HQ ie when [Ca8HQ:]i = [BHQ]i%. The formation constant for CaOcpc? expressed in terms

of equilibrium concentrations of reactants and products species for model Il is given by

P _ [CaOcpc® iy (10)
cuoee [Ca** 17 [Ocpe~ |

Conservation of mass for this system was given by

14



(Ca3t] = [Ca*us + [CaOcpe s + (CasHQa] s -

[Ocpet| = [Ocpc™ |11 + [CaOcpc® | (12)

[BHQ7] = [8HQ|1; + 2[Ca8HQs] 1y (13)

Model Assumptions
Since 8HQ has a low affinity for Ca?*, Kcasno2 Will be very small and only a small fraction
of the added [8HQ+] added gets converted to Ca8HQ.. Moreover, high affinity of Ca?* for Ocpc*

results in most of the free Ca?* being sequestered by Ocpc* molecules. Hence it's assumed that

[8HQT] >> [C&SHQz]u.

Non-dimensional Equations
A new parameter A that denoted the non-dimensionalized form of Kcasng2 was introduced.

The previously introduced parameters a, p and the normalized output y, were used in Model .

A = Kcasno, * [SHQT]? (14)
e

S CLOC ] (15)
[Ocpey ]

2.3.1.3 Model lll with Ca?*, Ocpc*, 8HQ, and Mg?*

In this system, Mg?* also reacts with Ocpc* and 8HQ to form 1:1 and 2:1 complex,

respectively.
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Mg*" + Ocpe®™ = MgOcpc*~ (16)

Mg*  +2+8HQ = Mg8HQ» (17)

The equilibrium expressions for the above reactions are given by

[ﬂ”fQSHQQ]IH (18)
A-fg”];;;[fﬂHQ} ?m

Kyrggro, = [

% _ (M gOcpc® 111
Mo = (M g2+ 111[Ocpc=] 111 (19)

Where Kwugsno2 and Kugocpe are the formation constants of the complexes Mg8HQ- and

MgOcpc? respectively. Conservation of mass for all the species in the system was given by

[Ca2f] = [Ca® 111 + [CaOcpc® 111 + [CaS8HQs) 11 (20)
[Ocpes] = [Ocpc* 111 + [CaOcpc® 1 + [MgOcpc® | i (21)
[BHQ7] = [SHQ| 11 + 2[Ca8HQs] 11 + 2[Mg8HQs] 111 (22)
[Mg2] = [Mg*H 111 + [MgOcepc® s + [MgSHQs) 111 (23)
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Non-dimensional parameter

A new parameter n was introduced that denotes the total concentration of Mg?* in the

system ([Mgr?*]), normalized with respect to [Ocpc?].
[Mg7']
n—
'™ [Ocpet (24)
The normalized output yu was used as a measure for model 11l

[C’a()cpc%];;; (25)
[Ocpei]

Yrir =

Model parameters
Concentrations of input values used for the models were from literature value ranges.
[Car?*] typically ranges from 0 mM (blank) to ~ 0.2 mM, and the lowest experimentally measured

[Car?*] concentration is ~0.005 mM [30]. [Ocpcr*] ranges from ~ 0.04 to 0.08 (Table 2.2)

Table 2.2. Low and high values of the input variables from literature and experimental data

Variable or J units | Low | High Reference
parameter value | value
[Car®'] mM 0 0.2 Corns, 1987

[Ocpcq] mM | 0.04 | 0.08 Stern, 1957

Model | was used to determine the effect of increasing «a i.e increasing [Car?'] in a system
with constant [Ocpct*] to mimic calibration curves. Twenty a values between 0 to 1.67
corresponding to [Car?] values of 0 to 0.1 mM were chosen for this model. To determine the
effect of different regimes of a, the ranges of interest were a =0, O<a<l,a=1and a >1 (Table
2.3). The same range of a values were used for all 3 models (I, Il and Ill). The equilibrium
constant, 1/Kcaocpe, at alkaline conditions has been determined to be 15.8 x 10 mM [47]. Since
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in the calibration curve, [Ocpcr*] is the reagent that will be kept constant, the value of B for such
calibration curve will be kept constant. The range of B values for the corresponding [Ocpct*] range
mentioned are between ~ 0.4 x 102 - 0.15 x 103, For any typical [Ocpcr] value used in assay
systems, B value was > 0 and << 1. An average [Ocpcr*] value of 0.06 mM was used for the
models with the corresponding B value of 0.26 x 1073,

Table 2.3. Different e values used in the models

Case|[Car*]] a

mM
0.000 10.000
0.005 |0.083
0.050 10.833
0.100 |1.677

AJWIN] P

A 1/Kcasroz Value of 0.33 mM? was used in models Il and 11l (unpublished data). Different
A values of 0, 3, 12 and 75 that correspond to [8HQ~] values of 0, 1, 2 and 5 mM respectively
(Table 2.4) were used in model .

Table 2.4. Different A values used in the model and the corresponding [8HQ1]

Case |[8HQq]|] 4
mM
1 0
2 1
3 2 12
4 5 75

The values of 1/Kwgocpe and 1/Kugsho2 at a basic pH were determined to be 1.25 x 10° [47]
and 0.16 x 10° mM [48] respectively. Based on background concentration of Mg?* in culture media
in final assay concentrations, the values n were chosen. The effect of n on the output was

analysed by using three values of n - 0, 0.17 and 0.33 that correspond to [Mgr?*] values of 0,
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0.01 and 0.02 mM in the presence or absence of 5mM of [BHQt] (A = 75 and 0, respectively)

(Table 2.5).
Table 2.5. Different n and A values used in model IlI
Case| A | [Mg+*] n
mM
0.00 0.00
1 0 0.01 0.17
0.02 0.33
0.00 0.00
2 75 0.01 0.17
0.02 0.33
Analysis

The normalized CaOcpc? concentration profile (y) for the three different models (y1,y2
and ys) was plotted against different regimes of a (Table 2.3) using MATLAB 2019a (The
MathWorks, Inc., Natick, Massachusetts, United States). The input values mentioned in tables
2.3 and 2.4 were used to determine the CaOcpc? concentration from the analytical solutions
obtained for models | and Il respectively. For numerical methods used in Model Ill, the MATLAB
function Fsolve was used to calculate concentrations of CaOcpc? using input values mentioned
in Table 2.5 This method internally uses the trust-region-dogleg algorithm to estimate the values
of the unknowns based on the input values and initial guesses. The initial guesses provided were
based on the relative concentrations and affinities of the different species. The concentration of
complexes formed through bimolecular reactions were guessed to be equal to the concentration
of the limiting reagent in that reaction. For competing reactions, such as the one between Ocpc,

Mg and Ca=, the concentration of complex formed with greater affinity was guessed to be equal
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to the concentration of the limiting reagent in the bimolecular reaction that produces it. The
concentration of the complex formed with the competing, lower affinity molecule was guessed by
comparing the concentration of said molecule with the concentration of ligand present after the

high affinity reaction goes to completion.

2.3.2 Model validation

The validity of the model was tested by comparing experimental OD with predicted OD,
determined by simulating the model under identical conditions as an experiment. The
experimental data was obtained from a calibration curve assay performed in DMEM + 10% FBS.
Increasing concentrations of Ca?* std starting from 0 - 4 mM were prepared in media background
Ca?* concentration of 2.1 mM and a background Mg?* concentration of 0.9 mM. [8HQ+] of 5.3 mM
and [Ocpc+] of 0.06 mM were used for Ca?* estimation. After 1:80 dilution of the standard samples
to be assayed, a values ranged from 0.44 to 1.1 and n values ranged from 0.19 to 0.11 in the
final assay volume. &caocpe and emgocpc Were determined to be 27 and 10.8 mM-~cm? respectively
calculated from experimental data and assuming €caocpc = 2.5*€mgocpe [33]. The experimental and
predicted calibration curves were plotted against a and the slopes of the linear fits to a < 1 were

compared using a two-tailed t-test.

2.3.3 Applicability to Bone Resorption Studies

A bone resorption model was developed to mimic the Ca?" release in in-vitro bone
resorption assay that uses DMEM + serum as media. The developed model was then used to
estimate the change in output signal (OD) associated with resorption-dependent [Ca?*] shifts
above the background Ca?* for different media volumes. Lastly, the sensitivity and specificity of

the Ocpc* + 8HQ assay to quantify these shifts was estimated for different [BHQ~].
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Bone Resorption Model

Media Volume

A we B (V) C SeededOCs(N)
—

m ﬂ Released
= — — — Ca?* conc
I [ca2+,B]

side view

= - — -

Figure 2.2: Schematic of the bone resorption model showing (A) a cortical bone tissue with length
LB, Width WBand height H® (B) placed in a 96 well plate with media volume of Vu seeded with (C)
N osteoclasts and the respective (D) concentration of the released Ca?* ions [Ca?"®] into the
environment from eroded bone.

The model defines a typical in-vitro bone resorption assay consisting of a small bone tissue
(B) that could fit into the surface area and volume of a 96 well plate with osteoclasts (OCs) seeded
on the bone. The OCs resorb the bone mineral and release Ca?* ions of interest into the cell

culture media + serum (Figure 2.2). The released Ca?* accumulates in the cell culture media until

the media gets replaced.
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Table 2.6. List of bone resorption model parameters and variables

Ig/;r;?nbéfe/r Units Description

pB g/lcm? Density of cortical bone

Q Volume fraction of resorbed bone to media volume
[Ca?"B] mM Concentration of released Ca?*

[Cao?'] mM Concentration of Ca?* in background source
FBca Mass fraction of calcium present in cortical bone
LB cm Length of bone substrate

[Mgo?'] mM Concentration of Mg?* in background source

n #lcm? Seeding density of osteoclasts

N # Total number of osteoclasts

By #/(cell*day) | Volume fraction of resorbed bone per OC

rBg g/(cell*day) | Rate of bone mass resorbed per OC

RBca g/day Rate of calcium mass resorbed per day

SAB cm? Surface area of bone substrate

T8 cm Thickness of bone substrate

VB cm? Volume of bone substrate

Vwm mL Volume of culture media

WwWe cm Width of bone substrate

Governing equations

The rate of bone resorbed (r8s) per cell per day for a bone substrate of length LB, width
WE and thickness TB is assumed to depend on the rate of bone volume fraction resorbed by single
osteoclast in a day (rBgy) that is in relative to the total bone volume (VE = LB*WB*TB) and the density

of the bone (pB). It's given by the equation,
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B =rB, x VB x pb (26)

The rate of calcium mass released per day (RBc.), is estimated using the rate of bone
resorbed (r®), the mass fraction of calcium in cortical bone (F®c.) and the total number of

osteoclasts seeded on the bone slice (N),
RE =rBxF5 « N (27)

where, the total number of osteoclasts seeded (N) is determined using the seeding density (n)

and the surface area of the bone (SA® = LB*W?B)

N =nx*xSAP (28)
The concentration of calcium released [Ca?*B] can be calculated using the R8c, for time T

usually in a number of days along with the molecular weight of calcium (Camw) and the media

volume in which the resorption assay is carried out (V).

(RBQu *T")

Ca2tB] — Canw
| } Vi (29)

Bone resorption parameter Q was introduced, that represented the ratio of the bone

volume resorbed to the volume of the culture medium for T days. An expression for  was given

by

Q:(?"B‘g”v>t<]\if>:<T)>|<E (30)
Vi

Rearranging the equations to obtain an expression for [Ca?*®] in terms of Q resulted in
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(2 FG, # p”)
Canrw

[Ca®tP) = (31)

Concentration of Ca?* released into the media [Ca?"®] is directly proportional to © and can be

increased or decreased by controlling parameters such as Vg, r®gy, N, T and Vu

Sensitivity and Specificity

The Ca?* concentration of the assay solution is estimated at the time of replacement, and
the increase in Ca?" concentration above the basal concentration ([Ca?"®]) is attributed to
osteoclast resorption. The assay volume chosen, Vy, must result in a quantifiable released Ca?*
concentration [Ca?"B] shift above the background Ca?* in media + serum [Cao?*]. Quantifying
[Ca?*B] shifts also depends on the precision of the instrument used to measure OD, and to avoid
saturation, the assay media is diluted before estimating calcium. The variability in the
experimental OD, stemming from processes such as pipetting, can be interpreted as noise and
the value Vu chosen should result in a high signal (OD due to CaOcpc?) to noise ratio. The signal

by [Ca?*B] can be calculated by,

AOD = ODr — ODyy, (32)

where, ODr is the total OD measured on a given day for the resorption assay, ODw is the signal
generated by the background Ca?* ([Cao?*]) from culture media + serum, and AOD is the signal

generated by the released Ca?* [Ca?"®] in a day.
The sensitivity of the assay to estimate [Ca?"®] is assessed by describing the signal to

noise ratio (SNR), where the variability due pipetting error as observed in experimental data is

given by oop i.e the noise.
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AOD

gop

SNR =

(33)

Considering the total signal contribution by the colored complexes as 0, Fractional
contribution of CaOcpc? (Bcaocpe) and MgOcpc? (Beaocpe) to the total output signal ODr can be

described as

ODCG,OC c
6’C'ov,()(.";m - OTTP (34)
ODg0
HM'QO(:pc = OTQTCPC (35)
where, the total signal as the sum of the fractional contribution is given by
0= GC(LO[.‘}’)C + gf'ngcpc (36)

Model Assumptions

Itis assumed that the assay will take place in a 96 well plate for a cortical bone. No external
stimuli were assumed to enhance resorption. The background Ca?* ([Cao?*]) and Mg?* (Mgo**)
present in the system was assumed to be 2 mM and 1 mM respectively. The source of Mg?* for
this assay is only assumed to be from the culture media + serum as the Mg?* content in bone is
almost insignificant compared to the background [Mgo?*] present. The assay media is assumed

to be replaced every two days (N).
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Model Parameters

The parameter values used in this model are from published values used in similar
experiments from literature. The parameters used in this model include the bones surface area,
volume, density and the calcium mass fraction present in the cortical bone, media volume for a
96 well plate, number of osteoclasts seeded and resorption rates of the bone by each osteoclast.
The dimensions of the bone wafer used for such experiments vary with the type of well plate used
and the application of it. Here, typical values used in similar experiments were chosen. The
surface area of the bone (SAB) used in the model was 0.25 cm? corresponding to the L% and W8
value of 0.5 cm [49]. Volume of the bone V& used was 0.005 cm? corresponding to a thickness of
0.02 cm [49]. Density of the bone (pB) is in the range of 1.6 - 2 g/cm?® [50]. The calcium mass
fraction present in cortical bone (FBc.) is estimated to be ~ 0.25 [43]. The media volume (V) in
the 96 well plate for cell culture can range between 70 - 350 pL as the volume of media required
to culture a monolayer of cells is ~200 pL/cm? [51] and this could also submerge bone wafers
used of thicknesses up to 0.05 cm. The maximum volume a 96 well can hold is 360 pL and hence
a culture volume limit of 350 pL was chosen for the model. The seeding density of OCs can have
a range of values based on the application, typically ~1000 - 10000 cells/cm? [52, 53]. The sample

dilution for this system was assumed to be 1:80.

Resorption rates used in the model depend on the rate of volume fraction of bone resorbed
by each osteoclast per day relative to volume of bone (r®sv) which was calculated to be ~10® on
an average for an osteoclast [28]. The value of reagent concentrations used were [Ocpcr] = 0.06
mM and [8HQ+] =0, 1, 2 and 5 mM. A fixed value of 0.02 for oop was used based on unpublished

experimental results. Values used in the model are listed in (Table 2.7)
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Table 2.7.

Parameter values and ranges used in this model for the assay in 96 well plates

Parameter Units Values References
SAB cm? 0.25 Cheung, 1995
Ve cm? 0.005 Cheung, 1995
p® glcm? 1.6-2.0 Grimal, 2019
FBca 0.25 Quelch, 1983
Vwm pL 70 - 360 | Gstraunthaler, 1999

N cellsiem? | 10°-10¢ Bil/?rl:gi?,nz'ggslz
By #/(cell*day) 10 Kanehisa, 1988

Analysis
Bcaocpe, AOD and SNR were plotted against Q for different values of [BHQ<]. Q values

were calculated using the values in Table 2.5.

2.4 RESULTS

2.4.1.1 y1linearly increased with a for a <1 and saturated for a > 1
Upon solving the system of equations that make up Model I, an expression for y, was

obtained in terms of a and 8

fw(a.ﬁ):;(1+a+,8i\/(1+a+ﬁ)24a) (37)

The value of y, i.e. the concentration of complex [CaOcpc?], formed should be zero when

the value of a i.e. total calcium [Car?'] is zero. The negative root satisfies this constraint and

henceforth, the positive root was ignored. The simplified final equation obtained was
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1 -
(e, 8) = 5(1+a+8 -/ +a+F)—da) (38)
The model for this system, described in terms of the non-dimensional constants a and 3,
showed that the normalized output . linearly increases with increasing a values and reaches a

plateau for @ >1 shown in equations 38 - 44.

Case 1. When atendsto0Oand 0<B<<1

clxlg}) yr(a, B) =~ 0 (38)

Case?2. O<a<landO<pB<<l1

Taylor series expansion was used to expand the expression under the root about the point

(@=0,8=0)

(o, B) = =(1+a+8—-(1—-a+p+2aph)) (39)

b | —

(40)
vi(a, B) = a(l — j3)

Since B << 1, (1-B) = 1 and hence,

(41)



Lower a values reflect a lower relative [Car?*] concentration compared to the fixed
[Ocpc*] concentration, and hence, in this regime, [Car?*] ends up being the limiting reagent. As
[Car?] increases, a linear increase in y1 (and the output [CaOcpc?];) was detected. However, this
dependence is contingent upon the Kcaocpe Value being sufficiently high to keep B << 1.

Case3. a=1and0<B<<1

In this case, the output got simplified out to a fraction tending towards the value of 1 as a

value increases.

(<2) (42)

Cased4. a>>1land 0<B<<1

Since when a >> 1, B is insignificant compared to a and hence,

Yl B) = - (1+a—+(a—1)%) (43)

b | =

44
’}‘1‘(&‘,,8) ~ 1 ( )

At a >> 1, [Ocpcr*] added acts as a limiting factor and the curve saturates when
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[Ocper#] is fully utilized even if the [Car?] >> [Ocpcr*]. Hence, [CaOcpc?]: = [Ocpcr*] at

saturation.

The effect of the different a values on the normalized output y1 was shown by plotting y:
vs a range of alpha values shown in Table 2.3. For a fixed [Ocpct*], as a increases, y: also
linearly increases and plateaus (Figure 2.3.). For an extended linear regime, which is the region

of interest, the value of a should be maintained < 1.
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Figure 2.3: The normalized output y; plotted against a illustrates the effect of varying a on y1.
y1 linearly increases with increase in [Car?*] when a <1, plateaus when a > 1 and transitions
from linear to a plateau when a = 1.
2.4.1.2 Sensitivity of the assay decreased with increasing A

Upon simplification of the mass balance and equilibrium relationships, an expression for

Y2 was obtained in terms of a, B and A.

i, B) = =(14+a+ v/ 1+ala—2) +F2A2+20+1) + (A + 1)(2a8 +28) + (A +1))

[N
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(45)

In the absence of 8HQ molecules, equation (45) should be the same as eq (37) from the

previous model. Only the negative root satisfied this requirement,

(I+a+BA+1) = 1+ala—2)+ 2N+ 22+ 1) + (A + 1)(2a83 + 26) ) (46)

Do | =

(e, B) =

Curves with a higher A value (and a higher [8HQ~]) have a shorter linear regime (Figure
2.4). Increasing values of A also resulted in reduced sensitivity due to the increased formation of

Ca8HQ: complexes.

0 L | ] | ]
0 0.5 1 1.5

&
Figure 2.4: The normalized output y» plotted against « illustrates the effect of varying A on y.. As
the [8HQ+] added to the system increases, the sensitivity of the curve decreases due to the
increasing formation of Ca8HQ» molecules.
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2.4.1.3 Linear Range decreased with increasing values of n in the absence of 8HQ

Rearranging the system of nonlinear equations to get an expression for [CaOcpc?]
resulted in a polynomial of degree > 5. According to the Abel-Ruffini Theorem, there is no
analytical solution for polynomial equations of degree five or higher with arbitrary coefficients.
Hence, numerical methods were used to solve this system of equations and obtain [CaOcpc?],

[MgOcpc?], [Ca8HQ:] and [Mg8HQ,] for different input concentrations.

In the absence of 8HQ, the linear regime of the assay was shortened upon increasing the
value of n as the Mg?* ions compete with the Ca?* ions for the free Ocpc* ions present (Figure
2.5 A). As the value of [Mgr?'] increased, the [Ocpcr*] available for Ca?* in each system
decreased and the curve saturated for a lower a value. However, the use of 5 mM of 8HQ (A =
75) masked the effect of Mg?* by keeping the linear range intact for different values of [Mgr?]
present in the system while simultaneously reducing the sensitivity of the curve due to the

formation of Ca8HQ, molecules (Figure 2.5 B).
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Figure 2.5: The normalized output ys plotted against « illustrates the effect of varying n on ys.
As n increases with an increase in [Mgr?*] in the system, the linear range of the curves (A) gets
shortened in the absence of [BHQ]. However, the 1 mM [8HQ+] added to the system masks the
(B) effect of Mg?* but the sensitivity of the curve reduces due to the Ca8HQ. complexes formed.
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2.4.2 The slopes of experimental and predicted curves are similar

The slopes of the linear regions of the predicted and experimental calibration curves were
not significantly different (p = 0.70) (Figure 2.6.) with the slope of the experimental curve being
~94% similar to that of the predicted curve. Hence, the developed model accurately captures the

behaviour of the linear regime of the assay.

OD at 560nm

0 T T
0 0.5 1 1.5

(64

Figure 2.6: Experimental OD values at 560nm and the predicted OD values plotted against a
along with their regression lines for the same [Car?*], [Mgr?*], [Ocpcr*] and [BHQ+] values illustrate
the similarities between the slopes
2.4.5 Assay sensitivity and specificity increased with increasing @ and decreasing A

Increasing A values increased Bcaocpc by decreasing Bwmgocpe, thereby increasing assay
specificity to ~ 100% (Figure 2.7 B.). AOD and SNR increased with increasing values of Q for a
fixed amount of Mg?* present in the system. AOD and SNR decreased with increasing A, though

the decrease was minimal for A < 12 ([8HQ+] < 2mM). The A = 0 curve had a shorter linear regime

compared to curves with A > 0 due to the lack of availability of Ocpc* for higher amounts of Ca?*

33



present in the system. Hence, the addition of a [BHQ+] ~ 1 mM (A = 3) completely masked the

effect of 0.0125 mM of background Mg?* for the [Ca?"B] estimation (specificity ~ 100%) and

increased the linear range of the assay without reducing assay sensitivity. (Figure 2.7 A, B)
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Figure 2.7: (A) AOD (left y axis), SNR (right y axis) and (B) Specificity of the assay when used
for bone resorption assay, plotted for different [BHQ+] against Q. [BHQ<] of 1 mM completely
masks the non-specific absorbance caused by 0.0125 mM Mg?* present in the media after 1:80
assay dilution. [8HQ+] values beyond this resulted in decreased sensitivity while getting ~100%
specificity for Ca?*.



2.5 DISCUSSION

This study described increasingly complex assay models that illustrate the effect of
molecular interactions in an Ocpc* + 8HQ assay for estimating Ca?* and are applied to a bone
resorption assay. The model solutions gave the target output concentration of CaOcpc? for
varying input concentrations of different species (Ca?*, Mg?*, Ocpc*, and 8HQ). The models were
derived in terms of non-dimensional parameters and the effect of the different ranges of the
parameters were tested on the output. The final model, including interactions between all species,
predicted OD values that were similar to those determined experimentally. Further, the model
was used to demonstrate the applicability of this assay to quantify Ca?* released in vitro in cell-
mediated bone resorption studies. A model was built to mimic the Ca?* release in bone resorption
assays and Ca?* shifts were estimated for typical culture conditions. The specificity, sensitivity,
and length of the linear regime of the Ocpc* + 8HQ assay were determined while quantifying

these shifts for different [BHQf].

The ligands added, Ocpc* and 8HQ, can interact and bind to the cations, Ca?* and Mg?#*,
in different ways. Here, it was assumed that Ocpc* and 8HQ respectively only formed 1:1 and
2:1 complex with both Ca?* and Mg?*. However, complexes with other ratios have also been
observed previously and their presence can alter the output OD. Further, the pH of the assay
mixture was assumed to be maintained constant throughout and have no effect on the equilibrium
constants used. Though a buffer is used to help maintain a constant basic pH, even a small
change in pH has been found to noticeably alter ligand strengths of the species thereby affecting

the output OD [33].

For the bone resorption model, other cations present in cell culture media, such as Fe*",
K* and Na*, were assumed to cause minimal/negligible interference. The effect of such cations
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as they react with these ligands is unclear, however, the addition of 8HQ has been found to mask
any interference caused by Iron (Beckman Coulter). It was also assumed that the resorption rate
remains constant for the time interval considered. In practice, however, as the extracellular Ca?*
concentration increases with time due to resorption, a decrease in osteoclastic activity has been
observed. All the osteoclasts added to the system were assumed to resorb the bone, while in

experiments, some may stay inactive and not resorb.

The simple model (Model |, section 2.3.1.1) predicted that assay will be in the linear range
when the value of a < 1. The linear range is the region of interest to test samples with unknown
Ca?* concentrations. The saturation region corresponding to a > 1 is the region to be avoided.
The linear range of the Ocpc* + 8HQ assay can be increased by 1) Increasing [Ocpcr*] and/or
2) Increasing the dilution factor of the test sample. The former results in the lengthening of the
linear range without the sensitivity being compromised. The [Ocpcr*] used can be selected in a
way that the resultant OD falls within the OD limits of the spectrophotometer. Increasing the
dilution on the other hand, keeps the output signal within measurable limits albeit at the cost of

reduced sensitivity.

The model that includes 8HQ (Model I, section 2.3.1.2) showed a decrease in assay
sensitivity with increase in concentration of 8HQ added to the system. This was caused by an
increase in the concentration of Ca8HQ. complex formed. The final model that includes all
principal species i.e Ca**,0cpc*,8HQ and Mg?* (Model I, section 2.3.1.3) showed the effect of
Mg?* on lowering the amount of Ocpc* available for Ca?* in the system to bind to in the absence
of 8HQ molecules. In the presence of high amounts of 8HQ, almost all the Mg?* present in the
system were observed to be sequestered by the 8HQ molecules, thus eliminating the nonspecific
absorbance. At the same time, the sensitivity of the curve was shown to be reduced due to the
higher amounts of Ca8HQ. complexes formed. Hence, varying the concentration of different
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species affected the linear range in different ways and experiments could be designed to minimize

this loss in sensitivity.

The bone resorption model described helped predict the concentration of Ca?* released
from eroded bone above the background Ca?* present in the system. Using the assay models
developed, the signal (OD) corresponding to Ca?" shifts in the system were determined. This
helped analyze the sensitivity and specificity of the assay to measure the target Ca?" shifts.
Although, addition of 8HQ increases the specificity of the assay to target Ca?* by ~100%, the
sensitivity of the assay was lowered. Hence, lowering of sensitivity can also be minimized by using
the smallest amounts of 8HQ that is enough to mask the amount of Mg?* present in the system
resulting in ~100% specificity (Figure 2.7 A,B). This can be determined by titrating different 8HQ
concentrations in systems with different amounts of Mg?* present to determine a suitable

concentration of 8HQ to be used while maintaining assay sensitivity.

Several assumptions underlie the development of the assay model can be expanded upon
to improve the model’s prediction accuracy and usability. The inhibitory effect of extracellular Ca?*
on osteoclastic bone resorption can be mathematically factored in as a constraint when testing
the applicability of the Ocpc* + 8HQ assay for bone resorption studies. High extracellular Ca?*
concentration at the start of resorption reduces both the number of resorption pits formed per slice
and the surface area per pit by reducing the number of osteoclasts that adhere to the bone slice
[24]. Similarly, osteoclastic apoptosis caused by resorption dependent changes in [Ca?']
decreases the number of functioning cells (N). Modelling the number of osteoclasts as a function
of the dynamic [Ca?*] can help inculcate these phenomena into our bone resorption model. The
effect of the pH on both the assay system as well as the bone resorption process could be
modeled by including the concentration of H* ions released into the system. Experiments can be
performed to estimate Ca?* from such bio-assays to validate the model and to build the model
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further to improve the predictions. Since ~30-50% of the Ca?* present in serum is bound to
proteins [54], deproteinization methods help release bound Ca?* and thus, detect the Ca?*
amounts present in the system more accurately. Such experiments could include estimation of
Ca?" at successive to time points to help predict the change in resorption rates over time. The
effect of other media + serum components can be studied by using different media conditions
with absence and presence of key components that could affect the measurement. These
developed models could also be extended to build similar models for other systems with target

and interfering molecules.

The study described in Chapter 2 of this paper is being prepared for submission for
publication. Swetha, Mohan; Sah, Robert L. “Theoretical Modeling of the o-Cresolphthalein
Complexone Assay for Bone Calcium Resorption”. The thesis author was the primary investigator

and author of this material.
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